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ABSTRACT

The mitochondrial genome of Chlamydomonas
reinhardtii only encodes three expressed tRNA
genes, thus most mitochondrial tRNAs are likely
imported. The sharing of tRNAs between chloro-
plasts and mitochondria has been speculated in
this organism. We first demonstrate that no plasti-
dial tRNA is present in mitochondria and that the
mitochondrial translation mainly relies on the
import of nucleus-encoded tRNA species. Then,
using northern analysis, we show that the extent of
mitochondrial localization for the 49 tRNA isoaccep-
tor families encoded by the C. reinhardtii nuclear
genome is highly variable. Until now the reasons
for such variability were unknown. By comparing
cytosolic and mitochondrial codon usage with the
sub-cellular distribution of tRNAs, we provide
unprecedented evidence that the steady-state level
of a mitochondrial tRNA is linked not only to the
frequency of the cognate codon in mitochondria
but also to its frequency in the cytosol, then allowing
optimal mitochondrial translation.

INTRODUCTION

To compensate the evolutionary loss of mitochondrial
tRNA genes, import of nucleus-encoded tRNAs into
mitochondria occurs in all eukaryotic kingdoms (1). An
intriguing aspect of tRNNA import concerns the proportion

of nucleus-encoded tRNA found in mitochondria. It has
long been believed that only a few percent of a cytosolic
tRNA is present in mitochondria (2). However, some evi-
dence supports the idea that a differential distribution of
nucleus-encoded tRNAs between the cytosol and mito-
chondria does exist. Indeed, in Leishmania tarentolae,
some tRNAs can be classified as mainly cytosolic and
others as mainly mitochondrial (3,4). In wheat mitochon-
dria tRNA""UAA was shown to be in higher amount in
mitochondria than in the cytosol (5). So far, such a differ-
ence in the cytosolic and mitochondrial localization of
tRNAs has not been carefully studied, as well as the
basis for that.

The mitochondrial genome of Chlamydomonas reinhard-
tii only encodes three tRNAs (6). The idea that, in this
organism, plastids can provide tRNAs to mitochondria
has been put forward (7,8). Here, we first show that no
plastidial tRNA is imported into Chlamydomonas mito-
chondria and that most of the mitochondrial tRNAs are
nucleus-encoded and imported from the cytosol. As both
cytosolic and mitochondrial codon usages are highly and
differentially biased (6,9) (Figure 1), we thought that this
alga was the appropriate model to answer the following
question: is the efficiency of the nucleus-encoded tRNA
import into mitochondria adapted to the need of the
mitochondrial translation machinery? Here the sub-
localization of the tRNAs representing the 49 isoacceptor
families encoded by the C. reinhardtii nuclear genome (9)
and their extent of import into mitochondria were
analyzed. We propose that the mitochondrial localization
of tRNA isoacceptors is tightly linked to both the nuclear
and the mitochondrial codon usages.

*To whom correspondence should be addressed. Tel: +32 4366 3812; Fax: +32 4366 2960; Email: c.remacle@ulg.ac.be
Correspondence may also be addressed to Laurence Maréchal-Drouard. Tel: +33 388 417 244; Fax: +33 388 614 442;

Email: laurence.drouard @ibmp-ulp.u-strasbg.fr

© 2009 The Author(s)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



2 Nucleic Acids Research, 2009

>

Codon freq.(%)

w
N

Codon freq. (%)
O=NWHhOON®O©O

OlicdoNOIOE Sl Ol Ly
. 1 NS NS SRS

& Y N Y X P
A R NDC Q E G H |

OO F O X OO0 OFDNDON 00 0 00F%
O S Rt @C;oo\) ‘0\)'000 oY 90 XS 000}% }ovo © 0009‘390@@
RS RS OO X
K M F P S T WY VvV

Figure 1. Histograms for codon frequency in C. reinhardtii. (A) Cytosolic codon usage. (B) Mitochondrial codon usage. For (A) and (B) codons have
been grouped according to classical wobble rules and aminoacids are represented with the one-letter code. White (high frequency in the cytosol but
weak in the mitochondria) and grey (low frequency in the cytosol but high in the mitochondria) arrow heads indicate some codons differentially used

in the cytosol and mitochondria.

MATERIALS AND METHODS
Purification of mitochondria and chloroplasts

Crude mitochondrial fraction was isolated from the cell-
wall-less mutant cwl5 mt" by digitonin treatment accord-
ing to (10). The mitochondrial fraction was then loaded on
a discontinuous Percoll gradient (13%/21%/45%).
Purified mitochondria were recovered at the 45/21 inter-
face and washed two times in MET buffer (Mannitol
280 mM, Tris-HCI pH 7 10mM, EDTA 0.5mM, 0.1%
BSA) by 10min centrifugation at 11000g. Chloroplast
fraction was recovered according to ref. (11).

Total, mitochondrial and plastidial RNA isolation

Total tRNA extract was prepared from whole cells as
described in ref. (12). For mitochondrial and plastidial
RNA preparation, the same method was used, but because
of the low complexity of the RNA population, the LiCl
precipitation step was omitted.

Northern analysis and quantitation of tRNA import

Hybridization of oligonucleotides (Supplementary data,
Table S1) to northern blots of total, mitochondrial or
plastidial RNAs from C. reinhardtii were performed as
in ref. (9). Signals obtained on a phosphorimager were
quantified using the MacBas software. For quantitation,
RNA fractions were analyzed by northern blots such
that hybridization signal obtained with each specific
probe was linear with respect to the amount of RNA

loaded on the gel. To determine the percentage of a
given tRNA localized in mitochondria, we first determined
the fraction of the three mitochondria-encoded tRNAs
present in total (i.e. whole cell) tRNA fraction.
Hybridization of 3pg of total or mitochondrial tRNA
fractions with probes directed against the three mitochon-
dria-encoded tRNAs (Figure 2B) have shown that 4% of
the whole-cell fraction is mitochondrial. In other words,
3 ug of mitochondrial tRNAs are extracted from 25 times
more cells than 3 pg of total tRNAs. This value allowed us
to normalize the signal for a given tRNA in total and
mitochondrial tRNA fractions with respect to the same
number of cells. Then, the extent of mitochondrial local-
ization was estimated by calculating the percentage of a
given tRNA in the mitochondrial fraction relative to the
abundance of that RNA in the whole cell fraction as
follow: 100x (Phosphorimager units in mitochondrial
fraction)/(Phosphorimager  units in  total frac-
tion x 25) = 4x (Phosphorimager units in mitochondrial
fraction)/(Phosphorimager units in total fraction). For
tRNA”® jsoacceptors hybridizing to the same oligonu-
cleotides (Table 1), RT-PCR followed by sequence analy-
sis of clones allowed us to calculate the percentage of each
isoacceptor among the whole-cell and mitochondrial
tRNA populations.

Cloning and sequencing of RT-PCR products

Transfer RNAs purified on 15% denaturing polyacryla-
mide gel (12) were used as substrate for RT-PCR ampli-
fication and cloned into PCR-2-TOPO (Invitrogen).
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Figure 2. Mitochondria of C. reinhardtii do not import plastidial tRNAs. (A) Whole-cell (T), mitochondrial (M) and plastidial (P) RNA fractions
separated on polyacrylamide gel and stained with ethidium bromide. Regions corresponding to tRNAs (a), rRNAs (b) and plastidial 3S rRNA (c) are
indicated. (B) Hybridization of probes specific to mitochondria-encoded tRNAM®* (Mm), tRNAS™ (Qm) and tRNAT™ (Wm) and to mitochondrial
3a rRNA (3am), cytosolic 5.8S rRNA (5.8S), plastidial 5S rRNA (5Sp) to northern blots of whole-cell (T), mitochondrial (M) or plastidial
(P) RNAs. (C) Hybridization of probes specific to plastidial tRNA genes to northern blots of mitochondrial (M) and plastidial (P) RNAs. Name
of probes is given below each northern experiment (see Supplementary data Table S1 online).

Misceallenous

All available sequence data for C. reinhardtii used in this
paper were previously described (9,13,14). This informa-
tion was used to design oligonucleotide probes specific for
the corresponding rRNAs and tRNAs (Supplementary
data, Table S1).

RESULTS

The three tRNA genes encoded by the mitochondrial genome
are expressed

As a first step towards the analysis of the C. reinhardtii
mitochondrial tRNA set, mitochondrial RNA was
extracted. This RNA fraction (Figure 2A) mainly contains
a dozen of RNA fragments corresponding to ribosomal
RNA (rRNA) pieces (13) and tRNAs. The mitochondrial
tRNA profile was different to the profile observed with
whole cell or plastidial tRNA fractions. Northern blots
(Figure 2B) indicate that the three mitochondrial tRNA
genes are expressed. Whereas a probe directed against the
mitochondrial L3a rRNA [one of the 10 rRNA fragments
constituting the large rRNA; (13)] gave a strong signal,
almost no cytosolic 5.8S rRNA or plastidial 5S rRNA
(<0.15%) was detected in the mitochondrial fraction.
Thus this fraction is not significantly contaminated
either by cytosolic or by plastidial RNAs and can be con-
sidered as a true mitochondrial fraction.

Plastidial tRNAs are not present in C. reinhardtii
mitochondria

With only three mitochondria-encoded tRNAs, tRNA
import is a prerequisite for the Chlamydomonas mitochon-
drial protein synthesis. While the import of nucleus-
encoded tRNAs into mitochondria is a wide spread
phenomenon (1), previous genetic studies suggest that,
in this alga, chloroplasts could provide mitochondria
with tRNAs (7). To address the question of the nuclear

and/or plastidial origin of the imported tRNAs, we first
performed northern experiments with probes specific to
each plastidial tRNA (Supplementary data, Table S1).
For each probe, a signal was detected in the plastidial
RNA fraction whereas no signal was obtained in the mito-
chondrial one (Figure 2C), thus demonstrating that the
mitochondrial translation machinery does not rely on
the import of plastidial tRNAs.

The steady-state levels of imported tRNNAs found in
mitochondria are highly variable

The above data suggest that the mitochondrial tRNA
population mainly consists of nucleus-encoded tRNA spe-
cies. Northern blots containing known amounts of the
whole-cell and mitochondrial tRNA fractions hybridized
with oligonucleotide probes specific for each cytosolic
tRNA (Supplementary data, Table S1) allowed us to
determine their sub-cellular distribution (Figure 3A). For
each tRNA, we calculated the ratio between its steady-
state level in mitochondria and in the whole-cell fraction
(Figure 3B and Table 1). The most striking aspect of this
analysis is the high variation of the partitioning among the
tRNASs (from 0% to 98%). The following conclusions can
be drawn.

(1) If we assume that a percentage less than or equal to
0.15% (the maximal level of 5.8S rRNA cytosolic
marker estimated in the mitochondrial fraction) is
most likely the result of cytosolic contamination,
then 15 tRNAs can be considered as cytosol-
specific.

(i) For 31 tRNAs, the extent of mitochondrial localiza-
tion ranges from 0.2% to 26%. This reflects the
important fluctuation of the level of nucleus-
encoded tRNAs present in mitochondria.

(iii) For three tRNAs, the percentage is equal or
above 80%. Up to now, in all organisms in
which tRNA import has been studied, no nucleus-
encoded tRNA has been localized exclusively in
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(iv)

Table 1. Steady-state levels of imported tRNAs in mitochondria relative to their abundance in the cytosol in
Chlamydomonas reinhardtii

Amino Anticodons Codons % cyto % mito® mito/cyto® Probes %"*
acids
Ala AGC GCU-GCC 7.24 8.84 1.22 Al 8.8
CGC GCG 4.29 0.19 0.44 Al-A2 { 0.2
UGC GCA 1.06 0.23 0.22 Al-A2 :
Arg CCG CGG 1.1 0 0.00 R1 0.10
ACG CGU-CGC 4.04 2.49 0.62 R2 0.15
CCU AGG 0.27 0 0.00 R3 0.1
UCG CGA 0.19 0.1 0.53 R4 0.65
UCU AGA 0.07 0 0.00 R5 0
Asn GGU AAU-AAC 3.09 2.59 0.84 N 3.5
Asp GuUC GAU-GAC 4.83 2.24 0.46 D 1.6
Cys GCA UGU-UGC 1.39 1.55 1.11 C 3.5
Gln uuG CAA 0.43 2.07 4.76 Ql 0.1
CUG CAG 3.6 0.84 0.23 Q2 2.8
Glu uucC GAA 0.28 0 0.00 El 0.5
CcucC GAG 5.41 2.04 0.38 E2 3.5
Gly GCC GGU-GGC 7.27 7.32 1.01 Gl 3.6
ucc GGA 0.5 0.42 0.84 G2 4.2
CcCcC GGG 0.94 0.1 0.11 G3 0.15
His GUG CAC-CAU 1.9 2.94 1.55 H 6.5
Tle AAU AUU-AUC 3.49 6.09 1.74 11 4.7
UAU AUA 0.1 0.03 0.3 12 0.1
Leu CAG CUG 6.48 0.87 0.13 L1 0.3
CAA UuG 0.39 8.52 21.8 L2 85
UAA UUA 0.06 0 0.00 L3 0.6
UAG CUA 0.26 4.73 18.19 L4 19
AAG CUU-CUC 1.73 1.33 0.77 LS 0.2
Lys CUU AAG 4.42 0.32 0.07 K1 2.1
uUuuu AAA 0.24 1.68 7.00 K2 98
Met CAU AUG i 0.21 0.27 1.3 Mi 0.1
CAU AUG e 2.38 4.07 1.23 Me 1.9
Phe GAA Uuu-uucC 3.24 6.99 2.17 F 44
SeC UCA UGA nd 0 0.00 SeC 0
Pro AGG CCU-CCC 3.65 1 0.27 P
CGG CCG 2.02 0.16 0.08 P 0.2
UGG CCA 0.52 2.62 5.04 P
Ser AGA UCuU-ucc 2.09 2.66 1.26 S1 0.1
UGA UCA 0.32 0 0.00 S2 0.1
CGA UCG 1.63 0 0.00 S3 0.15
GCU AGC-AGU 2.52 4.31 1.72 S4 0.4
Thr AGU ACU-ACC 3.35 5.37 1.61 T1 26
CGU ACG 1.55 0 0.00 T2 0.1
UGU ACA 0.41 0.06 0.15 T3 0.7
Trp CCA UGG 1.31 2.4 1.81 \"% 0
Tyr GAC UAU-UAC 2.56 3.56 1.39 Y 10.6
Val AAC GUU-GUC 2.1 4.3 2.04 Vi1 4.5
CAC GUG 4.61 0.39 0.08 V2 0.15
UAC GUA 0.21 4.02 19.14 V3 80

Nuclear tRNA gene content (identified by anticodons), minimal potential codon recognition pattern (codons),
cytosolic codon usage (% cyto) and name of probes are given as in (9), (see also supplementary data, Table Sl
online).

“Mitochondrial codon usage (% mito) is according to (6).

PRatio codon frequency (mito/cyto).

“The steady-state levels of imported tRNAs relative to their abundance in the cytosol are given in percentage.
Mean values are given (see legend of Figure 3 for detailed explanations).

mitochondria. With an import level of 98%, No correlation between the amount of a given
tRNA™SUUU can be considered as the first exam- tRNA in the cytosol and the extent of its mitochon-
ple of such a tRNA. drial localization was found.

Comparing tRNA isoacceptors, the extent of mito-

chondrial localization is highly wvariable. For A substantial variation of the distribution of cytosolic

example, tRNA"™'CAG and tRNAYYCAC are tRNAs in mitochondria was described in wheat (5) or
mainly cytosol-specific whereas tRNA™CAA and Leishmania (3,4), but such a detailed analysis on the
tRNAVYYUAC are mainly localized in mitochondria. important variability of the mitochondrial localization of
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Name of probes

Figure 3. Expression and sub-localization of the nucleus-encoded tRNAs of C. reinhardtii. (A) Whole-cell RNA fraction (T) and mitochondrial RNA
fraction (M) separated on polyacrylamide gel and hybridized against probes specific to cytosolic tRNA genes (Table 1 and Supplementary data,
Table S1). Name of probes is given below each northern experiment. (B) Extent of mitochondrial import for each cytosolic tRNA in percentage. For
each tRNA, two to four independent northern blot experiments were performed. Three and four independent total and mitochondrial RNA
preparations were used for the whole set of northern experiments. For each probe, a typical experiment is presented in (A) but the percentages
of extent of mitochondrial import given in (B) are the mean values obtained with two to four independent northern blot experiments. Error bars are
not presented on the histogram because, at this scale, they will not be visible for most tRNAs. The standard deviations observed are usually less than
5%. Only for two probes, Y and Me, a higher deviation of around 10% was observed.

nucleus-encoded tRNAs was never reported. We then
addressed the question of the reasons for such a differen-
tial import.

Biological significance for the differential import of cytosolic
tRNAs into mitochondria

The three mitochondria-encoded tRNAT™,
tRNAC"UUG and tRNAM®' genes are expressed in
Chlam)r}domonas mitochondria. As expected cytosolic
tRNA™™ and tRNAS™UUG are not in the organelle. In
contrast the second cytosolic tRNA®™ isoacceptor,
tRNAC"CUG, is imported into mitochondria. The
mitochondria-encoded tRNAM®' gene encodes an elonga-
tor tRNAM". An initiator tRNAM*" and an elongator
tRNAMe are expressed from C. reinhardtii nuclear DNA
(9). Surprisingly, cytosolic tRNAM®* is not brought into
mitochondria whereas cytosolic tRNAMe"® i

In Chlamydomonas mitochondria, the codon distribution
is highly biased: seven codons occur very infrequently and
nine codons are not used (Figure 1) (6). In the cytosol of
Chlamydomonas, selenocysteine is inserted into selenopro-
teins by a tRNAS that recognizes the UGA stop codon
(15). In Chlamydomonas mitochondria, there is no UGA
stop codon and no selenoproteins, and, as expected,
tRNAS® remains in the cytosol. The other unused
codons are recognized by tRNA™"UAA, tRNA"UGA,
tRNASCGA, tRNA™CGU, {RNASMUUC,
{RNAAECCG, tRNAAECCU and tRNAAUCU. These
tRNAs, a priori not required by the mitochondrial

translation machinery, are either cytosol-specific or very
inefficiently addressed to the organelles.

In the mitochondrial genome, 77 Arg codons out of 80
are CGU and CGC. These codons must be read, accord-
ing to wobble rules, by the cytosolic tRNA*®ACG,
assummg that the A is post- trdnscrlptlonaly modified in
inosine. Surprisingly, the tRNA*"ACG is mostly exclu-
sively in the cytosol In mammalian mitochondria,
tRNAACUCG is sufficient for readmg all four CGN
codons (16). Whether the tRNA“UCG present in
Chlamydomonas mitochondria is sufficient for reading all
arginine codons will need to be addressed. Slrmlarly, two
tRNA isoacceptor families (tRNAF™ and tRNAS) gave
unexpected data: the amount of imported tRNA was very
low whatever the isoacceptor tRNA considered. In order
to assess this result, probes covering other regions of
tRNAP™ and tRNAS" isoacceptors were used but gave
similar results (data not shown).

Among the other tRNA isoacceptor families, the extent
of mitochondrial localization is highly variable and there
is no correlation between the abundance of a given tRNA
in the cytosol and the extent of its mitochondrial localiza-
tion. For some of them, it was just the opposite: although
a tRNA was present in lar%e amount in the cytosol (e.g.
tRNAY"CAG or tRNAYYCAC), the level of imported
tRNA in mitochondria was very low whereas tRNNAs pres-
ent at low concentration in the cytosol (e.g. tRNA™"CAA
or tRNAYMUAC) could be highly found in mitochondria.
For some tRNA isoacceptors, the preferential mitochon-
drial localization is clearly linked to the high frequency of
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Figure 4. Link between codon usages and the steady-state levels of
imported tRNAs. Histograms (in grey) showing the ratios mitochon-
drial codon frequency/cytosolic codon frequency (mito/cyto) for five
aminoacids (Gly, Val, Lys, Leu, Thr) and histograms (in black) show-
ing the percentages of the steady-state levels of imported tRNA isoac-
ceptors into mitochondria relative to their abundance in the whole-cell
fraction. Name of tRNAs is as in Figure 3.

the corresponding codon in the organelle (e.g.
tRNA"CAA). However, the level of different imported
tRNAs relative to their abundance in the whole-cell
fraction can be within the same range of magnitude
although the frequency of the mitochondrial codons they
can recognize greatly differs (e.g. tRNASYGCC versus
tRNACYUCC). Looking for other reasons to explain
that, the ratio mitochondrial codon frequency/cytosolic
codon frequencz was calculated for codons read by
tRNASY (RNA" (RNAMS (RNA™ and tRNAY" iso-
acceptors (Figure 4A). A strong link between the extent of
their mitochondrial localization and the ratio was
observed. When this ratio is high, meaning that the corre-
sponding codons are frequently used in mitochondria as
compared to the cytosol, then the percentage of imported
tRNAs is high. In contrast, this percentage is low when
the corresponding codons are rare in mitochondria but
often used in the cytosol. Thus, the level of imported
tRNAs is linked not only to the mitochondrial codon
usage, but also to the cytosolic one.

DISCUSSION

The Chlamydomonas mitochondrial translation machinery
does not rely on the import of plastidial tRNAs and
depends on the import of nucleus-encoded tRNAs. Out
of 49, 31 cytosolic tRNA isoacceptors (representing all
amino acids but one, tryptophan) were found in mito-
chondria. This process is quite specific and a few
nucleus-encoded tRNAs not required by the mitochon-
drial translation machinery are not or not significantly
detected in Chlamydomonas mitochondria. These data
are in agreement with what was observed so far: only
essential nucleus-encoded tRNAs are present within mito-
chondria (1).

However, a few interesting discrepancies are worth to
be discussed. In higher plant mitochondria, a single
tRNAC" with a UUG anticodon, is sufficient to decode
the two CAA and CAG glutamine codons (16). The pres-
ence of two isoaccepting tRNAS™ (with the CUG and
UUG anticodons) in Chlamydomonas mitochondria thus
raises the question of their apparent redundancy in term

of codon recognition. The most likely explanation is that
the mitochondria-encoded tRNAC™UUG contains a
modified U in the ‘wobble’ position so as to prohibit the
recognition of the CAG codon.

Concerning tRNAM®!, there is, on one hand, an appar-
ent redundancy of two potential tRNAM®™ and, on the
other hand, an apparent lack of a tRNAM<“ ip
Chlamgjldomonas mitochondria. Bacterial and organellar
tRNAM " are only functional when carrying a formylated
methionine. The form?\/} group is added to the methionine
of the charged tRNAM®"! by a methionyl-tRNAM®! for-
myltransferase. Such an enzyme is likely present in
Chlamydomonas mitochondria (Supplementary data,
Figure S1) suggesting that one out of the two tRNAMe*®
is formylated within the organelle. A similar situation was
found in Trypanosoma brucei where no mitochondrial
tRNAM® genes exist. In this organism, whereas the
eukaryotic tRNAM®" remains exclusively in the cytosol,
a fraction of the cytosolic tRNAM®"¢ becomes formylated
after import into mitochondria and is then used as initia-
tor (17).

According to the mitochondrial codon usage, the CCA
proline codon and the UCY and AGY serine codons are
frequently used but the corresponding nucleus-encoded
tRNAs were not found in the organelle. Obviously,
Chlamydomonas mitochondrial translation requires a min-
imal set of one tRNAF™ and two tRNAS" but these
tRNAs remain to be identified. Four possibilities may be
hypothesized to explain these results. First, we cannot
exclude that our northern experiments failed to detect
these tRNAs. However, the use of several independent
probes for the same tRINA isoacceptor makes this hypoth-
esis unlikely to occur. Second, we could hypothesize that
the same set of tRNAs is not always present in the orga-
nelle because Chlamydomonas mitochondrial genes would
not be expressed at the same time or would not use the
same codon usage. This hypothesis is not correct because,
with the exception of the reverse-transcriptase like gene,
the seven other mitochondrial genes encode proteins of
respiratory complexes which must be expressed at the
same time. Furthermore, the codon usage pattern of the
eight mitochondrial genes is mostly identical (6). Third,
a single copy gene can be sufficient to produce a tRNA
mostly localized in mitochondria [e.g. tRNAYY UAC,
tRNA™SAAA; (9)]. Thus, we cannot exclude that some
nuclear tRNA genes, giving raise to tRNAs mostly present
in mitochondria, may have escaped detection. In this con-
text, it is worth to note that very recent findings such as
the existence of permuted tRNA genes, split tRNA genes
or tRNA genes with multiple introns demonstrate that
tRNA genes may easily escape detection (18). Finally, as
shown in Leishmania (19) editing events modifying the
anticodon of imported tRNAs also represent a possibility
to explain this discrepancy, although editing has not yet
been demonstrated in Chlamydomonas mitochondria.
To clarify the situation, the precise characterization of
the tRNAS" and tRNA"™ species used during mitochon-
drial translation in Chlamydomonas will need to be
assessed. In this respect, fractionation on 2D-gel of a
large amount of Chlamydomonas mitochondrial tRNA



extract will provide material to identify by aminoacylation
tests the tRNAs of interest.

Up to now, only tRNAs of eukaryotic origin were
shown to be imported into mitochondria. The presence
of nucleus-encoded tRNAs mainly localized in mitochon-
dria raises the question of their origin. Do they correspond
to prokaryotic tRNA genes that were once inserted into
the nuclear genome and are now expressed and addressed
back to the organelle? Phylogenetic trees show that these
tRNAs are not related to prokaryotic tRNAs but to
eukaryotic ones (9). Thus, in course of evolution, a very
few nuclear tRNA genes of eukaryotic origin have been
recruited exclusively to provide mitochondria with essen-
tial tRNAs.

In Chlamydomonas, the cytosolic tRNA abundance is
adjusted to the codon usage (9). Here, in most cases, we
found a good correlation between the set of nucleus-
encoded tRNAs present in mitochondria and the mito-
chondrial codon usage. This reveals an unprecedented
degree of adjustment of the tRNA populations not only
within the cytosol but also within the mitochondria of
this green alga. In the trypanosomatid L. tarentolae pref-
erential import of some tRNAs has been observed (3,4)
but whether the abundance of the imported tRNAs is
correlated to the frequency of the cognate codons in
this organism has not been studied yet. In another trypa-
nosomatid, 7. brucei, the extent of mitochondrial localiza-
tion varies from 1 to 7.5% for the 15 nucleus-encoded
tRNAs studied but, contrary to what we observed in
Chlamydomonas, no correlation between the differential
import efficiencies and the mitochondrial codon usage
was found (2). Another piece of evidence suggesting that
the tRNA mitochondrial import pathway is regulated
comes from studies on the S. cerevisiae mitochondrial
tRNA™S. Import of this tRNA is essential under stress
conditions (20). It is probably too early to draw conclu-
sions but we can wonder whether the level of regulation
of tRNA mitochondrial import depends on the mecha-
nism involved and on the organism considered. In
Chlamydomonas, with regards to the mitochondrial local-
ization of tRNA, the system seems to be able to adapt
relatively easily not only by acquiring the possibility to
bring new cytosolic tRNA species into mitochondria
depending on the set of mitochondrial tRNA genes, but
also by regulating the abundance of each tRNA so as to
optimize mitochondrial translation. The steady-state level
of a nucleus-encoded tRNA in mitochondria is mainly
determined by two parameters: its import efficiency and
its rate of degradation in the mitochondria. The question
of mitochondrial tRNA stability has not often been
addressed. Whereas cytosolic tRNAY isoacceptors are
differentially localized in vivo in dicotyledonous plant
mitochondria, no difference in their stability has been
seen in vitro in potato mitochondria (21). In 7. brucei,
no significant differences in the kinetics of degradation
of several tRNAs were observed (2). Thus, it seems that
the abundance of a nucleus-encoded tRNA in mitochon-
dria depends on its import efficiency rather than on its
degradation rate once inside the mitochondrial matrix.
A strong correlation between the abundance of the
nucleus-encoded tRNAs and codon usage is observed in
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Chlamydomonas mitochondria, and we now need to
understand how such a correlation can be established.
Two major hypotheses, which are not exclusive, can be
proposed. First, this correlation can be a result of
co-evolution between the mitochondrial genome and
tRNA import processes. As previously noted, in
Chlamydomonas, during evolution, the number of tRNA
genes has been adapted so as to adjust the cytosolic
tRNA abundance to the codon usage (9). It is also
worth to mention that, in higher plants, the set of
nucleus-encoded tRNA species found in mitochondria is
complementary to the set of the mitochondria-encoded
tRNA species and both the mitochondria-encoded and
nucleus-encoded tRNA populations vary in parallel in dif-
ferent species and maintain the complementarity between
the two tRNA sets (22). These variations are likely to be
the result of selective pressure during evolution. In the
same line, we can speculate that the steady-state levels of
imported tRNAs in Chlamydomonas mitochondria result
from evolution. A second equally attractive explanation
which also should be explored, is that the mitochondrial
genome codes for factors that regulate tRNA import. In
the latter case, fine-tuning of tRNA import would be nec-
essary to rapidly and efficiently adapt the tRNA popula-
tion to the needs of Chlamydomonas mitochondria. Such
regulation requires feed back control from the mitochon-
dria to the cytosol by unknown factors and has not been
observed so far. Whether tRNAs themselves or other fac-
tors play an important role, and if so how, is a crucial
question to be solved. The availability of efficient mito-
chondrial transformation in Chlamydomonas (23) will
provide an invaluable tool for manipulating the mitochon-
drial tRNA gene content or the codon usage in this orga-
nelle. Looking for the modification of the balance of
nucleus-encoded tRNAs between the cytosol and the
mitochondria will then allow us to determine if the infor-
mation residing in the mitochondrial genome can regulate
tRNA import efficiency and/or if it is the result of a co-
evolution between the mitochondrial genome and tRNA
import process.
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