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ABSTRACT

The plastid (chloroplast) genomes of seed plants
typically encode 30 tRNAs. Employing wobble
and superwobble mechanisms, most codon boxes
are read by only one or two tRNA species. The
reduced set of plastid tRNAs follows the evolution-
ary trend of organellar genomes to shrink in size and
coding capacity. A notable exception is the AUN
codon box specifying methionine and isoleucine,
which is decoded by four tRNA species in nearly
all seed plants. However, three of these four tRNA
genes were lost from the genomes of some parasitic
plastid-containing lineages, possibly suggesting
that less than four tRNA species could be sufficient
to decode the triplets in the AUN box. To test this
hypothesis, we have performed knockout experi-
ments for the four AUN-decoding tRNAs in
tobacco (Nicotiana tabacum) plastids. We find that
all four tRNA genes are essential under both auto-
trophic and heterotrophic growth conditions,
possibly suggesting tRNA import into plastids of
parasitic plastid-bearing species. Phylogenetic
analysis of the four plastid tRNA genes reveals
striking conservation of all those bacterial features
that are involved in discrimination between the dif-
ferent tRNA species containing CAU anticodons.

INTRODUCTION

Sixty-one triplets of the genetic code specify 20 different
amino acids. Due to relaxed base pairing (referred to as
wobbling; 1) between the third position of the codon in the
messenger RNA (mRNA) and the first position of the
anticodon in the transfer RNA (tRNA), less than 61
tRNA species are sufficient to decode all 61 triplets.
According to the wobble rules, 32 tRNA species should
represent the minimum set (1).

The plastid genome (plastome) of most vascular plants
harbors only 30 tRNA genes (2–4). Nine of the 16 codon

boxes are decoded by two tRNA species—the expected
number according to the wobble rules (Figure 1).
(A codon box is defined as the set of four triplets
sharing the first two nucleotides.) One codon box, the
UUN box, is served by three tRNA species (Figure 1).
Five codon boxes are read by only one tRNA. Four of
these are family codon boxes, in which all four triplets
specify the same amino acid and the fifth box contains
two tyrosine codons in addition to two stop codons
(UAN box; Figure 1). Knockout studies of the two
plastid tRNAs for glycine in the model plant tobacco
(Nicotiana tabacum) have demonstrated that the
tRNAGly(UCC) can read all four glycine codons (GGN)
using the superwobble mechanism (5). Superwobbling is
based on the capability of an unmodified U in the wobble
position of the anticodon of the tRNA to base pair with
all four nucleotides in the third codon position of a family
box (1,5). It provides a likely mechanistic explanation for
all four cases, in which a family box is served by only a
single tRNA gene in the plastome (Figure 1). If the
superwobble mechanism would be rigorously employed,
only 23 tRNA species would be needed. This is signifi-
cantly less than the 30 tRNAs encoded by the plastome
of most vascular plants and may suggest that there is still
some leeway for further reduction of the tRNA gene
number in the genome.
Interestingly, only a single codon box is read by four

tRNAs: the AUN box (Figure 1). It specifies the amino
acids methionine and isoleucine. When serving as a start
codon for translation initiation, the AUG methionine
codon is recognized by the tRNA for N-formyl
methionine, tRNAfMet(CAU), also referred to as the ini-
tiator tRNA. Internal AUG codons are read by
tRNAMet(CAU), the so-called elongator tRNA. Whether
or not the initiator and elongator tRNAs can partially
replace each other in plastids is currently unknown.
The remaining three triplets in the AUN box specify

isoleucine. Although a tRNAIle(UAU) would theoretically
be sufficient to read all three isoleucine codons by
superwobbling, this mechanism cannot be employed
because it would misread AUG codons by conventional
wobbling. Elaborate strategies have evolved to allow
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discrimination between AUG methionine and AUA iso-
leucine codons at high accuracy. In most bacteria and also
in plastids, the AUA codon is read by tRNAIle(CAU),
whose cytidine in the wobble position of the anticodon
is post-transcriptionally modified to lysidine (6–10).
Lysidination converts the CAU methionine anticodon
into an isoleucine anticodon and effectively prevents
reading of AUG triplets by tRNAIle(CAU). The enzyme
responsible for this modification, TilS, is essential in
Escherichia coli (11), but has not yet been identified in
plants. In E. coli, the specificity of decoding in the AUN
box is further enhanced by another tRNA modification:
acetylation of the wobble nucleotide C34 in the anticodon
of tRNAMet(CAU). This modification is thought to
prevent misreading of AUA isoleucine codons (12). The
other two codons for isoleucine (AUU and AUC) are
recognized by tRNAIle(GAU) using the wobble
mechanism.
Interestingly, some non-photosynthetic plastid-bearing

parasites have lost one of the two trnI genes from their
plastid genome. Gene loss concerns either trnI-CAU or
trnI-GAU, but never both tRNAIle species (13). This
could suggest that the two tRNAIle species may be able
to partially replace each other. In this work, we wanted to
test this hypothesis experimentally.
Remarkably, Rhizanthella gardneri, a parasitic orchid,

has not only lost the trnI-GAU gene from its plastome, but
also the trnM-CAU gene (14). Two theoretically possible
scenarios could make the elongator tRNAMet(CAU) dis-
pensable: (i) utilization of the tRNAfMet(CAU) as both
initiator and elongator tRNA, or (ii) incomplete lysidine
modification of the tRNAIle(CAU). An unmodified
fraction of this tRNA could serve as tRNAMet(CAU)
(10,11) and, in this way, partially complement the loss of
the elongator tRNA for methionine. Such a mechanism is
likely to be less efficient than retention of a separate
gene for tRNAMet(CAU), but as most chloroplast

genome-encoded gene products are involved in photosyn-
thesis, a heterotrophic (parasitic) lifestyle greatly lowers
the demand for plastid translational capacity and, there-
fore, could tolerate some imperfection in aminoacylation
and/or decoding. Finally, it is also theoretically possible
that the missing tRNA species are imported from the
cytosol, although there is no experimental evidence for
the existence of a plastid tRNA import pathway in any
species.

To distinguish between these possible explanations for
tRNA gene loss, we decided to test all tRNA genes in the
AUN box for essentiality employing a reverse genetics
approach in the model plant tobacco, a species in which
transformation of the plastid genome is feasible (15,16).
Plastid protein biosynthesis is essential in tobacco (17–19),
but the plants can tolerate a dramatic reduction in trans-
lational activity, especially when grown heterotrophically
on sucrose-containing synthetic medium (20,21).
Therefore, tobacco plants growing heterotrophically
on an exogenous carbon source should mimic non-
photosynthetic parasitic plants that obtain organic
carbon from their host plants.

MATERIALS AND METHODS

Plant material, growth conditions and phenotypic assays

To generate leaf material for chloroplast transformation
experiments, tobacco (Nicotiana tabacum cv. Petit
Havana) plants were raised under aseptic conditions on
agar-solidified Murashige and Skoog medium (MS
medium) containing 30 g/l sucrose (22). Transplastomic
lines were rooted and propagated on MS medium add-
itionally supplemented with 500mg/l spectinomycin. For
seed production and analysis of plant phenotypes,
transplastomic plants were grown in soil under standard
greenhouse conditions (relative humidity 55%, day tem-
perature 25�C, night temperature 20�C, diurnal cycle 16 h
light and 8 h darkness, light intensity 300–600mE m�2 s�1).
Inheritance patterns and seedling phenotypes were
analyzed by germination of surface-sterilized seeds on
MS medium with spectinomycin (500mg/l).

Construction of plastid transformation vectors

Vectors for the targeted knockout of trnM, trnI-CAU and
trnI-GAU were constructed by inserting an aadA cassette
(comprising the aadA coding region from E. coli, the psbA
promoter+50 UTR and the rbcL 30 UTR from Chlamydo-
monas reinhardtii; 21,23) into the coding region of the re-
spective tRNA gene. The trnfM gene was deleted and
replaced by the aadA cassette. All plasmids used for
plastid transformation were verified by restriction
analysis and DNA sequencing.

For construction of vector p�trnfM, the genomic
region surrounding the trnfM gene (corresponding to nu-
cleotide positions 36 840–38 894 of the N. tabacum plastid
genome; GenBank accession number NC_001879) was
isolated from a previously constructed plasmid clone (5)
as a 2-kb PstI/EcoRI fragment and inserted into
the cloning vector pBS KS+ digested with the same
enzymes. To replace the trnfM coding region with

Figure 1. Degeneracy of the genetic code in plastids. Shown are the 16
codon boxes and the amino acids specified by the codons in each box.
White codon boxes are served by a single tRNA species, light gray
boxes by two tRNAs, dark gray boxes by three tRNAs and the
black box by four tRNAs. The tRNA species are indicated by the
triplet their anticodon has a perfect match with.
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the aadA cassette, a PCR strategy was used. PCR ampli-
fication was performed with primers P50trnfM and
P30trnfM (Supplementary Table S1) using the plasmid
pLS1 (21) as template and introducing the recognition
sequences for the restriction enzymes BsrGI and HpaI
with the primer sequences. The resulting amplification
product was treated with BsrGI and HpaI and cloned
into the PstI/EcoRI plasmid clone digested with the
same enzymes, generating plastid transformation vector
p�trnfM.

To construct vectors for targeted inactivation of the
trnM gene (p�trnM-s and p�trnM-as), the trnM-contain-
ing region in the N. tabacum plastid genome (correspond-
ing to nucleotide positions 53 613–55 934) was excised
from a cloned SalI plastid DNA fragment with the restric-
tion enzyme BamHI and inserted into cloning vector
pUC18 cut with the same enzyme. This resulting
plasmid clone was partially digested with ScaI to linearize
it within the trnM gene and ligated to the aadA cassette
excised from pLS1 (21) with SmaI. Clones for both orien-
tations of the aadA cassette were identified and designated
p�trnM-s (harboring the aadA cassette in the same tran-
scriptional orientation as the trnM gene; s: sense) and
p�trnM-as (containing the aadA in the opposite orienta-
tion; as: antisense).

To produce a vector for targeted inactivation of the
trnI-CAU gene in the plastid genome, the previously con-
structed plasmid clone pSA10 (21) carrying the trnI-CAU
genomic region (corresponding to nucleotide position
88 162–89 596) was linearized with XcmI, then treated
with T4 DNA polymerase to generate blunt ends and
ligated to the aadA cassette excised from pLS1 with
SmaI. A clone carrying the aadA cassette in the same tran-
scriptional orientation as trnI-CAU yielded plastid trans-
formation vector p�trnI-GAU.

For construction of the vector p�trnI-GAU, the
genomic region surrounding the trnI-GAU gene was
excised from a cloned plastid DNA fragment with the
restriction enzymes NheI and AatII. The fragment was
treated with T4 DNA polymerase to generate blunt ends
(corresponding to nucleotide positions 135 489–138 726)
and inserted into the cloning vector pUC18 digested
with HincII. The resulting plasmid clone was digested
with BssHI and blunted by treatment with T4 DNA poly-
merase. This cloning procedure resulted in a deletion of
40 bp from the intron of trnI-GAU. Finally, the aadA
cassette excised from pLS1 with SmaI was inserted into
the disrupted trnI-GAU gene, generating transformation
vector p�trnI-GAU.

Plastid transformation and selection of
transplastomic lines

Young leaves from aseptically grown tobacco plants
were bombarded with plasmid-coated 0.6 -mm gold par-
ticles using a helium-driven biolistic gun (PDS1000He;
BioRad). Primary spectinomycin-resistant lines were
selected on plant regeneration medium containing
500mg/l spectinomycin (23). Spontaneous spectino-
mycin-resistant plants were eliminated by double selection
tests on medium containing both spectinomycin and

streptomycin (500mg/l each; 24). Several independent
transplastomic lines were produced for each construct
and subsequently subjected to three to four additional
rounds of regeneration on spectinomycin-containing
plant regeneration medium to enrich the transplastome
and select for homoplasmy (19).

Isolation of nucleic acids and hybridization procedures

Total plant DNA was extracted from plants grown under
spectinomycin selection in vitro by a cetyltrime-
thylammoniumbromide-based method (25). For RFLP
analysis, DNA samples were treated with restriction
enzymes, separated in 1% agarose gels and blotted onto
Hybond N nylon membranes (GE Healthcare). For
hybridization, [a32P]dCTP-labeled probes were produced
by random priming (Multiprime DNA labeling kit; GE
Healthcare). Prior to labeling, DNA fragments were
purified by agarose gel electrophoresis followed by extrac-
tion from excised gel slices using the NucleoSpin
Extract II kit (Macherey-Nagel). Hybridizations were per-
formed at 65�C using standard protocols. The probes for
RFLP analysis of putative transplastomic lines were
prepared from restriction fragments or amplified PCR
products. For analysis of the �trnM lines, the probe cor-
responds to nucleotide positions 37 161–37 968 of the
tobacco plastid genome (NC_001879) and was excised
from p�trnM with the enzymes EcoRI and SpeI. For
the �trnfM lines, the probe corresponds to positions
37 663–38 076 and was prepared by PCR amplification
with primers P5_pSA4F and P3_pSA4R. A probe for
analysis of �trnI-GAU lines was prepared by PCR
amplification with primers P5_23SF and P3_23SR
(Supplementary Table S1) and covers the genomic
region from nucleotide positions 133 576–136 272. For
RFLP analysis of �trnI-CAU lines, the plastid genome
sequence from positions 87 523–88 728 was excised from
plasmid �trnI-CAU with EcoRI.

Analysis of tRNA sequences

For the analysis of the different tRNA genes, the follow-
ing plastome sequences were used: Nicotiana tabacum
(NC_001879), Arabidopsis thaliana (NC_000932),
Oryza sativa cv. japonica (NC_001320), Physcomitrella
patens (NC_005087) and Chlamydomonas reinhardtii
(NC_005353). The gene IDs for the trnM-CAU sequences
are: 800482 in Nicotiana tabacum, 1466257 in Arabidopsis
thaliana, 3131357 in Oryza sativa, 2546701 in
Physcomitrella patens, and 2716991 in Chlamydomonas
reinhardtii (trnM2= trnM). The gene IDs for
trnfM-CAU are: 800479 in N. tabacum, 1466262 in
A. thaliana, 3131344 in O. sativa, 2546784 in P. patens
and 2716965 in C. reinhardtii (trnM3= trnfM). The gene
IDs for trnI-CAU are: 800433 in N. tabacum, 4042812 in
A. thaliana, 3131361 in O. sativa, 2546774 in P. patens and
2716991 in C. reinhardtii (trnM1= trnI). The gene IDs for
trnI-GAU are: 800522 and 800440 in N. tabacum, 1466260
and 5563231 in A. thaliana, 3131365 and 3131379 in
O. sativa, 2637323 and 2637324 in P. patens and
2716957 and 2717026 in C. reinhardtii. The sequences
were aligned using ClustalX (26). For phylogenetic
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analysis, sequences were aligned using MUSCLE (27) and
phylogenetic tree construction was performed with the
PHYLIP package (28).

Analysis of codon usage

Codon numbers were calculated from all protein-coding
genes (excluding small, non-conserved ORFs) in the
N. tabacum plastid genome (NC_001879) and the Bos
taurus mitochondrial genome (NC_006853) using the
Kazusa Countcodon program Version 4 (http://www.
kazusa.or.jp/codon/countcodon.html). Plastids genes
located in the inverted repeat region of the genome are
counted twice. Codons undergoing RNA editing in
tobacco plastids (29) were included in their edited form.

RESULTS

Targeted inactivation of the four plastid genome-encoded
tRNA genes for the AUN codon box

The AUN codon box, comprising the four triplets that
specify the amino acids methionine (AUG) and isoleucine
(AUA, AUC and AUA), is the only codon box in plastids
of higher plants that is read by four different tRNA
species (Figure 1): the initiator tRNAfMet(CAU) (trnfM),
the elongator tRNAMet(CAU) (trnM), tRNAIle(CAU)
(trnI-CAU) and tRNAIle(GAU) (trnI-GAU). This situ-
ation somewhat contrasts the general evolutionary trend
in plastids (and mitochondria) to reduce the number of
organellar tRNA genes to a minimum. As some non-
photosynthetic (heterotrophically growing) plastid-
bearing species possess in their plastid genomes fewer
than four tRNA species for the AUN box, we wanted to
determine whether or not any of the four tRNA genes is
dispensable. The availability of a plastid transformation
technology for the seed plant tobacco (N. tabacum; 16,23)
and the ability to grow tobacco plants heterotrophically
in vitro even in the complete absence of photosynthesis
(30–33), enabled us to address this question
experimentally.
To test the four tRNA genes for essentiality, knockout

alleles were constructed by cloning the corresponding
regions from the tobacco plastid genome and disrupting
or replacing the tRNA genes with the standard select-
able marker gene for chloroplast transformation, aadA
(Figures 2–5). The aadA gene encodes the enzyme
aminoglycoside 300-adenylyltransferase, which confers re-
sistance to the aminoglycoside antibiotic spectinomycin, a
potent inhibitor of chloroplast translation (23).
To knock out the trnM gene, two mutant alleles were

constructed that differ in the orientation of the aadA
cassette relative to the neighboring genes (Figure 3A–C).
This was done because trnM is located between the atpE
and trnV-UAC genes, which both are transcribed from the
other strand of the plastid genome (Figure 3A). To
exclude possible polar effects on the transcription of one
of the two neighboring genes, knockout constructs for
both aadA orientations were produced and designated
p�trnM-s (harboring the aadA cassette in the same tran-
scriptional orientation as the trnM gene; s: sense)

and p�trnM-as (containing the aadA in the opposite
orientation; as: antisense), respectively (Figure 3B and C).

For all other knockout constructs, the selectable marker
gene was inserted in the same transcriptional orientation
as the original tRNA gene (Figures 2, 4 and 5). This was
sufficient, because in these cases, the tRNA gene is not
located between two transcription units on the opposite
strand of the plastome (Figures 2A, 4A and 5A).

The five constructed knockout alleles for the four tRNA
genes of the AUN box were introduced into the tobacco
plastid genome by biolistic (particle gun-mediated) trans-
formation followed by selection of bombarded leaf pieces
on spectinomycin-containing plant regeneration medium
(23). Transformation of the plastid genome occurs via
homologous recombination, which results in targeted re-
placement of the wild-type tRNA allele by the null allele
disrupted with the aadA marker (Figures 2–5). Selected
spectinomycin-resistant plant lines were subjected to
three to four rounds of regeneration on antibiotic-
containing medium to select against residual wild-type
copies of the plastid genome and enrich the transformed
genome (transplastomes; 23,24). All selection and regen-
eration steps were performed on sucrose-containing
medium, thus facilitating the isolation of homoplasmic
transplastomic mutants that are unable to grow
photoautotrophically (30–32).

trnfM, trnM, trnI-CAU and trnI-GAU are essential
plastid genes

In plastid transformation experiments, two rounds of
regeneration and selection are typically sufficient to elim-
inate all residual wild-type copies of the plastid genome
and isolate cell lines that harbor a homogeneous popula-
tion of transformed genome copies (referred to as
homoplasmic transplastomic lines). To test the sets of
transplastomic knockout lines generated for the four
tRNA genes of the AUN box for homoplasmy, the geno-
types of two to three lines per construct were analyzed by
restriction fragment-length polymorphism (RFLP)
analysis. In all tested plants, Southern blot experiments
confirmed presence of the transplastomic genome config-
uration expected to arise from disruption of the respective
tRNA gene by homologous recombination. However, all
transplastomic lines also retained copies of the wild-type
genome as evidenced by the presence of a second restric-
tion fragment that corresponded in size to the fragment
seen in the wild-type control plants (Figures 2C, 3D, 4C
and 5C). The ratios between the hybridization intensities
of the wild-type fragment and the transplastomic fragment
were remarkably similar in all lines, which is a strong in-
dication of a balancing selection operating in the presence
of spectinomycin (34). This suggests that both genome
types (wild-type plastome and transplastome) are essen-
tial: the transplastome because it provides the antibiotic
resistance and the wild-type genome because it expresses
the essential tRNA knocked-out in the transplastome.
Stable simultaneous retention of wild-type genome
and transplastome is therefore observed in all reverse
genetics experiments that target essential genes
(17,34–36). As chloroplast translation is essential in
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tobacco and most other dicotyledonous plants, stable
heteroplasmy has also been observed in previous experi-
ments attempting knockout of essential components of the
translational machinery (5,17–19,21,37).

Previous transplastomic studies on essential plastid
genes also have provided a clear phenotypic assay that
unambiguously demonstrates essentiality. Transfer of the
heteroplastomic lines to soil and growth in the absence of
antibiotic selection results in random segregation of the
two genome types and, while segregation into homo-
plasmy for the wild-type plastome remains invisible, seg-
regation into homoplasmy for the knockout of the
essential gene leads to cessation of cell division and ultim-
ately cell death. If cell death occurs early during leaf
development, entire cell lines are missing from the
developing organ, which results in severely misshapen
leaves that lack parts of their blade (5,17,19,21). This
phenotype was seen in all of our transplastomic tRNA
knockout lines (Figures 2D, 3E, 4D and 5D), providing

strong evidence for essentiality of all four plastid tRNA
genes in the AUN box.
Knockout of an essential gene confers a strong selective

disadvantage and, therefore, the knockout allele is even-
tually lost upon release of the selective pressure (i.e.
growth on antibiotic-free medium). Thus, typically no or
only very few copies of the transplastome enter the female
germline and are transmitted through seeds into the next
generation (19,21,34). As expected, rapid loss of the
transplastome was also observed for our knockout
alleles of trnfM, trnM, trnI-CAU and trnI-GAU. When
seeds were harvested from plants grown in the absence
of antibiotic selection and germinated on spectinomycin-
containing medium, the vast majority of the offspring
was sensitive to the antibiotic, indicating complete
loss of the knockout alleles. Only in rare cases, copies of
the transplastome were transmitted into the next
generation, as evidenced by occasional appearance of
green (antibiotic-resistant) seedlings that contained

Figure 2. Targeted deletion of the plastid trnfM gene. (A) Physical map of the trnfM-containing region in the tobacco plastid genome (ptDNA; 56).
Genes above the line are transcribed from the left to the right, genes below the line are transcribed in the opposite direction. Selected restriction sites
used for cloning and RFLP analysis are indicated. The hybridization probe and the expected sizes of detected DNA fragments are also shown.
(B) Map of the transformed plastid genome (transplastome) produced with plastid transformation vector p�trnfM. The selectable marker gene aadA
(spotted box; 23) is driven by the plastid psbA promoter (PpsbA) and the 30-UTR from the plastid rbcL gene (TrbcL; gray boxes). (C) RFLP analysis
of �trnfM chloroplast transformants. The transplastomic lines remain heteroplasmic and show both the 1.5 kb wild type-specific hybridization band
and the 2.9 kb band diagnostic of the transplastome. Wt: wild type. (D) Phenotype of a typical (heteroplasmic) �trnfM transplastomic plant. Arrows
point to examples of misshapen leaves. (E) Example of a seed assay confirming heteroplasmy of �trnfM plants and gradual loss of the transplastome
in the absence of antibiotic selection. The transplastome is lost from most seedlings as evidenced by their white phenotype upon germination on
spectinomycin-containing medium. The arrow points to one of the occasionally appearing green (spectinomycin-resistant) seedlings that still harbor
the transplastome.
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a heteroplasmatic mix of wild-type plastomes and trans-
plastomes (Figure 2E, 3F, 4E and 5E).
The two different knockout alleles constructed

for trnM-CAU gave identical results (Figure 3), largely
excluding interference with the transcription of the
neighboring genes as the cause of the failure to obtain
homoplasmic knockout lines. In the case of the

knockout allele for trnI-GAU, the selection marker was
inserted into the group II intron (deleting part of it),
next to one of the origins of DNA replication (oriA) in
the tobacco plastid genome (38; Figure 5A). However,
interference with DNA replication is unlikely to occur in
our �trnI-GAU knockout lines, because previous
mutagenesis experiments have established that oriA is

Figure 3. Targeted inactivation of the plastid trnM gene. (A) Physical map of the trnM-containing region in the tobacco ptDNA. Genes above the
line are transcribed from the left to the right, genes below the line are transcribed in the opposite direction. Selected restriction sites relevant for
cloning and RFLP analysis are indicated. The hybridization probe and the expected sizes of detected DNA fragments are also shown. Introns are
represented by open boxes. (B) Map of the transplastome produced with plastid transformation vector p�trnM-s. The selectable marker gene aadA is
inserted into trnM gene in the same transcriptional orientation. The aadA coding region is shown as spotted box, the expression elements driving it as
gray boxes. (C) Map of the transplastome produced with plastid transformation vector p�trnM-as. The selectable marker gene aadA is inserted into
trnM gene in the opposite (antisense) orientation. (D) RFLP analysis of �trnM plastid transformants. Both sets of transplastomic lines produced
(�trnM-s and �trnM-as) remain heteroplasmic as evidenced by simultaneous presence of the 2.1 kb wild type-specific hybridization band and the
3.6 kb band diagnostic of the transplastome. Wt: wild type. (E) Phenotype of a typical �trnM transplastomic plant. Arrows point to typical
misshapen leaves. (F) Segregation analysis of a �trnM plant. Seeds from a selfed transplastomic plant were sown on spectinomycin-containing
medium. Spectinomycin sensitivity of most seedlings suggests a strong tendency to lose the transplastome in the absence of antibiotic selection.
Examples of spectinomycin-resistant seedlings (that have retained the transplastome) are indicated by arrows.
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non-essential in that homoplasmic oriA deletion lines do
not have a pronounced mutant phenotype (39,40).
In contrast, insertions into the trnI-GAU intron cannot
be brought to homoplasmy (39), indicating that loss of
intron excision knocks out trnI-GAU function
(Figure 5C–E).

Taken together, the data from our transplastomic
knockout experiments provide strong genetic evidence
for essentiality of both tRNAs decoding the AUG methio-
nine codon, the initiator tRNAfMet(CAU) and the
elongator tRNAMet(CAU), and also of both tRNAs
decoding the three isoleucine codons, tRNAIle(CAU)
and tRNAIle(GAU). Requirement for all four tRNA
genes under both autotrophic and heterotrophic growth
conditions suggests that all four tRNAs decoding the
AUN box are indispensable for plastid translation.

Phylogenetic analysis of tRNAs in the AUN box

The plastid genome encodes three tRNAs with a CAU
anticodon: tRNAfMet(CAU), tRNAMet(CAU) and
tRNAIle(CAU). Our reverse genetics analysis in tobacco
suggests that all three of them are essential. It seems rea-
sonable to assume that essentiality is due to strict discrim-
ination between the tRNA species based on structural

features and/or sequence features. To gain a better under-
standing of the distinguishing features of the tRNAs in the
AUN box, we analyzed sequences and structures of the
four tRNAs (Figure 6) and compared them to the hom-
ologous tRNA genes in the plastid genomes of the dicot
Arabidopsis thaliana, the monocot Oryza sativa, the moss
Physcomitrella patens and the green alga Chlamydomonas
reinhardtii (Supplementary Figure S1).
The initiator tRNAfMet(CAU) in bacteria is

characterized by a mismatch between nucleotides 1 and
72 in the acceptor stem (for numbering of nucleotide pos-
itions, see 41), an AU basepair at positions 11–24 and a
GC pair at positions 12–23 in the D-loop stem. In
addition, tRNAfMet(CAU) has a highly conserved anti-
codon loop and two to three GC base pairs adjacent to
it in the anticodon stem (10,42). The mismatched pair at
1-72 in the acceptor stem is also a common feature of all
plastid initiator tRNAs analysed, whereas the elongator
tRNAs for methionine have AU or GU pairs and the
tRNAs for isoleucine have GC pairs at this position
(feature 1 in Figure 6 and Supplementary Figure S1).
In addition, all plastid initiator tRNAs have the conserved
AU pair at 11–24 and a GC pair at 12–23, whereas
the elongator tRNAs contain the same basepairs in

Figure 4. Disruption of the plastid trnI-CAU gene. (A) Physical map of the region in the tobacco plastid genome containing trnI-CAU. Genes above
the line are transcribed from the left to the right, genes below the line are transcribed in the opposite direction. The bent arrows indicate the borders
of the transformation plasmid. The hybridization probe and the expected sizes of detected DNA fragments are also shown. Introns are represented
by open boxes. (B) Map of the transformed plastid genome (transplastome) produced with plastid transformation vector p�trnI-CAU. The aadA
coding region is shown as spotted box, the expression elements driving it as gray boxes. (C) RFLP analysis of �trnI-CAU transplastomic plants. All
lines remain heteroplasmic as evidenced by a constant ratio of the 1.9 kb wild type-specific hybridizing fragment and the 3.5 kb fragment diagnostic of
the transplastome. Wt: wild type. (D) Phenotype of a typical �trnI-CAU transplastomic plant. Arrows point to misshapen leaves. (E) Inheritance
assay of a �trnI-CAU plant. Examples of spectinomycin-resistant seedlings that have retained the transplastome are indicated by arrows.
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the inverted orientation (feature 3 in Figure 6 and
Supplementary Figure S1). Also, the anticodon loop of
the plastid trnfM sequences is identical to the bacterial
consensus. However, the anticodon loop sequence does
not serve as an unambiguous distinguishing feature,
because it is also identical with all analyzed plastid
tRNAIle(CAU) (Figure 6 and Supplementary Figure S1).
Three GC pairs present in the anticodon stem of trnfM

in Escherichia coli have been described as key determin-
ants of the initiator tRNA (43). However, not all three GC
pairs are conserved in other bacterial species (42). Also in
the plastid trnfM sequences analysed here, only two GC
pairs are present in the anticodon stem (feature 5 in
Supplementary Figure S1). Although some elongator me-
thionine tRNAs also have two GC pairs in their anticodon
stem, one of these basepairs is usually flipped (feature 5 in
Figure 6). In several species, tRNAIle(GAU) possesses
three consecutive CG pairs in its anticodon stem (feature
5 in Figure 6 and Supplementary Figure S1), but as the
anticodon is different from that of the initiator methionine
tRNA, this does not result in charging ambiguity.
In summary, nearly all of the features conserved in bac-

terial initiator tRNAs (42) are also conserved in plastid
trnfM genes. The only exception is a mutation of G26 to
A in the trnfM from rice. However, as neither G26 nor A26

can base pair with the conserved A44 (Figure 6 and
Supplementary Figure S1), this mutation is likely to be
neutral.

tRNAIle(CAU) needs to unambiguously distinguished
from tRNAMet(CAU), because the cytidine in the
wobble position of tRNAIle(CAU) must be modified to
lysidine. This post-transcriptional modification converts
the methionine anticodon of tRNAIle(CAU) into an anti-
codon decoding the isoleucine triplet AUA (6–9). Two
distinguishing features of tRNAIle(CAU) have been
described in the literature: (i) the three base pairs at pos-
itions 3–70, 4–69 and 5–68 in the acceptor stem (10,11),
and (ii) unpaired or weakly paired nucleotides at 27–43 in
the anticodon stem (11,42). The distinguish-
ing features described in Escherichia coli, CG pairs at
4–69 and 5–68 (11), are only partly conserved in the
plastid tRNAIle(CAU) (feature 2 in Figures 6 and
Supplementary Figure S1). In contrast, all
tRNAMet(CAU) genes have a UA and an AU pair at
these two positions. In an analysis of 234 bacterial
genomes, a purine–pyrimidine pair at position 3–70 and
frequently occurring CG pairs at 4–69 and 5–68 in the
acceptor stem were identified as characteristic features of
tRNAIle(CAU) (11). All analyzed plastid tRNAIle(CAU)
sequences meet these criteria (feature 2 in Figure 6 and

Figure 5. Targeted disruption of the plastid trnI-GAU gene. (A) Physical map of the region in the tobacco plastome containing trnI-GAU. Genes
above the line are transcribed from the left to the right, genes below the line are transcribed in the opposite direction. Selected restriction sites used
for cloning and RFLP analysis are indicated. The hybridization probe and the expected sizes of detected DNA fragments are also shown. Introns are
represented by open boxes. An origin of replication located in this region is denoted as oriA. (B) Map of the transformed plastid genome produced
with plastid transformation vector p�trnI-GAU. The aadA coding region is shown as spotted box, the expression elements driving it as gray boxes.
(C) RFLP analysis of �trnI-GAU plastid transformants. The transplastomic lines remain heteroplasmic and show both the 4.4 kb wild type-specific
hybridization band and the 5.9 kb band diagnostic of the transplastome. Wt: wild type. (D) Phenotype of a typical heteroplasmic �trnI-GAU plant.
Misshapen leaves are indicated by arrows. (E) Example of a seed assay confirming heteroplasmy of �trnI-GAU plants and demonstrating loss of the
transplastome in the absence of antibiotic selection. Arrows points to two green (spectinomycin-resistant) seedlings that still harbor the
transplastome.
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Supplementary Figure S1). The unpaired or weakly paired
(GU) nucleotides at position 27–43 in the acceptor stem
(11,42) could potentially distinguish tRNAIle(CAU) from
tRNAMet(CAU) in tobacco, but not in the other analyzed
species. The lack of conservation of this feature in plastid
tRNAIle(CAU) suggests that the anticodon stem may not
be the key discriminator between tRNAIle(CAU) and
tRNAMet(CAU). Instead, the differences in the acceptor
stems (feature 2 in Figure 6 and Supplementary Figure S1;
10) are more likely to confer unambiguous tRNA recog-
nition by the tRNA(Ile)-lysidine synthetase (11).

DISCUSSION

The use of wobble and superwobble interactions in
codon–anticodon recognition enables plastids to carry
out translation with a reduced set of tRNAs (1,5). In the
AUN codon box, superwobbling by a hypothetical
tRNAIle(UAU) cannot be employed, because no discrim-
ination between methionine and isoleucine would be
possible (Figure 7). This problem persists if the box were
decoded by classical wobbling, which would involve a
tRNA species with a GAU anticodon (which does exist)
and a tRNA species with an UAU anticodon (which does
not exist). To distinguish between AUA Ile and AUG Met
codons, plastids utilize the same strategy as most bacteria:
lysidination of cytidine C34 in the tRNAIle(CAU) (6–9).
This modification confers specificity to the AUA triplet
and effectively prevents decoding of the Met codon
AUG (Figure 7). Our finding that all three elongator
tRNAs reading the AUN box are essential in plastids
(Figures 3D–F, 4C–E and 5C–E) provides strong
evidence for conservation of the bacterial mechanism for
ensuring decoding specificity.
In C. reinhardtii, the three plastid tRNAs with a CAU

anticodon are all annotated as tRNAMet(CAU) (trnM1,
trnM2 and trnM3; 44). This is likely to be incorrect, as
has also been noted in a recently published comprehensive
survey of plant tRNA genes (45). The analysis of
conserved structural features (Figure 6) and a phylogen-
etic analysis of the three tRNA genes (Supplementary
Figures S1 and S2) clearly identify the misannotated
trnM1 as trnI-CAU and the misannotated trnM3 as

Figure 6. Characteristic sequence features of the analyzed
plastid tRNAs. (A) Secondary structures of the Nicotiana
tabacum tRNAMet(CAU), tRNAfMet(CAU), tRNAIle(CAU) and
tRNAIle(GAU). The tRNAs were folded using the ARAGORN
webservice (57). The � indicates canonical base pairing, + denotes a
GU base pair. The anticodons and the nucleotides in tRNAMet(CAU)
and tRNAfMet(CAU), which are conserved (according to 42) are shown
in bold. Additional characteristic sequence features are boxed and
numbered (see text for details). The lysidine modification in the
anticodon of tRNAIle(CAU) is indicated by an L. (B) List of
distinguishing features that allow discrimination between the four
tRNA species. Features are numbered as in (A). Features that
were described as discriminatory in bacteria, but may not be so in
plastids are in parentheses (see text for details). Cases in which the
anticodon is probably the main discriminatory feature are also
indicated.

Figure 7. Codon recognition in the AUN codon box in bacteria,
plastids and metazoan mitochondria. tRNA species are denoted by
the first nucleotide of their anticodon (which pairs with the third
codon position, N3). Isoleucine-specifying triplets are shown as white
boxes, methionine-specifying triplets as gray boxes. Note that AUA
specifies Ile in bacteria and plastids, but Met in metazoan
mitochondria. Naturally existing tRNA species are indicated for
bacteria, plastids and mitochondria. Hypothetical tRNA species
whose existence would lead to decoding ambiguities (due to forbidden
wobble and superwobble interactions) are shown in parentheses.
C*= lysidine, C**=5-formylcytidine.
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trnfM-CAU. trnM2 is the only true trnM-CAU gene and
should be renamed as such.
A theoretical possibility of reducing the tRNA set in the

AUN box would be partial lysidine modification of
tRNAIle(CAU). This would allow the same gene to be
used for production of an unmodified tRNA charged
with methionine (decoding AUG triplets) and a modified
tRNA charged with isoleucine (reading AUA triplets).
However, essentiality of both the trnM-CAU and the
trnI-CAU gene (Figures 3D–F and 4C–E) shows that
this strategy is not used. Possible reasons could lie in the
specificities of the aminoacyl-tRNA synthetases and/or a
high catalytic activity of the lysidine synthetase leaving
insufficient amounts of unmodified (cytidine-containing)
tRNA molecules to serve as tRNAMet(CAU).
Another possibility to reduce the tRNA set in the AUN

box would be a tRNAMet that serves as both initiator and
elongator tRNA. The initiator tRNA is highly conserved
in all three domains of live (42,46) and its gene is not lost
from the reduced plastomes of any of the non-pho-
tosynthetic plastid-containing parasitic species investigated
to date (13,14). However, metazoan mitochondria contain
a single methionine tRNA, which is used as both initiator
and elongator tRNA. This unusual tRNAMet(CAU)
combines several typical features of initiator and elongator
tRNAs suggesting co-evolution with translation initiation
and elongation factors as well as the methionyl-tRNA
transformylase and the methionyl-tRNA synthetase (47).
In Nicotiana tabacum, both tRNAfMet(CAU) and
tRNAMet(CAU) are essential (Figure 2C–E and 3D–F).
This is because, in contrast to the tRNAMet(CAU) in
metazoan mitochondria, the typical sequence features
enabling discrimination of the initiator and elongator
tRNAs are conserved in the two plastid Met tRNAs
(Figure 6). Therefore, the two plastid tRNA species
cannot replace each other.
A third theoretical possibility of reducing the number of

plastid tRNAs decoding the AUN box would be changes
in the genetic code. In metazoan mitochondria, both AUG
and AUA specify methionine and are read by a
tRNAMet(CAU) carrying a modified cytidine in the
wobble position (5-formylcytidine; 47). This enabled the
reduction of the number of tRNAs for isoleucine by
making the tRNAIle(CAU) reading AUA triplets dispens-
able (Figure 7). Such a change in the genetic code must be
accompanied by compensatory mutations in the protein-
coding genes, at least in those cases where the isoleucine
residues are important for protein function. Metazoan
mitochondria have a very low number of protein-coding
genes (for example, only 13 genes in Bos taurus
mitochondria) and consequently, the number of affected
AUA codons is low (only 216 in B. taurus; Supplementary
Table S2). Although also the number of plastid genes
decreased dramatically during evolution, tobacco
plastids still retain 87 protein-coding genes with altogether
454 AUA codons. It is tempting to speculate that a low
number of affected codons increases the probability for
changes in the genetic code. However, codon reassignment
has also occurred in the nuclear genome of some yeast
(Candida) species, where CUG triplets specify serine
instead of leucine (48–50). As the Candida nuclear

genome contains thousands of genes, this argues against
a reduction in gene number being a prerequisite for modi-
fications of the genetic code.

In vitro, tobacco cells can tolerate a severe impairment
of plastid translation, to the point that photosynthesis is
reduced to extremely low levels and growth is severely
retarded (20, 21). The inviability of homoplasmic knock-
out cells for the four tRNA genes in the AUN box even on
sucrose-containing medium (that abrogates any need for
photosynthetic carbon fixation; 31,32) strongly indicates
that no net protein biosynthesis can occur in the absence
of any of the four tRNA species. Furthermore, our finding
that all tRNA genes in the AUN box are essential even
under heterotrophic conditions demonstrates that the evo-
lutionary loss of individual tRNA genes from the
plastomes of non-photosynthetic parasitic species (13) is
not an indication of non-essentiality. Essentiality of these
genes also suggests that, at least in tobacco, loss of these
tRNAs cannot be complemented by tRNAs imported
from the cytosol.

In view of the essential function of all tRNA species in
the AUN box, the loss of tRNA genes from the plastomes
of parasitic lineages remains puzzling. No indications for
an adaptation of the codon usage to the reduced tRNA set
were found. For example, Rhizanthella gardneri, which
lacks the plastid-encoded tRNAMet(CAU) and
tRNAIle(GAU), shows no corresponding changes in
codon usage (14).

In theory, the tRNA gene loss from plastomes of
non-photosynthetic lineages could be explained by gene
transfer to the nucleus and tRNA reimport into plastids
(14,51,52) or import of nuclear-encoded eukaryotic
tRNAs (as demonstrated to occur in mitochondria; 53,
54). The mechanistic problem with this explanation is
that, thus far, no convincing evidence for RNA import
into plastids has been obtained. As tRNA gene loss
from the plastid genome has occurred in parasites repre-
senting widely different taxonomic groups (13), the add-
itional assumption would need to be made that gene
transfer to the nucleus and evolution of a tRNA import
capacity occurred several times independently (or, alterna-
tively, a cryptic ancestral import pathway exists that can
be activated upon demand). An accelerated transfer of
plastid genes to the nucleus of parasitic plants has
recently been proposed for ribosomal protein genes and
was explained by the relaxed requirement for plastid trans-
lation in the absence of photosynthesis (21). However, in
the absence of any experimental evidence for tRNA
import into plastids, possible alternative explanations
that could make individual tRNAs dispensable (such as,
the partial lysidine modification of the CAU anticodon
discussed above) currently should not be dismissed.
However, modified decoding is unlikely to explain all
cases of tRNA gene loss, especially not those affecting a
tRNA species that reads an entire codon box (14).

Under the assumptions that the standard genetic code is
used, no unusual tRNA modification patterns occur and
no tRNA import exists, the plastid tRNA set of the para-
sitic non-photosynthetic green alga Helicosporidium
sp. (55) appears to exemplify the minimum set of tRNA
genes that is achievable by maximal utilization of
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wobbling and superwobbling. For most amino acids, only
one tRNA gene is present in the Helicosporidium
plastome, but, consistent with our results reported here,
all four tRNAs for the AUN box are conserved:
tRNAfMet(CAU), tRNAMet(CAU), tRNAIle(CAU) and
tRNAIle(GAU).

In summary, our data reported here provide strong
genetic and phylogenetic evidence that the nature of the
genetic code prevents a reduction of the plastid tRNA set
for the AUN box. To faithfully differentiate between
methionine and isoleucine, superwobbling must be
avoided (thus excluding existence of a tRNA-UAU) and
wobbling is restricted to tRNAIle(GAU) (reading the iso-
leucine codons AUU and AUC). The molecular mechan-
isms compensating for the tRNA gene loss from the
plastid genomes of non-photosynthetic parasites remain
to be elucidated.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–2 and Supplementary Figures
1–2.
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