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Summary

Little is known about the genetic control of mitochondrial morphology and dynamics in higher plants. We
used a genetic screen involving fluorescence microscopic analysis of ethyl methane sulphonate (EMS)-
mutated Arabidopsis thaliana seedlings expressing GFP targeted to mitochondria to isolate eight mutants
displaying distinct perturbations of the normal mitochondrial morphology or distribution. We describe five
mutants with distinct and unique mitochondrial phenotypes, which map to five different loci, not previously
implicated in mitochondrial behaviour in plants. We have used a combination of forward and reverse genet-
ics to identify one of the genes, friendly mitochondria (FMT), a homologue of the CluA gene of Dictyostelium
discoideum, which is involved in the correct distribution of mitochondria in the cell. The five mutants con-
stitute a powerful resource to aid our understanding of mitochondrial dynamics in higher plants.
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Introduction

Mitochondria are ubiquitous and vital eukaryotic orga-
nelles. Although identified over 50 years ago as the sites
of oxidative energy metabolism (Kennedy and Lehninger,
1949), it is only in the past decade that researchers, pre-
dominantly working with yeast, have elucidated the basic
mechanisms controlling mitochondrial shape, size and
number in this organism (for review, see Catlett and
Weisman, 2000; Shaw and Nunnari, 2002; Yaffe, 1999).
These yeast-based studies not only provide an indication
of the types of proteins that are likely to be involved in
mitochondrial development in higher plants but also high-
light two important facts. First, yeast mitochondrial mor-
phology is fundamentally different from that in higher
plants. In yeast cells, the 5-10 mitochondria are elongated,
tubule-shaped organelles and form extensive mitochon-
drial networks in the cortical cytoplasm (Stevens, 1977),
whilst in higher plants, the mitochondria (several hundreds
in a typical epidermal cell) generally alternate between
spherical and sausage-shaped structures (Logan and
Leaver, 2000; Stickens and Verbelen, 1996). These morpho-
logical and organisational differences suggest differences
in the control pathways for mitochondrial development
between the two organisms. Second, searching the DNA
and protein databases has failed to find plant homologues
of many yeast proteins involved in mitochondrial develop-
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ment such as: Fzo1p (Hales and Fuller, 1997); Mdv1p/Fis2/
Gag3/Net2p (Cerveny et al., 2001; Fekkes et al., 2000; Mozdy
et al., 2000; Tieu and Nunnari, 2000); Mmm1p (Burgess
et al, 1994); Mdm12p (Berger etal., 1997); Mdm14p
(Shepard and Yaffe, 1997); and Mdm20p (Hermann et al.,
1997). In some cases, the absence of homologues of the
yeast proteins from the Arabidopsis proteome may be
explained by the fundamental differences between yeast
and plant mitochondrial morphology and reproductive
biology. For example, the yeast Saccharomyces cerevisiae
proliferates by budding whereby the mother cell produces a
daughter bud that grows and eventually becomes an inde-
pendent cell. An essential part of this process is the trans-
port of mitochondria and other organelles into the daughter
bud. Mmm1p, Mdm10p, Mdm12p, Mdm14p and Mdm20p
are all involved in the transmission of mitochondria to
the daughter buds (Yaffe, 1999), and as cell proliferation
in plants occurs by cell division, these proteins are not
required.

Mitochondria in various eukaryotic cells undergo contin-
uous cycles of fission and fusion and these processes
control the number, size and distribution of these orga-
nelles (Bereiter-Hahn and Voth, 1994; Catlett and Weisman,
2000; Shaw and Nunnari, 2002; Yaffe, 1999). Yeast mito-
chondrial fission is regulated by a GTPase, called Dnm1p
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(Ostuga et al., 1998), that is structurally related to the
evolutionarily conserved dynamin-related proteins required
for membrane scission during exocytosis (Damke et al.,
1994, 1995; Herskovits et al., 1993; Hinshaw and Schmid,
1995; van der Bliek et al., 1993). Dynamin-related proteins
have also been implicated in mitochondrial division
in mammals (Drp1, Smirnova et al, 1998), nematodes
(DRP-1, Labrousse et al., 1999) and red algae (CmDnm1,
Nishida et al., 2003). A dynamin-related protein, ADL2b,
has recently been shown to be involved in division of higher
plant mitochondria (Arimura and Tsutsumi, 2002), but
ADL2b is the only known component of the plant mitochon-
drial division apparatus. Nothing is known about the genes,
proteins or mechanisms controlling mitochondrial fusion
in higher plants.

As a precursor to identifying the genes, proteins and
mechanisms controlling mitochondrial development in
higher plants, we developed a mutant screening procedure
based on the chemical mutagenesis of Arabidopsis thaliana
plants expressing mitochondrial-targeted GFP. Using epi-
fluorescent microscopy, we have identified eight mutants
with distinct aberrant mitochondrial phenotypes. In the

Figure 1. Epifluorescent (left-hand panels) and
TEM micrographs (right-hand panels) of wild-
type (wt) and mutant Arabidopsis leaf mito-
chondria.

Epifluorescent micrographs are false-coloured
for GFP (green) and chlorophyll (red).

(a, b) Wild-type, arrows, mitochondria; *, chloro-
plast.

(c, d) mmt1 mutant, *, chloroplast.

(e, f) mmt2 mutant; plain arrows, large mito-
chondria; arrows with circle, small mitochon-
dria; the boxes indicate an area magnified to
highlight the heterogeneity of mitochondria
size within a single cell; *, chloroplast with
dense mass of internal membranes.

(g, h) bmt mutant; arrow, mitochondria.

(i, ) nmt mutant; arrows, small mitochondria; *,
chloroplast.

(k, 1) fmt mutant; arrow, large mitochondrial
cluster; the boxes indicate an area magnified
to highlight a large cluster of mitochondria; *,
chloroplast. Scale bars in epifluorescent images
=5 pum;in TEMs = 1 um, except in (f) where the
bar =5 um.
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present report, we present five novel plant mitochondrial
development mutants and describe a combination of for-
ward and reverse genetics studies that identify the gene
responsible for one of these mutants, the friendly mito-
chondrial (fmt) mutant. This new gene, FMT, is required for
correct mitochondrial distribution and morphology.

Results

Identification of novel plant mitochondrial development
mutants

Eight novel mitochondrial mutants were identified from a
population of 9500 M, seedlings, seven of which set seed
and had heritable phenotypes and one mutant was sterile.
Six of these mutants displayed phenotypes indicative of
perturbations in mitochondrial development.

The five mutants presented here display striking
mitochondrial phenotypes (Figure 1). In the first motley
mitochondrial (mmt7) mutant, the mitochondrial popula-
tion is highly heterogeneous varying in size from one

Merged GFP/Chl TEM
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bmt

nmt

fmt

quarter to four times as much as the average plan area of
wild-type mitochondria (Figure 1c). In addition, chloroplast
size is affected with the average plan area of chloroplasts
in the mutant being 288.9 + 7.7 pm? relative to 24.1 +
0.4 um? in the wild type. The size distribution of chloro-
plasts is also affected in the mutant. The plan area of wild-
type chloroplasts range from 4.2 to 62.3 um? compared
with 16.8 to 999.4 um? in the mmt1 mutant (Figure 2).
The second mutant mmt2 contains a highly heterogeneous
mitochondrial population similar to mmt1, although in this
second mutant, the gross chloroplast morphology remains
normal. Transmission electron microscopy (TEM) of the
mmt2 mutant, in addition to confirming the mitochondrial
heterogeneity, demonstrated that the internal structure of
the chloroplasts is severely altered (Figure 1f). Chloroplasts
in the mmt2 mutant contain a mass of densely packed
membranes instead of the normal morphology of granal
stacks connected by stromal lamellag, and there are a
large number of electron dense particles within the chloro-
plasts.

The average plan area of mitochondria in the big mito-
chondrial (bmt) mutant is two times as much as that of the
wild type (bmt=0.98 + 0.04 um?, n=660; wild type

Figure 1. continued

(wt) = 0.55 + 0.01 um?, n = 10009), and there are appro-
ximately half as many mitochondria per microscope field-
of-view (Figure 1g,h); there was no visible effect on
chloroplast morphology in this mutant. The network mito-
chondrial (nmt) mutant is characterised by the presence of
long interconnected mitochondrial tubules (Figure 1i)
extending to many tens of micrometers in length. Exam-
ination of leaf tissue of nmt plants under the TEM showed
that the aberrant mitochondrial architecture was not main-
tained in the fixed tissue (Figure 1j), rather the mitochon-
drial tubules fragmented to form organelles as small as 1/
16th the plan area of those in wild-type cells. As with bmt,
chloroplast morphology in nmtwas normal. Finally, the fmt
mutant was identified by the presence of discrete clusters of
tens of mitochondria in all cell types examined (Figure 1k,l).
Only a proportion of the total mitochondrial complement of
the cell formed aggregates and many mitochondria main-
tained a wild-type distribution. Examination of leaf tissue of
this mutant by TEM revealed clusters of tens of mitochon-
dria profiles in all cells examined, a typical cluster in a
mesophyll cell is shown in Figure 1(l), confirming the phe-
notype observed in vivo. Chloroplast morphology in fmt
was normal. To determine whether these clusters
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Figure 2. Heterogeneity of chloroplast size in 300
mmt1 relative to wild-type.

Frequency distribution of the plan areas of 600

chloroplasts each from wild-type (line 43A9, 250
hatched bars) or mmt1 (solid bars) seedlings.

200 4

150 4

Frequency

100

50

0-20

comprised discrete mitochondria or were formed because
of incomplete membrane severance during division, we
analysed tens of ultra-thin sections under the TEM. The
micrographs clearly show the clustered mitochondria as
individual organelles, and we could find no evidence of
membrane connections between adjacent mitochondria
(Figure 3 and unpublished data).

Mapping the mutant loci

Genetic analysis of the progeny from backcrosses of mmt2,
bmtand fmtto the wild type (line 43A9) revealed that these
three phenotypes result from recessive mutations in single
nuclear genes. Backcrossing mmtigave aratioof1: 6.5(14
mutants: 91 wild type) in the F, because of a significantly
(P < 0.001) lower average seed germination percentage

Figure 3. TEM micrographs of mitochondrial clusters in the fmt mutant.
The four images (a-d) are representative of an analysis of over 40 clusters.
Scale bar = 500 nm.
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in the mutant (30.6%) relative to that of wild-type seed
(89.6%). Repeated attempts to backcross nmt failed to
produce seed.

To determine approximate chromosomal positions, we
crossed each of the mutants, which are in Col-0 back-
ground, to wild-type Landsberg erecta (Ler-0) plants. F,
mutants were identified by epifluorescence microscopy,
and we used bulk segregant linkage analysis (Lukowitz
et al., 2000) to assign approximate chromosomal positions
to the mutant loci. Map positions were refined using addi-
tional SSLP (Bell and Ecker, 1994), CAPS (Konieczyny and
Ausubel, 1993) and Cereon insertion or deletion (InDel)
markers (Jander et al., 2002). The mmt1, mmt2, bmt and
nmtmutants were mapped to loci not previously implicated
in mitochondrial or chloroplast development (Table 1). Asa
result of the similarity of the chloroplast phenotype of the
mmt1 mutant to several previously characterised accumu-
lation and retention of chloroplast (arc) mutants (Marrison
et al., 1999; Pyke and Leech, 1992, 1994; Pyke et al., 1994),
we performed genetic complementation testing with arc5,
6, 11 and 12, which indicated that mmt7 was not allelic to
any of these genes (data not shown).

Table 1 Nearest linked markers flanking the mutant loci

Mutant Chromosome Flanking markers (north, south)
mmt1 I ciw3?, PHYB®

mmt2 v nga1139? nga1107°

bmt \ nga139? F18G18°

nmt % F5024°, MOP9®

fmt I ciw4?, AFC1°

3SSLP and PCAPS markers detailed on TAIR web site (http://
www.arabidopsis.org/).

°The SSLP marker on BAC F18G18 and “InDel markers on BACS
F5024 and MOP9 were PCR amplified using the primers given in
the section under Experimental procedures.

© Blackwell Publishing Ltd, The Plant Journal, (2003), 36, 500-509
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FMT is the Arabidopsis homologue of the Dictyostelium
discoideum CluA gene

We used a population of 41 F, mutants to map the fmtlocus.
Two markers were identified as flanking the mutant locus:
ciw4 (40 out of 41 mutants homozygous for the Col poly-
morphism) and AFC1 (38 out of 41; Table 1). The three
individuals heterozygous at AFC1 were homozygous for
the Col polymorphism using an InDel marker on BAC F4F15.
These results demonstrated that the fmtlocus isin a 3.9-cM
stretch of chromosome Il flanked by ciw4 and AFC1 and
close to or within BAC F4F15.

The fmt phenotype is similar to the mitochondrial
phenotype of the cluA-mutant of D. discoideum in which
the mitochondria cluster near the cell centre (Zhu et al.,
1997). Inspection of the region containing the fmt locus
revealed an Arabidopsis homologue of the CIuA gene
(Atclu) on BAC F4F15. When the AtClu gene was sequenced,
a single point mutation was found at the first base of the
second intron (+519 bases from the initial ATG). This G—A
mutation destroys the first base of the intron-exon con-
sensus motif GT...AG, which we predicted would prevent
correct splicing. Consistent with this, AtClu transcript abun-
dance, as detected by Northern blotting, was greatly
reduced (Figure 4).

Reverse genetics confirms the role of the Atclu gene in
mitochondrial distribution

Two lines of evidence now support the proposition that
the fmt phenotype is caused by disruption of the Atclu
gene. To confirm this proposition, we decided to switch
to a reverse genetics approach. An independent allele at
the AtClu locus was recovered from the SAIL T-DNA
insertion lines (Sessions et al., 2002) and transformed by
infiltration with Agrobacterium tumefaciens containing the
pBINmMGFP5-atpase vector. GFP-positive T, transformants
of the SAIL line SAIL_284_D06 were screened under the
epifluorescent microscope, and we identified three indivi-
dual lines that had a clustered mitochondrial phenotype.
These three lines were found to be homozygous for the
insertion in the AtClu gene (Figure 5), while plants hemi-
zygous for the insertion displayed a wild-type phenotype
(data not shown).

SAIL line
wt fmt #6 #23 #29

FMT —— - e e R
B-tubatin e e e e

Figure 4. RNA gel blot analysis of the steady-state abundance of the FMT
transcript in wild-type (wt) and mutant plants (fmt and three independent
GFP-positive lines (6, 23 and 29) derived from SAIL line SAIL_284_D06.

12 3 4 56 7 8 91011121314

Figure 5. Analysis of SAIL lines containing a T-DNA insertion in the FMT
gene.

(a) PCR analysis using gene-specific forward (Gf) and reverse (Gr) primers or
the Gr primer and a primer to the T-DNA left border (LB3). Under the
conditions used, PCR amplification using wild-type (wt) DNA yields a frag-
ment only with the gene-specific primers, whilst amplification of a smaller
DNA fragment using the Gr and LB3 primers indicates the presence of a T-
DNA insertion. PCR amplification from DNA extracted from plants hemi-
zygous for the insertion would yield a product using both sets of primers,
while PCR amplification of DNA from plants homozygous for the insertion
would only yield a product using the LB3 and Gr primer set. DNA was
extracted from wt (line 43A9) and in duplicate (a,b) from three independent
GFP-positive lines (6, 23 and 29) derived from SAIL line SAIL_284_D06.
Reactions from PCRs using the primer sets Gf/Gr (odd-numbered lanes) and
Gr/LB3 (even-numbered lanes) were run in adjacent lanes. bp, positions of
DNA molecular weight markers in base pairs.

(b) Epifluorescent micrographs of leaf epidermal cell mitochondria in mito-
GFP transformed plants. I, wt (line 43A9); II-IV, independent GFP-positive
lines 6, 23 and 29, respectively, of SAIL line SAIL_284_D06 (arrows indicate
mitochondrial clusters). Scale bar = 10 um.

We conclude that the fmt mutant phenotype results from
a single point mutation in the Arabidopsis homologue of
the D. discoideum CIuA gene and therefore name the pre-
viously uncharacterised wild-type Arabidopsis gene FMT.

Discussion

In this paper, we describe the results of a novel genetic
screen based on the analysis of ethyl methane sulphonate
(EMS) mutants of an Arabidopsis line expressing mito-
chondrial-targeted GFP. This screen enabled the unprece-
dented identification and analysis of plant mitochondrial
development mutants. Gene mapping of these mutants has

© Blackwell Publishing Ltd, The Plant Journal, (2003), 36, 500-509



demonstrated that in each case, the mutant represents a
locus not previously implicated in the control of plant
mitochondrial morphology or distribution. Three mutants,
bmt, mmt1and mmt2have novel phenotypes that have not,
to our knowledge, been described in any organism. The
mmt1phenotype is unique as far as both mitochondrial and
chloroplast gross morphologies are affected. Although the
mutant chloroplast morphology in mmt7is similar to that in
several arc mutants (Marrison et al., 1999; Pyke and Leech,
1992, 1994; Pyke et al., 1994), complementation analysis
has shown that mmt1 is not allelic to arc5, 6, 11 or 12. No
mention was made in the published studies of the arc
mutants of any aberrant mitochondrial morphology, but
it is possible that any changed morphology may only be
visible in unfixed tissue. We are in the process of transform-
ing arc5, 6, 11and 12 with the mitochondrial-GFP construct
to enable in vivo visualisation of the mitochondrial mor-
phology in these mutants. The nmt mutant displays a
tubular/fused mitochondrial phenotype, which is similar
to that observed in plant cells transiently expressing a
dominant-negative mutation of the Arabidopsis dynamin-
like protein ADL2b (Arimura and Tsutsumi, 2002). However,
gene mapping has demonstrated that neither ADL2b nor
any of the other 10 Arabidopsis dynamin-like genes are
possible candidates for the nmt locus. Interrogation of the
Arabidopsis genome databases reveals no obvious gene
candidates within the mapping-delimited regions for any of
these four mutants.

A combination of forward and reverse genetics revealed
that the phenotype of a fifth mutant, fmt, was due to a single
point mutation in a homologue of the c/luA gene from D.
discoideum to which we give the name FMT. Disruption of
cluA in Dictyostelium causes the mitochondria to cluster
near the cell centre (Zhu et al., 1997). There are c/luA homo-
logues present as open-reading frames in all eukaryotic
genomes sequenced to date, but, apart from a short tetra-
tricopeptide repeat (TPR) domain that is thought to function
in protein-protein interactions, the CIuA protein has no
homology to known proteins. The Arabidopsis CluA protein
homologue FMT (locus: CAB41334) is 26% identical and
41% similar to the Dictyostelium protein and also contains a
TPR-like domain. The S. cerevisiae CluA homologue, Clulp
(20% identical, 34% similar to the Arabidopsis protein; 24%
identical, 39% similar to CluA) has also been shown to be
involved in the maintenance of normal mitochondrial mor-
phology and distribution (Fields et al., 1998). Disruption of
the CLU1 gene resulted in collapse of the mitochondrial
tubules to one side of the yeast cell (Fields et al., 1998).
Alignment of the Dictyostelium, Arabidopsis and Saccharo-
myces proteins reveals the most conserved region to con-
tain the TPR-like domain. However, following a report by
Vornlocher et al. (1999) demonstrating that Clu1p (named
p135 in that paper) sometimes co-purifies with subunits of
the eukaryotic translation initiation factor elF3, CLUT and

© Blackwell Publishing Ltd, The Plant Journal, (2003), 36, 500-509
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cluA have been re-annotated in the databases as encoding
putative elF3 subunits. As deletion of Clu1p had no effect on
elF3 activity (Vornlocher et al, 1999) and Clu1p homo-
logues do not co-purify with elF3 subunits from human
or plant cells (Browning et al., 2001), the re-classification of
Clu-type genes, ignoring the physiological data by Zhu
et al. (1997) and Fields et al. (1998) seems erroneous.

In a recent study, Fields et al. (2003) addressed the ques-
tion of how CIuA is involved in maintaining the normal
distribution of mitochondria in Dictyostelium cells. Using
nocodazole or cytochalasin A to disrupt microtubules or
actin filaments, respectively, the authors demonstrated that
these cytoskeletal elements were not necessary to maintain
mitochondria in their normal, dispersed state (Fields et al.,
2003). However, as noted by these authors, these findings
do not rule out a role for microtubules and/or actin fila-
ments in the positioning of the mitochondria prior to drug
treatment. Based on the results of the drug treatments and
the observation of interconnections between adjacent
mitochondria within the clusters in mutant cells, Fields
et al. (2003) concluded that cluA™ cells were blocked at
the stage of outer membrane scission during organelle
fission and that the clustered mitochondria formed an
extensive interconnected reticulum. Examination of over
40 mitochondrial clusters provided no consistent evidence
of a similar occurrence in the fmt mutant. At least in
Arabidopsis cells, disruption of FMT affected the distribu-
tion of mitochondria but did not appear to result in the
production of a mitochondrial reticulum. We note, how-
ever, that differences in sample preparation may account
for the differences observed between mutant Arabidopsis
and Dictyostelium mitochondria. Fields et al. (2003) exam-
ined serial sections of cells prepared for the electron micro-
scope by means of cryofixation, whereas we used multiple
independent sections of leaf that was prepared using
chemical fixation.

In plant cells, transport of mitochondria has been shown
to rely on actin filaments (Olyslaegers and Verbelen, 1998;
Van Gestel et al., 2002). However, microtubules have been
shown to have a role in the positioning and/or tethering of
mitochondria (Van Gestel et al., 2002). It is not clear if
mitochondrial transport in Dictyostelium is predominantly
actin- or microtubule-based. Mitochondria have been
shown to associate with the microtubule-specific motor
protein, kinesin (Khodjakov et al., 1998) that binds cargo
atthe TPR domains in the kinesin light chains (Stenoien and
Brady, 1997; Verhey et al., 2001). When mitochondria are
moving on actin filaments, they are presumably prevented
from binding to microtubules until this is required to immo-
bilise the mitochondria or effect small-scale adjustments to
their position. Based on the phenotype of the fmt mutant
and the presence of a TPR domain in FMT, we hypothesise
that when mitochondria are moving on actin filaments,
FMT binds to the kinesin receptor on the mitochondria
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via the TPR domains, thereby preventing any unwanted
association with microtubules. This putative role of FMT as
a cap for the kinesin receptor on the mitochondria leaves
the microtubule-associated kinesin motor free to associate
with other mitochondria or different types of cargo. Apply-
ing this hypothesis to the fmt mutant, in which receptor-
capping would not occur, leaves the mitochondria free to
bind to microtubules, which prevents their movement on
actin. A cluster of mitochondria then develops as mitochon-
dria divide but are unable to move apart. This hypothesis is
consistent with the lack of a clustered mitochondrial pheno-
type in Clu-mutants of Caenorhabditis elegans (M. Clarke,
personal communication) as in this organism large-scale
mitochondrial movement is microtubule-based. Applica-
tion of our receptor-capping hypothesis for FMT function
to the Dictyostelium cluA~ mutant suggests an explanation
for the interconnections between clustered mitochondria
reported by Fields et al. (2003). Final separation of mito-
chondria following division may require movement on the
cytoskeleton, and therefore when this is prevented,
because of inexorable binding to microtubules, the mito-
chondria remain connected. The absence of a similar
phenotype in Arabidopsis may simply reflect differences
in the architecture of the cytoskeleton or the contribution of
movement to the division process. Further study is neces-
sary to discover the precise role of this conserved gene in
mitochondrial dynamics.

Little is known about the genes, proteins and mechan-
isms controlling mitochondrial dynamics in higher plants.
Although most work on mitochondrial morphology has
been carried out on yeast, this is a poor model system
for higher plants. Homology searches of the Arabidopsis
genome fail to identify homologues of many yeast mito-
chondrial development genes suggesting that there are
fundamental differences in the control of higher plant
mitochondrial morphology and dynamics. This is reflected
in the results of our genetic screen where four of the
five mutants described in this paper result from the muta-
tion of novel genes. Together these mutants constitute a
powerful resource that will help delineate the principles and
mechanisms controlling this fundamental aspect of plant
development.

Experimental procedures

Plants

Seeds were surface sterilised and germinated on MS-agar plates
(Murashige and Skoog (MS) 1962, medium, 8% (w/v) agar (Type M,
Sigma Chemical Co., St Louis, USA), 2% (w/v) sucrose, 0.5% (w/v)
Mes, pH 5.8). For maximum synchronous germination, plates
were kept in the dark at 4°C for 3 days before transfer to a con-
trolled environment growth room (16 h day, 8 h night, 25°C). After
a further 2 weeks, plants were transplanted to compost (Levington

F2, Scotts, Marysville, USA) and grown in a greenhouse under
supplementary lighting and constant temperature of 25°C. For
germination tests, 50-100 seeds per replicate (n = 4) were sown
on MS-agar plates, stratified for 3 days and germinated as above
for 7 days. Germination percentages (ratios) were arcsine-trans-
formed prior to statistical analysis using the t-test.

Mutant isolation

In a previous study, efficient targeting of GFP to Arabidopsis
mitochondria was achieved by engineering a chimaeric construct
in which the sequence encoding the first 87 amino acids of the
Nicotiana plumbaginifolia B-ATPase was ligated upstream of the
mGFP5 ¢cDNA (Logan and Leaver, 2000). Seeds of an Arabidopsis
line homozygous for the B-atpase-gfp chimaera (line 43A9, Logan
and Leaver, 2000) were mutagenized by soaking 2 g of seed in 0.2%
(v/v) EMS for 16 h. Seeds were then washed in water three times
for 2 h and sown in compost. M, seed was collected from 20
batches of ¢. 50 M, plants and stored at 4°C. M, seeds were surface
sterilised, stratified and germinated on MS-agar plates as
described above supplemented with 50 ng mi~" kanamycin. After
1 week, seedlings were transferred to fresh plates (c. 40 per 9-cm
plate) and grown for a further week in a vertical orientation so that
the roots grew along the agar surface. This procedure was
repeated each weekday for a different M, seed batch; after samples
from all 20 batches had been plated-out, the process was repeated
starting again with the first batch. Two-week-old seedlings were
screened for aberrant mitochondrial phenotypes by removing the
first true leaf and mounting it in water on a microscope slide under
a cover slip; in this way nine plants could be screened per slide.
Slides were examined under an Olympus BX-40 epifluorescent
microscope (Olympus Optical Co. (UK) Ltd, Southall, UK) fitted
with cubes for GFP (Olympus U-M41001, excitation: 455-495 nm;
dichroic mirror: 505 nm; barrier filter: 510-5655 nm) and for chloro-
phyll autofluorescence (Olympus U-M41004, excitation: 534-
588 nm, dichroic mirror: 595 nm, barrier filter: 609-683 nm). Visua-
lisation of mitochondria was performed at 1000x using an oil-
immersion objective (100x Universal Plan Fluorite, numerical
aperture = 1.3, Olympus).

Image analysis

Epifluorescent micrographs were acquired using a monochrome
digital camera (F-View, Soft Imaging System GmbH, Munster,
Germany) and analysed using the ANALYSIS software package
(Soft Imaging System GmbH). False-coloured merged images
were created using Confocal Assistant (Bio-Rad, Hemel Hemp-
stead, UK), and all images were prepared for reproduction using
ADOBE PHOTOSHOP elements (Adobe, San Jose, USA). Chloro-
plast plan area was measured using the ANALYSIS software; 20
chloroplasts chosen at random and in any cellular orientation
were measured in three images taken of the mesophyll cell layer
of one of the first true leaves of 10 individual 7-day-old wild-type
(line 43A9) or mmt1 seedlings (n = 20 x 3 x 10 = 600). To deter-
mine mitochondrial plan area, epifluorescent micrographs were
taken of 5 (bmt) or 10 (wild-type) randomly selected areas of
epidermis from one of the first true leaves of each of 5 (bmt) or
10 (wild-type) 14-day-old Arabidopsis seedlings.

Electron microscopy

Leaf material of 14-day-old Arabidopsis seedlings was fixed for 2 h
in 2.5% (v/v) glutaraldehyde in 100 mm sodium phosphate buffer,
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pH 7.2. The material was then post-fixed in 1% (v/v) osmium
tetroxide and embedded in Araldite (TAAB Laboratories Equip-
ment Ltd, Aldermaston, UK). Ultra-thin sections were cut and
stained with uranyl acetate followed by lead citrate prior to obser-
vation.

Genetic analysis and gene mapping

Crosses to either 43A9 (Col-0 background, backcross) or Ler-0
were performed by dissecting and emasculating unopened buds
and then using the stigmas as recipients for pollen from three
opened flowers. Segregation of the mutant mitochondrial
phenotype in the F, generation was analysed with the x? test
for goodness of fit.

To determine an approximate chromosomal position, F,
mutants from the mutant:Ler-0 cross were identified by epifluore-
scence microscopy when 2 weeks old and were transferred to
compost. When the plants had flowered, 5-10 buds were removed,
snap-frozen in liquid N, and stored at —80°C. DNA was extracted
using a CTAB procedure and bulk-segregant analysis was per-
formed using the 21 simple sequence length polymorphism (SSLP,
Bell and Ecker, 1994) markers as described by Lukowitz et al.
(2000). Additional CAPS (Konieczyny and Ausubel, 1993), or SSLP
markers were either selected for testing by interrogation of The
Arabidopsis Information Resource (TAIR), or we designed primer
sets to putative SSLP regions and tested them empirically. The
SSLP marker on BAC F18G18 was PCR amplified using the primers
5-GTGGTGCGGTTCAAATAGTAC-3 and 5’-CTAGCTTTTTAGCCG-
CCATC-3. We also designed primers flanking putative poly-
morphic InDel sites annotated in the Cereon polymorphism
database (Jander et al., 2002), and these primers were tested
empirically. The two InDel markers referred to in Table 1 were
PCR amplified using the following primers: F5024, 5-GTACCGA-
ATTGGAAGGAAA-3 and 5-CCTGGTTTTTGCATAGATG-3'; MOP9,
TCGGGAAATGAAAATCC-3 and 5-CCCAAAAGCAAGTTAAAGC-
3. The InDel on F4F15 was amplified using the primers 5-GAGCC-
TATAATGAGCGTCG-3' and 5'-AAATGTCTCACGCGATGCG-3'.

DNA sequencing

To simplify sequencing of the Arabidopsis cluA homologue, we
designed eight oligonucleotide primers to amplify the 8.064 kbp
gene infour overlapping PCR fragments of 2-2.5 kbp. The four PCR
fragments, generated using the proofreading DNA polymerase
RedAccuTaq LA (Sigma Chemical Co., Poole, UK), were separated
by agarose-gel electrophoresis and purified using the Qiagen
minElute kit (Qiagen, Crawley, UK). DNA sequencing was per-
formed using a BigDye Terminator v.3.1 Cycle Sequencing Kit
and an ABI Prism 377 DNA sequencer (Applied Biosystems, Foster
City, USA).

SAIL T-DNA insertion mutants

The Syngenta Arabidopsis Insertion Library (http://tmri.org/pages/
collaborations/garlic_files/) was searched using the sequence of
At3g52140 from start to stop codon, including introns (Accession:
NC_003074). Three lines were identified with T-DNA left-border
flanking sequences giving low e-values (SAIL_284 D06, e°;
SAIL_559_F01, e~ '*°; SAIL_267b_D05, 9¢~5°). Seed of these lines
was obtained from Syngenta Biotechnology Inc. (Research Trian-
gle Park, NC, USA) and bulked up in the glasshouse without
selection.
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Plant transformation

Seed of each SAIL line was sown onto a 2 : 1 mixture of compost
and vermiculite. When the plants were 2 weeks old, they were
sprayed with glufasinate ammonia (BASTA) at 120 ug |~ to select
for plants containing the T-DNA insertion. These plants were
stable-transformed with mitochondrial-targeted GFP by Agrobac-
terium-mediated transformation using the floral dip method
(Clough and Bent, 1998). The infiltration medium contained 0.5x
MS salts, 5% (w/v) sucrose, 0.05% (w/v) Mes pH 5.7, 0.044 um
benzylaminopurine and 0.02% (v/v) Silwet L-77 (Lehle Seeds,
Round Rock, USA). Briefly, the mitochondrial-GFP binary vector
pBINmgfp5-atpase (Logan and Leaver, 2000) contains the N-term-
inal mitochondrial targeting sequence from the N. plumbaginifolia
B-ATPase subunit upstream of mGFP5 (Siemering et al., 1996)
under the control of the CaMV 35S promoter (Logan and Leaver,
2000). Primary transformants were selected on MS-agar plates
containing 50 pg ml~" kanamycin and, after transfer to soil, by
spraying with BASTA as above. Final selection was performed by
epifluorescent microscopy to identify good GFP-expressing lines.

PCR analysis of putative homozygous insertion mutants

Syngenta Arabidopsis Insertion Library lines contain T-DNA inser-
tions at known sites and the SAIL table available at http:/www.
tmri.org/pages/collaborations/garlic_files/plant_cell/ch3_main.htm
gives details of gene-specific forward and reverse PCR primers that
flank the predicted insertions on chromosome Ill. PCR primers
flanking the insertion in line SAIL_284_D06 (5'-GGCTGCAAGGTTA-
GGTATAAG-3' and 5-TCGCCCCCAGGGTGGTGT-3') were used in
combination with a primer to the T-DNA left border (primer
LB3—5-TTCATAACCAATCTCGATACAC-3', Sessions et al., 2002)
to confirm the nature of the T-DNA insertion.

RNA isolation and gel-blot analysis

Total RNA was extracted from 7-day-old seedlings using a mini-
RNA kit (Qiagen, Crawley, UK). Ten micrograms of RNA was
fractionated in a denaturing 0.9% (w/v) agarose/formaldehyde
gel and transferred to nitrocellulose according to standard proce-
dures. Hybridisation was carried out in a formamide-containing
buffer and followed by washing at high stringency (0.2x SSC, 0.1%
(w/v) SDS, 42°C). Probes were labelled by random priming. The
tubulin probe was prepared using a 1:1:1:1 mixture of four
Arabidopsis beta-tubulin cDNAs (tub1-4) as template.
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