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To study mitochondria and plastid involvement in plant development, particularly in sexual reproduction, we made
use of the Arabidospis thaliana T-DNA insertion collection developed in Versailles. Mutants affected in the nuclear
genes that encode proteins predicted to be targeted to organelles were identified using two complementary strategies.
In the first (forward genetics), mutants chosen for their sterile or gametophytic lethal phenotype were screened for
T-DNA insertion in genes encoding mitochondrial or plastid proteins after systematic sequencing of the Flanking
Sequence Tag (FST). The second (reverse genetics) enabled us to identify other mutants using the following tools:
systematic A. thaliana proteome analysis, bioinformatics software to predict the sub-cellular localization of putative
proteins, and the FST sequencing program FlagDB. Preliminary results for the first set of 82 putative mutants are
presented and discussed. 
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INTRODUCTION

Plant cells possess three kinds of organelles: nuclei,
plastids and mitochondria. Their functions are es-
sential to the cell and they have their own genomes.
Despite this, more than 90% of the proteins used for
biogenesis and the functions of plastids and mito-
chondria are nuclear-encoded, translated in the cy-
toplasm, and addressed to the organelles by
targeting information encrypted in the protein se-
quence. These proteins are estimated to represent
10% of the total amount of nuclear-encoded proteins
(Abdallah et al., 2000).

In the yeast Saccharomyces cerevisae, mutants
affected in nuclear genes encoding mitochondrial
proteins have been very useful in studying the pro-
cesses controlling mitochondria biogenesis and func-
tions (Contamine and Picard, 2000). This has been
made possible by the fact that mutant yeasts have a
facultative aerobic phenotype. In higher plants,
however, such mutants are much more difficult to

obtain because of the lethality of respiratory dys-
function at the sporophytic or gametophytic stage.
However, some mutant plants affected in the nu-
clear genes that encode mitochondrial proteins have
been described (Brangeon et al., 2000; Liu et al.,
2001; Skinner et al., 2001). Cytoplasmic male ste-
rility (CMS) is another well-documented phenotype
characterized by mitochondrial or chloroplastic
DNA recombination leading to the appearance of
new organellar open reading frames (ORFs). The
peptide products of these new ORFs act either at the
RNA or at the protein level within organelles, induc-
ing male sterility or alteration of floral development.
In general, nuclear restorer genes that suppress
CMS specifically modify expression of the mitochon-
drial CMS-associated regions, but not other mito-
chondrial genes (for review: Budar and Pelletier,
2001). However, a limited number of nuclear genes
that restore fertility have been identified up to now
(Cui et al., 1996). These examples underline the
major significance of interactions between organ-
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elles and the nucleus in certain aspects of plant
sexual reproduction. To gain insight into the mech-
anisms involved in these processes, we studied the
role of organelles in this specific stage of plant de-
velopment. For this purpose, we used bioinformatics
tools and the Arabidospis thaliana T-DNA insertion
collection from Versailles (Bechtold et al., 1993) in
two complementary strategies of forward and
reverse genetics. Here we describe the developed
strategies, and present preliminary results.

MATERIALS AND METHODS

PLANT MATERIAL 

Mutant lines of A. thaliana (L.) ecotype Wassilew-
skaja (Ws) used in our approaches were isolated
from the Versailles collection of T-DNA insertion
mutants generated by Bechtold et al. (1993). Mu-
tants were screened for their sterile or gametophyte
lethal phenotypes by members of the Arabidopsis
reproduction group in our institute (Bonhomme et
al., 1998; Mercier et al., 2001).

IDENTIFICATION OF T-DNA INSERTION MUTANTS

In the forward genetics approach (Fig. 1a), mutants
chosen for their sterile or gametophytic lethal pheno-
type were screened for the localization of the T-DNA
insertion as follows: systematic sequencing of the
Flanking Sequence Tag (FST) (Balzergue et al., 2001),
followed by a standard nucleotide-nucleotide blastn
search of the nonredundant nucleotide databases
(GenBank, EMBL, DDBJ, PDB sequences) (Madden
et al., 1996; www.ncbi.nlm.nih.gov/BLAST/). From
these insertion sites we identified putative protein
sequences, which were then analyzed with four soft-
ware packages. These packages were recently de-
veloped to predict the cellular localization of
unknown or unannotated proteins, to gain some
indication of their function. They recognize the
N-terminal presequences of classically targeted pre-
cursor proteins. We used TargetP (V1.01), known in
the literature (Emanuelsson et al., 2000) to be the
most reliable analyzer of the N-terminal sorting
signal, and which predicts targeting of protein se-
quences to chloroplasts, mitochondria and the se-
cretory system (www.cbs.dtu.dk/services/TargetP/).
To maximize the number of proteins putatively
targeted to organelles, no specificity cutoff was used in
submitting the protein sequences to TargetP. Predotar
(V 0.5), constructed by I. Small (URGV, INRA;
www.inra.fr/Internet/Produits/Predotar/) is a very

powerful package that distinguishes and efficiently
discriminates mitochondrial and plastidic targeting
sequences. We also used MitoProt, predicting mito-
chondrial targeting and presequence cleavage (Cla-
ros et al., 1996; www.mips.biochem.mpg. de/cgi-bin/
proj/medgen/mitofilter), and IPSORT, which is a
new version of PSORT, with prediction accuracies
very close to TargetP (Bannai et al., 2002; www.Hy-
pothesisCreator.net/iPSORT/). To maximize the ac-
curacy of the predictions, we selected only mutants
with the T-DNA insertion in genes encoding proteins
predicted to be localized in organelles with a score
above 0.5 in three out of the four packages.

The second approach (reverse genetics) (Fig. 1b)
is based on the analysis of the full genome sequence
of Arabidopsis that was recently published and an-
notated (The Arabidopsis Genome Initiative, 2000).
In collaboration with Small (URGV, INRA), on the
basis of the predicted A. thaliana proteome and
using the latest version of the prediction targeting
software PREDOTAR (V1), we established a list of
genes encoding proteins putatively addressed to mi-
tochondria. We used this new version of PREDO-
TAR because it is much more stringent than the
previous one (V 0.5) and even more stringent than
TargetP. Moreover, in contrast to the forward
genetic approach, we chose a targeted probability
cutoff above 0.5 to limit the number of proteins
selected. We looked for mutant plants in which one
of these genes was disrupted by a T-DNA insertion
using the FlagDB program (Samson et al., 2002). 

RESULTS 

SEARCH FOR STERILE OR GAMETOPHYTIC MUTANTS:
FORWARD GENETICS (FIG. 1a)

The T-DNA mutant collection available in Versailles
contains 55,500 independent lines; of these, 30,719
have been individually observed for reduction of fer-
tility. In compiling the results obtained from these
fertility screens (Bonhomme et al., 1998; Mercier et al.,
2001), about 1.9% (575) of the total number of exam-
ined lines showed altered fertility or a gametophytic
viability defect. Using the Flanking Sequence of the
T-DNA insertion sequencing program FlagDB,
genomic sequences of nuclear genes were identified for
540 mutants. We performed bioinfomatic analyses on
the corresponding encoded proteins using software
packages for predicting targeting to organelles. A total
38 mutants were finally selected (6.8% of the total
number of mutants). Of these, 18 correspond to genes
encoding proteins potentially addressed to plastids,
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and 20 to genes encoding proteins potentially ad-
dressed to mitochondria (Fig. 2). 

IDENTIFICATION OF GENES ENCODING
MITOCHONDRIAL PROTEINS 

IN ARABIDOPSIS THALIANA NUCLEAR GENOME:
REVERSE GENETICS (FIG. 1b)

Analysis of the predicted A. thaliana proteome with
PREDOTAR (V 1) enabled us to identify 1590 genes
encoding proteins potentially exported to mitochon-
dria. Using the FlagDB program, a T-DNA insertion
was found in 46 of these genes. Of these 46 lines, 2

correspond to mutants already detected with the
forward genetics strategy, and the other 44 are
considered to be new potential mutants (Fig. 2).

Altogether, using these two complementary
strategies, 82 putative mutants were selected. Fig-
ure 2 summarizes these results and is organized
according to the metabolic pathways in which the
corresponding encoded proteins are predicted to be
involved. Analyses are currently in progress to check
the linkage between T-DNA insertion and pheno-
type. Encoded proteins corresponding to verified
mutants will be tested for their real targeting to
organelles by biolistics. Functional analyses will
then be undertaken to clarify the roles of the iden-
tified proteins in plant development and sexual re-
production. Several promising mutants have
already been isolated, allowing us to validate our
approach.

DISCUSSION

In their study of the Arabidopsis mitochondrial
proteome using two-dimensional gel separation of
Arabidopsis cell culture mitochondrial proteins,
Millar et al. (2001) excised and identified 170 pro-
teins. Analysis of their targeting using bioinforma-
tics software to predict their localization revealed
significant variation in the predictions, and also a
lack of targeting prediction for several of them
known to be mitochondrial. These results obtained
with Mitoprot, PSORT and TargetP suggest that at
present one program alone cannot provide a com-
plete, high-confidence analysis of the nuclear-en-
coded components of plant mitochondrial and
plastid proteomes. Numerous examples of targeting
to plant mitochondria by a means other than N-
terminal extensions, and the limited use of charac-
terized plant mitochondrial proteins in the con-
struction of these software packages, might exacer-
bate this problem (Sjoling and Glaser, 1998). In view
of these drawbacks, we decided to systematically
verify the real targeting of the predicted proteins to
organelles. For this purpose and for each mutant
selected, transient expression assays on Nicotiana
benthamiana leaves will be done using GFP fusion
constructs.

With our reverse genetics approach we obtained
only 46 FST out of 1590 genes potentially encoding
proteins addressed to mitochondria. Forward gene-
tics would also have been expected to detect more
sterile mutants having a T-DNA insertion in a gene
encoding a protein putatively targeted to organelles.

Fig. 1. Two complementary strategies (a, b) used to identify
reproduction mutants corresponding to genes encoding pro-
teins potentially addressed to organelles.
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These results might be explained by the crucial role
of mitochondria in plant life. Indeed, we should
expect that a disruption of a gene encoding an essen-
tial organellar protein will be lethal either at both
the gametophytic male and female stages (forward
genetics approach) or at the sporophytic stage,
thus explaining the low number of FST lines ident-
ified. Bonhomme et al. (1998) put forward several
hypotheses to explain the limited number of ga-

metophytic defective mutants they identified. One
possibility is that a gene expressed in gametophytes
might be preferentially duplicated and thus could
not be selected using a gene disruption strategy. As
gametophytes are tightly connected to sporophytic
tissues, metabolic supplementation could counter-
act the mutation effect.

Only two mutants were identified by both
strategies. This result could be explained by the

Fig. 2. Preliminary results obtained from our post-genomic approach. The 82 mutants selected are distributed according to
the putative function of the proteins corresponding to the disrupted genes. Red – protein predicted to be targeted to
mitochondria; green – protein predicted to be localized within proplastids. 

122 Berthomé et al.



greater stringency of the new PREDOTAR version
compared to the oldest one used in the forward
genetics approach and to TargetP (Small, personal
communication). Supporting this explanation, we
found that when we resubmitted the protein sequen-
ces detected in our forward genetics approach to
PREDOTAR I, the major part of them were rejected
from our screen (data not shown).

Altogether we detected 82 putative mutants
corresponding to genes encoding proteins poten-
tially targeted to plastids and mitochondria. If we
consider the predicted function of the products
involved (Fig. 2), we observe that the mutants
detected by both strategies are distributed in each
of the thirteen pathways and that an important
part of the putative proteins encoded are of un-
known function. In previous studies on sorghum
CMS, Chen et al. (1995) showed the possible in-
volvement of a deletion in the rpoC2 plastid gene.
Because of the ambiguity of the targeting predic-
tions obtained with the software, in our forward
approach we decided to enlarge our screening to
mitochondria and plastids potentially encoding
proteins, even though no examples implying pro-
plastids in CMS have been described thus far. The
aim was to maximize our chance of detecting in-
teresting mutants affecting sexual reproduction.
In this way we obtained 18 putative mutants en-
coding proteins that might be involved in the fol-
lowing pathways: membrane transport, protein
synthesis, signal perception-transduction, and
programmed cell death.

So far the preliminary results presented here
are encouraging evidence that our approach can
help identify and analyze original mutants in plant
development and reproduction. 
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