
Nucleic Acids Research, Vol. 18, No. 13 3689

Transfer RNAs of potato (Solanum tuberosum)
mitochondria have different genetic origins

Laurence Marechal-Drouard, Pierre Guillemaut+, Anne Cosset, Michele Arbogast, Frederique
Weber, Jacques-Henry Weil and Andre Dietrich*
Institut de Biologie Moleculaire des Plantes du CNRS, Universite Louis Pasteur, 12 rue du General
Zimmer, F-67084 Strasbourg-Cedex, France

Received April 30, 1990; Accepted June 8, 1990

ABSTRACT

Total transfer RNAs were extracted from highly purified
potato mitochondria. From quantitative measurements,
the in vivo tRNA concentration in mitochondria was
estimated to be in the range of 60 AM. Total potato
mitochondrial tRNAs were fractionated by two-
dimensional polyacrylamide gel electrophoresis. Thirty
one individual tRNAs, which could read all sense
codons, were identified by aminoacylation, sequencing
or hybridization to specific oligonucleotides. The tRNA
population that we have characterized comprises 15
typically mitochondrial, 5 'chloroplast-like' and 11
nuclear-encoded species. One tRNAAl8, 2 tRNAsArg, 1
tRNA"e, 5 tRNAsLeu and 2 tRNAsThr were shown to be
coded for by nuclear DNA. A second, mitochondrial-
encoded, tRNAI" was also found. Five 'chloroplast-
like' tRNAs, tRNATrP, tRNAmn, tRNAHIS, tRNAser(GGA)
and tRNAMetm, presumably transcribed from
promiscuous chloroplast DNA sequences inserted in
the mitochondrial genome, were identified, but, in
contrast to wheat (1), potato mitochondria do not seem
to contain 'chloroplast-like' tRNACYS and tRNAPh*. The
two identified tRNAsval, as well as the tRNAGIY, were
found to be coded for by the mitochondrial genome,
which again contrasts with the situation in wheat,
where the mitochondrial genome apparently contains
no tRNAVaI or tRNAGIY gene (2).

INTRODUCTION

The higher plant mitochondrial genome seems to have undergone
important modifications during evolution, not only through
sequence divergence, amplification or reduction and
rearrangement, but also through the loss, replacement and/or
acquisition of genes (3, 4). Despite its very large and complex
structure (5), it has now become evident that the mitochondrial
DNA of plants does not contain a complete set of tRNA genes
(2, 6). We demonstrated previously that bean mitochondria utilize
at least 8 tRNAs coded for by the nuclear genome and therefore

imported from the cytosol (7). Among these, we identified 4
tRNAsL""-u (7-9). Import of tRNALeU also occurs in potato
mitochondria (10). Furthermore, some of the plant mitochondrial
tRNA genes are part of promiscuous chloroplast DNA sequences

inserted into the mitochondrial genome during evolution (1, 11

and references therein). At least some of these genes seem to
be transcribed and to produce mature 'chloroplast-like' tRNAs
in bean or wheat mitochondria (1, 12, 13). All these data indicate
that, in higher plant mitochondria, tRNAs of different genetic
origins may function together in protein biosynthesis.
We decided to study the genetic origin of individual tRNAs

in a plant mitochondrial tRNA population, and especially to
determine which species, besides tRNAsL&U, are nuclear-
encoded. We present here the identification of 31 tRNAs, after
fractionation of total potato mitochondrial tRNA by two-
dimensional polyacrylamide gel electrophoresis. Among these
tRNAs, we found 11 nuclear-encoded species and 5 'chloroplast-
like' species. This report is the first showing a nuclear origin
for higher plant mitochondrial tRNAs specific for alanine,
arginine, isoleucine and threonine. Our results also indicate that
differences can be found in the genetic origin of individual
tRNAs, in particular between monocotyledon and dicotyledon
plants.

MATERIALS AND METHODS
Mitochondrial tRNA: purification, fractionation and
identification
Highly purified mitochondria were prepared from potato
(Solanum tuberosum) tubers according to Neuburger et al. (14),
lyophilized and stored at -20°C. The mitochondrial fraction was
assayed for marker enzymes of plastids (phosphorylase, EC
2.4.1.1), peroxisomes (catalase, EC 1.11.1.6) and cytosol
(pyrophosphate:fructose 6-P phosphotransferase, EC 2.7.1.90)
and found to be essentially free of plastidial, peroxisomal or

cytosolic contaminations (14). Total tRNA was extracted as

previously described (15) from these mitochondria and subjected
to two-dimensional polyacrylamide gel electrophoresis (16). After
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staining with methylene blue, mitochondrial tRNA species were
identified by i) aminoacylation using a bean mitochondrial
enzymatic extract (see below), ii) hybridization using 5'-end
labeled oligonucleotides complementary to already known plant
mitochondrial tRNA or tRNA gene sequences (9), or iii) direct
sequencing of the tRNAs using post-labeling techniques (17) and
methods previously described (18), especially 3'-end labeling with
[32]pCp in the presence of T4 RNA ligase (15).

Northern Blot Analysis of tRNAs
Five ,ug of total potato mitochondrial tRNA were fractionated
by polyacrylamide gel electrophoresis, transferred on nylon
membranes (Hybond-N, Amersham) by electroblotting and
hybridized against 5'-end labeled oligonucleotides as already
described (10). Total potato germ cytoplasmic and total bean
(Phaseolus vulgaris) chloroplast tRNAs, prepared as previously
described (10, 12, respectively), were also fractionated and
transferred on the blots as negative or positive hybridization
controls.

Bean mitochondrial enzymatic extract and aminoacylation
assays
Bean (Phaseolus vulgaris) seedlings were grown, in the dark at
26°C, on moist vermiculite and the hypocotyls were harvested
after 5-6 days. One kg of hypocotyls was homogenized during
30 sec at 4°C, using a home-mixer, in 1.5 1 of a 50 mM Tris-
HCI buffer (pH 7.5) containing 0.6 M mannitol, 1 mM EDTA,
lg/l BSA, 150 mg/l ATP and 2 mM (3-mercaptoethanol. After
homogenization, the pH was adjusted to 7.0 with a 2 M Tris
solution. The homogenate was filtered through four layers of
cheesecloth and one layer of nylon net (50 Am mesh size) and
centrifuged at 2500xg for 5 min. The supernatant was placed
in new centrifuge bottles (330ml/bottle) and 70 ml of a 27%
(w/v) sucrose solution containing 0.1 mM EDTA, 50 mM
Tris-HCl (pH 7.5), lg/l bovine serum albumin and 1 mM
,B-mercaptoethanol, were gently introduced under the supernatant
using a syringe. After 15 min of centrifugation at 15 000 xg,
the pellets, which contain the mitochondria, were resuspended
in 3 ml of enzyme buffer (50 mM Tris-HCl (pH 7.5), 10 mM
MgCl2 10% (v/v) glycerol, 1 mM EDTA, 5 mM ,B-
mercaptoethanol, 10 Ag/mi a2 macroglobulin, 10 Mg/ml
leupeptin and 0.5 mM phenylmethyl-sulfonylfluoride) and
sonicated for 30 sec. The suspension was centrifuged for 20 min
at 15 000xg and the supernatant, adjusted to 150 mM NaCl,
was passed through a DEAE-cellulose column (1.5 x 3 cm)
equilibrated with enzyme buffer containing 150 mM NaCl. The
flow-through was loaded (lml/column) on Sephadex G75
columns prepared in 10 ml syringes, equilibrated with enzyme
buffer and first packed at I000xg for 5 min at 4°C. After a
second centrifugation in the same conditions, the material
excluded from the Sephadex was recovered, aliquoted,
immediately frozen in liquid nitrogen and stored at -80°C.

Aminoacylation assays were done as previously described (19).

Mitochondrial, nuclear and chloroplast DNA: isolation and
hybridization
Mitochondrial, nuclear and chloroplast DNAs were isolated from
potato tubers, etiolated germs and green leaves, respectively,
according to Kemble (20) and Green et al. (8).
To check their genetic origin, mitochondrial tRNAs were

labeled at the 3'-end in the presence of T4 RNA ligase (15) and
hybridized to nuclear and mitochondrial DNAs on dot blots or
Southern blots (7).

Determination of protein amounts in potato mitochondria
preparations
Protein amounts were estimated using the method of Bradford
(21), after sonication of the mitochondrial suspension and
adjustment to a final concentration of 0.4% (w/v) sodium
deoxycholate.

RESULTS AND DISCUSSION
Amounts of tRNA, rRNA and protein in potato mitochondria
The amounts of tRNA, rRNA and protein were determined from
six different samples of lyophilized mitochondria. As an average,
we found about 0.2 mg of protein per mg of lyophilized
mitochondria and respectively 3 ,ug oftRNA and 20 Mg of rRNA
(18S + 26S) per mg of protein. Considering a matrix volume
of 2 MA1 per mg of protein (22) and a tRNA molecular weight
of 25000, the in vivo concentration of tRNA in potato
mitochondria was estimated to be in the range of 60 MM.

Fractionation of total potato mitochondrial tRNA by two-
dimensional polyacrylamide gel electrophoresis
Fig. 1 shows the two-dimensional gel pattern obtained after
methylene blue staining, starting with 100 Ag of total potato
mitochondrial tRNA. Fifty nine spots were resolved by this
technique. Taking the staining intensity as an indication of the
amount oftRNA, there were 35 major and 10 less intense tRNA
spots, whereas 14 spots could be considered as minor. Most of
the tRNAs were pure at this stage, only some of them (e.g. spots
4 or 26) yielding two bands after a further purification step on
a 15% polyacrylamide denaturing gel. On the other hand, there
were several spots for some tRNAs (e.g. tRNATYr,
tRNAIu(NAA), tRNAMetf)(see Table I). This supports the view
that a tRNA can exist under different forms, due for instance
to the presence or absence of some of the post-transcriptional
modifications, as already found for bean mitochondrial
tRNAsTyr (23) and bean chloroplast tRNAsPhe (24) ; in both
cases, the two tRNA species were identified by two-dimensional
polyacrylamide gel electrophoresis and were shown to differ only
by their minor nucleotide content.

Identification of the mitochondrial tRNA species fractionated
by two-dimensional polyacrylamide gel electrophoresis
The 31 individual tRNAs identified so far by aminoacylation,
hybridization with specific oligonucleotides or sequencing are
listed in Table I. They account for 41 out of the 59 spots obtained
after two-dimensional polyacrylamide gel electrophoresis.
When mitochondrial tRNA or tRNA gene sequences from other

plant species were available, we localized the corresponding
potato mitochondrial tRNA by hybridization, using as probes
specific oligonucleotides (Table H) complementary to these
sequences. By this method, 18 mitochondrial-encoded tRNA
species were identified. To confirm the results of the
oligonucleotide hybridization experiments, some of the tRNAs
identified by this method were also characterized either by partial
sequencing (e.g. tRNACYS, tRNAGIU, tRNAPro, tRNASer(GGA),
tRNAser(CGU)) or by aminoacylation (e.g. tRNAPhe, tRNAPro,
tRNATYr, tRNATrp).

In the case of tRNAASP, located in spot 27, the hybridization
signal, as well as the aminoacylation, were weak, suggesting that
this tRNA is either present in low amounts in potato mitochondria
or unstable. These results are in agreement with the fact that Joyce
and Gray (1) did not detect mitochondrial tRNAASP after two-
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FIGURE 1. Fractionation of potato mitochondrial tRNAs by two-dimensional polyacrylamide gel electrophoresis. A) Pattern after methylene blue staining of the
gel; B) Schematic diagram. Spots have been numbered from 1 to 59 and the tRNA species present in 41 of them have been identified (Table I). The arrows show
the directions of migration. [0 mitochondrial-encoded tRNAs; * nuclear-encoded tRNAs; M spots containing a mitochondrial- and a nuclear-encoded tRNA;O
tRNAs not yet identified.

dimensional polyacrylamide gel electrophoresis of total wheat
mitochondrial tRNA.
Up to now, neither mitochondrial tRNAA'a, tRNAMX9, tRNAIIe

and tRNAThr, nor the corresponding genes, had been identified
in higher plant mitochondria. Using aminoacylation assays with
a bean mitochondrial enzymatic extract and the respective
[3H]-aminoacids, we were able to characterize 1 tRNAIUa, 2
tRNAsMrg, 2 tRNAsnr and 2 tRNAslle. By the same method, we
also localized five tRNALeu species and 2 tRNAsvaI. All these
data are presented in table I.

Surprisingly, the tRNAIIe located in spot 26 hybridized to a
5'-end labeled oligonucleotide complementary to the G46-A60
sequence of a maize tRNAMet(CAU) gene (indicated by an
asterisk in Table II). This is reminiscent of the tRNAIIe(LAU)

in E. coli (25) and in Mycoplasma capricosum (26), which is
transcribed from a gene with a methionine specifying anticodon
CAU, but is changed into an isoleucine-specific tRNA by a post-
transcriptional transformation of the C into lysidine (L), an

hypermodified nucleotide. The same phenomenon probably
occurs in spinach chloroplasts (27). The study of this potato
mitochondrial tRNAIIe and of its gene are in progress and will
be described elsewhere.

Genetic origin of potato mitochondrial tRNAA'a, tRNAsAm,
tRNAGIy, tRNAsl'u, tRNAsIIe, tRNAsnr and tRNAsval
The genetic origin of the different tRNAs isolated from purified
potato mitochondria (see Table I) was determined by
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Table I. Identification and genetic origin of 31 potato mitochondrial tRNAs isolated after fractionation by two-dimensional
polyacrylamide gel electrophoresis. Correspondence with the known wheat mitochondrial tRNAs.

Aminoacid Anticodon Spot number Identification Genetic origin Counterpart in wheat

Asp GUC 27 H /
Cys GCA 50 S /
Gln UUG 31 H +
Glu UUC 46 H-S +
Gly GCC 29 H /
Ilel NAU 26 A-H-S /
Lys UUU 33-34 H-S Native +
fMet CAU 58-59 H Mitochondrial- +
Phe GAA 38 A-H encoded /
Pro UGG 49 A-S +
Serl GCU 1-2 H-S +
Ser2 UGA 4 H-S +
Tyr GUA 9-10 A-H +
Val I nd 36 A /
Val2 nd 39 A /

Asn GUU 45-47 H +
His GUG 24 H-S 'Chloroplast-like' /
mMet CAU 20 H Mitochondrial- +
Ser3 GGA 4 H-S encoded +
Trp CCA 19 A-H +

Ala IGC 32 A-S /
ArgI ICG 42-43 A-S /
Arg2 NCU 13 A-S /
l1e2 nd 12 A /
Leul NAA 8 A-H-S 'Cytosolic-like' +
Leu2 nd 11-16-25-26 A Nuclear- I
Leu3 nd 14 A encoded I
Leu4 nd 15 A /
LeuS nd 21 A /
Thrl nd 22 A /
Thr2 nd 51 A /

Spot numbering is according to Fig. 1. Potato mitochondrial tRNAs have been identified by aminoacylation (A),
oligonucleotide hybridization (H), or sequencing (S); nd = not determined. The genetic origin of the identified species
has been determined by hybridization to nuclear or mitochondrial DNA. Wheat mitochondrial tRNAs have been taken
from (1); (/) tRNAs not found or not yet identified in wheat mitochondria.

Table H. Oligonucleotides complementary to plant mitochondrial tRNA or tRNA gene sequences, used
for hybridization experiments.

Aminoacids 5' -3' tRNA(t) or
oligonucl6otides tRNA gene(g)

Asn cP 5'-CCAATCGGTTAACAGCCGAC-3' maize (g)
Asp 5'-CTTCTGGCGTGACAGACCAG-3' bean (t)
Cys 5'-GATACATTTCCATTATGTTACCTAGCC-3' tomato (g)
Cys cp 5'-CCTGCCTTACCGCTTGGCCATGCCGCC-3' maize (g)
Gln 5'-GGAGTAAAAGGATTCGAACCTTTG-3' wheat (g)
Glu 5'-CATCCCTTACGGGAATCGAACCCGTGT-3' soybean (g)
Gly 5'-AGCGGAAGGAGGGACTTGAACCCTCA-3' lupine (g)
His cP 5'-GCGCATGGTGGATTCACAATCCAC-3' maize (g)
Lys 5'-TGGGTATAGCAGGACTTGAACCTGCG-3' maize (g)
mMet cp 5'-TACCTACTATTGGATTTGAACCAATG-3' bean (t)
mMet* 5'-TGGGCTTAGTAGGGCTCGAACCTACAA-3' maize (g)
fMet 5'-GGCGGGGGCAGGATTCGAACCTGCAAT-3' bean (t)
Phe 5'-TTGCTCTACCAGCTGAGCTACCTAAAC-3' bean (t)
Phe cP 5'-TGCCAGGAACCAGATTTGAACTGGTG-3' wheat (g)
Pro 5'-GCGCTGACCAGACTGCGCTACACCTCG-3' bean (t)
Ser (GCU) 5'-TGCCTTAAGCCACTCAGCCATACCTCC-3' maize (g)
Ser (UGA) 5'-CGGATGGAGAGGGATTCGAACCCCCG-3' maize (g)
Ser (GGA)CP 5'-GGTAAACAAAAGCCTACATAGCAGTTC-3' wheat (g)
Trp cP 5'-GGCACGCTCGTAGGATTTGAACCTAC-3' bean (t)
Tyr 5'-CGCTTTTGACCACTCGGCCACTCTCCC-3' bean (t)

(cP): Complementary sequence to a 'chloroplast-like' tRNA or tRNA gene. (*): Oligonucleotide hybridizing
with one of the potato mitochondrial tRNAsIle.
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FIGURE 2. Hybridization of [32P]pCp-labeled potato mitochondrial tRNAsvaI
to BamHI restriction digests of potato mitochondrial DNA. A) 1 kbp DNA ladder
(Bethesda Research Laboratories); B) BamHI potato mitochondrial DNA digest
after ethidium bromide staining; C) and D) Autoradiograms showing the
hybridization of [32P]pCp-labeled tRNAVall (spot 36 on the two-dimensional
polyacrylamide gel of Fig. 1) and tRNAVa'2 (spot 39), respectively to a BamHI
potato mitochondrial DNA digest. Numbers refer to the sizes (kbp) of the 1 kbp
ladder fragments.

hybridization experiments using nuclear and mitochondrial
DNAs.
Using dot blot hybridization, we showed that the tRNAAla the

two tRNASArg, the two tRNAsThr, one tRNAIle and the five
tRNAsI2U are coded for by the nuclear genome. A similar
observation was made previously in the case of bean
mitochondrial tRNALeI species (7-9), but we show here for the
first time a nuclear origin for alanine, arginine, threonine and
isoleucine-specific mitochondrial tRNA species. These data are

essentially in agreement with the results of Joyce et al. (2), which
suggested that no gene for tRNAAIa, tRNAArg, tRNAIe, tRNATbr
and tRNAItU is present on the wheat mitochondrial genome.
However, it should be pointed out that in the case of potato
tRNAslle one isoacceptor (spot 12 on the two-dimensional
polyacrylamide gel) is indeed nuclear-encoded, but the second
one (spot 26) is mitochondrial-encoded.
The tRNAGlY and the two tRNAsval (spots 29, 36 and 39,

respectively), hybridized to the mitochondrial genome. This

contrasts with the situation in wheat, where 'cytosolic-like'
mitochondrial tRNAGlY and tRNAval have been characterized
(1). However, we cannot rule out the possibility that a nuclear-
encoded tRNAGIY or tRNAval exists in our potato mitochondrial
tRNA preparations as a minor species that we have not yet been
able to identify by aminoacylation.

Southern blot experiments (Fig. 2) showed that one of the two
characterized tRNAsval (spot 36) hybridized strongly to a 2.6
and a 3.5 kbp BamHI fragments of the mitochondrial DNA and
more weakly to two BamHI fragments of large size. The second
tRNAvad (spot 39) gave the same type of hybridization pattern,
but the intensities of the bands were inverted: in this case, the
signals with the 2.6 and 3.5 kbp fragments were weak, whereas
the two large fragments gave a strong hybridization. This suggests
that the two tRNAsvaI show sufficient sequence similarity to
allow cross-hybridization with the respective genes. On the other
hand, the fact that each tRNAval hybridizes strongly to two
different fragments could indicate the presence of repeated
sequences, which is a common feature of higher plant
mitochondrial genomes (28).

Partial sequencing of mitochondrial tRNAua and tRNAsAm
Anticodon loop sequences of the two tRNASArg (spots 13 and
42-43, respectively, on the two-dimensional gels) are shown
on Fig. 3. One of these tRNAs (anticodon NCU) corresponds
to the codons AGA and AGG. Unless another species exists
which escaped detection, the second tRNAArg, which contains
an inosine in the 'wobble' position of the anticodon, should
therefore decode the other four arginine codons (CGN).
According to the 'wobble' hypothesis (29), an ICG anticodon
should not be able to recognize the CGG codon, but one can
propose that this tRNAArg(ICG) could read the four (CGN)
codons using a 'two out of three' mechanism (30), as recently
shown for the tRNAArg(ICG) in bean chloroplasts (24). A
similar mechanism could also operate in the case of the single
tRNAAla that we identified in potato mitochondria (spot 32 on
the two-dimensional gels). In this case, the IGC anticodon found
by partial sequencing of the tRNA (Fig. 3) has to decode the
four (GCN) codons, although the recognition of GCG is not in
agreement with the 'wobble' hypothesis. If a 'two out of three'
mechanism can operate in potato mitochondria, the tRNAAla and
the two tRNASArg reported here would be sufficient to allow
reading of all alanine and arginine codons used for mitochondrial
protein synthesis.

'Chloroplast-like' tRNAs in potato mitochondria
Among the tRNAs which have been shown to hybridize to the
mitochondrial genome, 13 are 'native' tRNAs, according to the
endosymbiotic hypothesis, and correspond to the 'native'
mitochondrial tRNAs described so far in higher plants, whereas
5 are 'chloroplast-like' mitochondrial tRNAs. These species are
presumably transcribed from tRNA genes present on promiscuous
chloroplast DNA sequences (which have been inserted into
mitochondrial DNA) and processed in order to produce mature
functional tRNAs (1, 12 and 13). It is quite intriguing that
chloroplast tRNA genes were inserted into the mitochondrial
genome during evolution and that at least some of them are
expressed to produce tRNAs participating in mitochondrial
protein synthesis. It is interesting to see whether the same tRNAs
are concerned by this phenomenon in different plant species. So
far, 'chloroplast-like' tRNAs or tRNA genes specific for
asparagine, cysteine, histidine, methionine (elongator),
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FIGURE 3. Nucleotide sequences of potato mitochondrial tRNAAla(IGC) (1), tRNAArg(NCU) (2) and tRNAArg(ICG) (3) from position 31 to 39. A) Schematic
diagram of the anticodon loop nucleotide sequences; B) Sequence analysis from position 31 to position 39, using the technique of Stanley and Vassilenko (35); C)
Two-dimensional thin layer chromatographic analysis of the inosine nucleotide present at position 34 in both potato mitochondrial tRNAAla(IGC) and tRNAArg(ICG);
solvent common to (a) and (b) for the first dimension: isobutyric acid/water/25 per cent ammonia (66/33/1); second dimension solvents: (a) 2-propanol/37 per cent

hydrochloric acid/water (68/17.6/14.4) and (b) 1-propanol/sodium phosphate 0.1 M (pH 6.8)/ammonium sulfate (1 ml/50 ml/30 g).

phenylalanine, serine (anticodon GGA) and tryptophane have
been described in various plant mitochondria (31). Among the
potato mitochondrial tRNAs that we have identified, tRNAAsn,
tRNAHis, tRNAMetm, tRNASer(GGA) and tRNATrP are of the
chloroplast type (Table I), but not tRNAcYs and tRNAPhe. To
check whether the 'chloroplast-like' tRNACYS and tRNAPhe could
be present in potato mitochondria only as minor species
undetectable by staining, total potato mitochondrial tRNA
fractionated by polyacrylamide gel electrophoresis was transferred
onto nylon membrane and hybridized against 5'-end labeled
oligonucleotides (Table II) complementary to sequences of the
maize mitochondrial tRNACYs or wheat mitochondrial tRNAPhe
of the chloroplast type. Total potato cytosolic and chloroplast

tRNAs were also fractionated and transferred onto the blots. No
signal was obtained in the case of mitochondrial or cytosolic
tRNAs, whereas chloroplast tRNA gave an hybridization signal,
indicating that, in potato, tRNACYs and tRNAPhe species
homologous to the maize and wheat probes are indeed present
only in chloroplasts.

Southern Blot experiments (Fig. 4) using the same probes
showed that indeed no 'chloroplast-like' tRNAPhe gene seems to
be present on the potato mitochondrial genome. However, the
5'-end labeled oligonucleotide specific for the 'chloroplast-like'
tRNACYS hybridized to a 3.5 kbp BamHI fragment of the
mitochondrial DNA. Potato chloroplast DNA was used as a

positive control in the same hybridization experiments. In this
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FIGURE 4. Hybridization of [32P]-labeled oligonucleotides specific for
'chloroplast-like' tRNACYS (A) and tRNAphe (B) to BamHI restriction digests of
potato chloroplast DNA a) or mitochondrial DNA b). Numbers refer to the sizes
(kbp) of the 1 kbp ladder fragments. Oligonucleotide sequences are presented
in Table II.

case, the 'chloroplast-like' tRNACYs and tRNAPhe-specific
oligonucleotides hybridized to a 3.5 kbp BamHI fragment and
a 9 kbp BamHI fragment, respectively. These results suggest that
a 'chloroplast-like' tRNACYs gene (or pseudogene) is present on

the potato mitochondrial genome, but, as the corresponding tRNA
could not be detected, this gene is probably not expressed.

It should be mentioned at this stage that we have identified
'native' mitochondrial tRNACYs and tRNAPhe in potato (located
in spots 50 and 38, respectively, on the two-dimensional
polyacrylamide gels). Bean mitochondrial tRNAPhe is also of
'native' type (15) and the gene coding for a 'native' tRNACYs
was described in tomato mitochondria (32). In contrast, only
the 'chloroplast-like' tRNACYs and tRNAPhe genes seem to be
present and expressed in wheat mitochondria (1), whereas the
'native' tRNAPhe apparently remains as a pseudogene (33).
Similarly, a potentially functional 'chloroplast-like' tRNACYs
gene has been found in the maize mitochondrial genome (33).

CONCLUSION

We report here the identification of 31 tRNAs expressed in potato
mitochondria, including 8 species which had not been
characterized so far in higher plant mitochondria. Among the
latter are 6 nuclear-encoded tRNAs (1 tRNAAMa, 2 tRNASArg, 1

tRNAIIe and 2 tRNAsThr), which, together with the 5 tRNAs 2II,

leads to a total number of 11 nuclear-encoded tRNAs in potato
mitochondria. This is more than the minimal number of 8 nuclear-
encoded mitochondrial tRNAs estimated in the case of bean by
differential hybrid selection (7). Import oftRNAs from the cytosol
is therefore an important and general phenomenon in higher plant
mitochondria. Two features of this phenomenon can already be
underlined. First, we demonstrate here in the case of potato
tRNAslle that an imported and a mitochondrial-encoded species
specific for the same aminoacid can be present together in
mitochondria to decode the synonymous codons. The second
feature is that differences in the imported tRNA species appear
between the dicotyledon and monocotyledon plants studied. In
potato mitochondria, we found a mitochondrial-encoded
tRNAGIY(GCC) similar to a lupin mitochondrial tRNAG0Y gene
(34), whereas no tRNAGIY gene could be identified in the whole
wheat mitochondrial genome (2) and whereas wheat mitochondria
seem to contain a 'cytosolic-like' tRNAGlY with the same
anticodon (1). Similarly, we identified two mitochondrial-encoded
potato tRNAsval, whereas no tRNAval gene seems to be present
in wheat mitochondrial DNA (2) and whereas a 'cytosolic-like'
tRNAvaI has been found in wheat mitochondria (1).

Differences in the distribution and expression of tRNA genes
located in promiscuous chloroplast DNA fragments inserted into
the mitochondrial genome also exist between dicotyledon and
monocotyledon plants. Typically mitochondrial tRNACYS and
tRNAPhe appear to function in mitochondria of dicotyledons, as
shown here for potato, whereas in the case of monocotyledons
such as wheat or maize the 'chloroplast-like' species are
expressed. As it seems to be completely absent in potato
mitochondria, the 'chloroplast-like' tRNAPhe gene could have
been inserted into the mitochondrial genome after the divergence
between dicotyledons and monocotyledons. Mutations could then
have inactivated the 'native' mitochondrial tRNAPhe gene, so
that only the 'chloroplast-like' tRNA would be present in
mitochondria of monocotyledons.
The tRNA population that we have characterized so far in

potato mitochondria (Table I) comprises 15 typically
mitochondrial, 5 'chloroplast-like' and 11 nuclear-encoded
species. Although these different genetic origins of the
mitochondrial tRNAs involve important constraints, the fact that
these tRNA species really function in mitochondrial protein
synthesis is supported by several arguments: i) they are processed
to their mature size, contain modified nucleotides and are good
substrates for the corresponding aminoacyl-tRNA synthetases,
as well as for tRNA nucleotidyltransferase and ii) as the nuclear-
encoded or 'chloroplast-like' tRNAs do not have a 'native'
counterpart, there is no redundancy, so that all species are
necessary (and sufficient) to read the codons in mitochondrial
protein synthesis.
One of the most intriguing problems is to understand how some

of the tRNAs transcribed in the nucleus are selected to be
imported into the mitochondria and by which mechanisms these
polynucleotides are able to cross the double mitochondrial
envelope.

ACKNOWLEDGEMENTS

We wish to thank M. Neuburger and R. Douce for providing
us with highly purified potato (Solanum tuberosum) mitochondria
and for careful reading of the manuscript. We also thank A. Hoeft
for oligonucleotide synthesis.



3696 Nucleic Acids Research, Vol. 18, No. 13

REFERENCES
1. Joyce, P.B.M. and Gray, M.W. (1989) Nucleic Acids Res. 17, 5461-5476
2. Joyce, P.B.M., Spencer, D.F., Bonen, L. and Gray, M.W. (1988) Plant

Mol. Biol. 10, 251-262
3. Gray, M.W. (1989) TIG 5, 294-299
4. Gray, M.W., Cedergren, R., Abel, Y. and Sankoff, D. (1989) Proc. Natl.

Acad. Sci. USA 86, 2267-2271
5. Sederoff, R.R. (1984) Adv. Genet. 22, 1-108
6. Gray, M.W. and Boer, P.H. (1988) Phil. Trans. R. Soc. London Ser. B

319, 135-147
7. Marechal-Drouard, L., Weil, J.H. and Guillemaut, P. (1988) Nucleic Acids

Res. 16, 4777-4788
8. Green, A.G., Marechal, L., Weil, J.H. and Guillemaut P. (1987) Plant Mol.

Biol. 10, 13-19
9. Mardchal-Drouard, L. and Guillemaut, P. (1988) Nucleic Acids Res. 16,

11812
10. Marechal-Drouard, L., Neuburger, M., Guillemaut, P., Douce, R., Weil,

J.H. and Dietrich A. (1990) FEBS Lett. 262, 170-172
11. Schuster, W. and Brennicke, A. (1988) 54, 1-10
12. Marechal, L., Guillemaut, P., Grienenberger, J.M., Jeannin, G. and Weil,

J.H. (1985) Nucleic Acids Res. 13, 4411-4416
13. Marechal, L., Guillemaut, P., Grienenberger, J.M., Jeannin, G. and Weil,

J.H. (1986) Plant Mol. Biol. 7, 245-253
14. Neuburger, M., Journet, E.P., Bligny, R., Carde, J.P. and Douce, R. (1982)

Arch. Biochem. Biophys. 217, 312-323
15. Mar6chal, L., Guillemaut, P., Grienenberger, J.M., Jeannin, G. and Weil,

J.H. (1985) FEBS Lett. 184, 289-293
16. Burkard, G., Steinmetz, A., Keller, M., Mubumbila, M., Crouse, E. and

Weil J.H. (1983) in Methods in Chloroplast Molecular Biology Edelman,
M., Hallick, R.B.,& Chua, N.H., eds, Elsevier Biomedical Press,
Amsderdam, New York, Oxford, pp 347-357

17. Silberklang, M., Gillum, A.M. and RajBhandary, U.L. (1979) Methods
Enzymol. 59, 58-109

18. Pillay, D.T.N., Guillemaut, P. and Weil, J.H. (1984) Nucleic Acids Res.
12, 2997-3001 Schuster, W. and Brennicke, A. (1988) Plant Sci. 54, 1-10

19. Burkard, G., Guillemaut, P. and Weil, J.H. (1970) Biochim. Biophys. Acta
224, 184-198

20. Kemble, R.J. (1987) Theor. Appl. Genet. 73, 364-370
21. Bradford, M. (1976) Anal. Biochem. 72, 248-253
22. Douce, R., Bourguignon, J., Brouquisse, R. and Neuburger, M. (1987)

Methods Enzymol. 148, 403-415
23. Marechal, L., Guillemaut, P. and Weil, J.H. (1985) Plant Mol. Biol. 5,

347-351
24. Pfitzinger, H., Marechal-Drouard, L., Pillay, D.T.N., Weil, J.H. and

Guillemaut, P. (1990) Plant Mol. Biol., in press
25. Muramatsu, T., Nishkawa, K., Nemoto, F., Kuchino, Y, Nishinura, S.,

Miyazawa, T. and Yokoyama, S. (1988) Nature 336, 179-181
26. Andachi, Y., Fumiaji, Y., Muto, A. and Osawa, S. (1989) J. Mol. Biol.

209, 37-54
27. Francis, M.and Dudock, B. (1982) J. Biol. Chem. 257, 11195-11198
28. Lonsdale, D.M., Hodge, T.P. and Fauron, C. (1984) Nucleic Acids Res.

12, 9249-9260
29. Crick, F.H.C. (1966) J. Mol. Biol. 19, 548-555
30. Lagerkvist, U. (1978) Proc. Natl. Acad. Sci. USA 75, 1759-1762
31. Sprinzl, M., Hartmann, T., Weber, J., Blank, J. and Zeidler, R. (1989)

Nucleic Acids Res. 17, suppl., rl -r172
32. Izuchi, S. & Sugita, M. (1989) Nucleic Acids Res. 17, 1248
33. Wintz, H., Grienenberger, J.M., Weil, J.H. and Lonsdale, D.M. (1988)

Curr. Genet. 13, 247-254
34. Bartnik, E. & Borsuk, P. (1986) Nucleic Acids Res. 14, 2407
35. Stanley, J. and Vassilenko, S. (1978) Nature 274, 87-89


