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The degradation of storage compounds just after germination is essential to plant development, providing energy and
molecules necessary for the building of a photosynthetic apparatus and allowing autotrophic growth. We identified 

 

à
bout de souffle

 

 (

 

bou

 

), a new Arabidopsis mutation. Mutant plants stopped developing after germination and degraded
storage lipids, but they did not proceed to autotrophic growth. Neither leaves nor roots developed in the mutant. How-
ever, externally added sugar or germination in the dark could bypass this developmental block and allowed mutant
plants to develop. The mutated gene was cloned using the transposon 

 

Dissociation

 

 as a molecular tag. The gene cod-
ing sequence showed similarity to those of the mitochondrial carnitine acyl carriers (CACs) or CAC-like proteins. In an-
imals and yeast, these transmembrane proteins are involved in the transport of lipid-derived molecules across mito-
chondrial membranes for energy and carbon supply. The data presented here suggest that 

 

BOU

 

 identifies a novel
mitochondrial pathway that is necessary to seedling development in the light. The BOU pathway would be an alterna-
tive to the well-known glyoxylate pathway.

INTRODUCTION

 

From germination until the establishment of autotrophic
growth (referred to here as postgerminative growth), young
seedlings rely on nutrients that were stored during embryo-
genesis and seed development. The degradation of storage
molecules provides energy and materials for the building of
photosynthetic chloroplasts that, in turn, produce sugars,
which are a source of carbon and energy. Oilseeds, such as
Arabidopsis, store part of the energy required for postgermi-
native growth as lipids in the form of triacylglycerides (TAG)
that are contained in oil bodies within the cotyledon cells of
the embryo. When oilseeds germinate, glyoxysomes, a spe-
cialized form of peroxisome, differentiate, with TAG degra-
dation occurring concomitantly (for review, see Olsen and
Harada, 1995; Olsen, 1998). Plant glyoxysomes have been
shown to contain the enzymes necessary for the complete
degradation of the fatty acids through the process of 

 

�

 

-oxi-
dation (Kleiter and Gerhardt, 1998; Hayashi et al., 1999).

The pathway and location of fatty acid degradation in the
plant cell differ from those in animal cells. In animal cells, the

 

�

 

-oxidation pathway is split between peroxisomes and mi-
tochondria. Fatty acids are activated as acyl-CoA. Very-
long-chain fatty acids are first shortened within the per-
oxisome to medium-chain acyl-CoA. The acyl group is
conjugated to carnitine forming acylcarnitine. Acylcarnitine
is transported across the inner mitochondrial membrane. In
the mitochondrial matrix, the fatty acid moiety is reassoci-
ated with CoA to regenerate acyl-CoA, which is degraded
through 

 

�

 

-oxidation. The animal carnitine acyl carrier (CAC)
is the transmembrane carrier of acylcarnitine molecules.
CAC was shown in vitro to catalyze the import of acylcar-
nitine into liposomes (Indiveri et al., 1997, 1998).

Several CAC protein mutants have been identified in ani-
mals, including human, fruit fly, and worm. In 

 

Caenorhabditis
elegans

 

, the 

 

DIF

 

 mutation affects embryos before tissue dif-
ferentiation (Ahringer, 1995). In the 

 

Drosophila melanogaster
colt

 

 mutant, the primary defect is the collapse of tracheae
tissues (Hartenstein et al., 1997). These examples illustrate
the vital role of lipid metabolism and transport in animal cells.

By contrast, in yeast and other fungi, fatty acid break-
down takes place exclusively in peroxisomes. In the yeast

 

Saccharomyces cerevisiae

 

, acetyl-CoA produced by the
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�

 

-oxidation of oleate acts as a source of succinate through
the glyoxylate cycle or is conjugated to carnitine by the per-
oxisomal carnitine acetyl transferase (CAT2) enzyme
(Elgersma et al., 1995). The resulting acetylcarnitine is trans-
ported to the mitochondria. Both the succinate and the ace-
tylcarnitine pathways sustain yeast growth when oleate is
the sole carbon source (van Roermund et al., 1995, 1999). It
is necessary to disrupt both pathways to prevent growth on
oleate. A single mutation in the peroxisomal CAT2 or the
peroxisomal citrate synthase (CIT2), a key enzyme of the
glyoxylate cycle, does not affect growth on oleate. However,
the double mutant in which both CAT2 and CIT2 are inacti-
vated cannot grow on oleate (van Roermund et al., 1995,
1999).

It has been shown that in oleate-grown 

 

S. cerevisiae

 

, ace-
tylcarnitine is imported into the mitochondria by a CAC-like
protein, CRC-1, which is present in the mitochondrial mem-
brane. Mutation of the CRC-1 locus prevents growth on ole-
ate when the citrate synthase locus also is deleted (van
Roermund et al., 1999). In 

 

Aspergillus nidulans

 

, the acuH locus,
which has been identified from oleate-grown mutants, en-
codes a CAC-like protein. Similarly, its suggested function
would be that of a mitochondrial acetylcarnitine transporter
(DeLucas et al., 1999).

There are many reports of the presence of carnitine in
plant cells and of its role in plant metabolism, including the
transport of acyl molecules across the mitochondrial mem-
branes (for review, see Wood et al., 1992). A CAT has been
purified from pumpkin mitochondria (Schwadbedissen-
Gerbling and Gerhardt, 1995). However, the biological role
of carnitine-dependent transport in fatty acid degradation
and during oilseed germination is not clear.

During oilseed germination, 

 

�

 

-oxidation of fatty acids is
known to occur in the glyoxysome (Kleiter and Gerhardt,
1998; Hayashi et al., 1999). Acetyl-CoA that is produced by
the degradation of fatty acids is converted into succinate by
the glyoxylate cycle. Succinate then is transported into the
mitochondria (ap Rees, 1987; Gerhardt, 1993). Succinate is
a substrate for respiratory ATP production and is converted
to malate, which can be exported to the cytosol for sugar
synthesis by gluconeogenesis. However, it was shown re-
cently that a mutant (

 

icl

 

) that is impaired in the succinate-
producing glyoxylate cycle enzyme isocitrate lyase (ICL)
shows an impaired-growth phenotype when grown in the
dark but not when grown in the light (Eastmond et al., 2000).
It has been suggested that an alternative to the glyoxylate
pathway must exist to account for the 

 

icl

 

 mutant’s use of
carbon-containing compounds produced after fatty acid

 

�

 

-oxidation (Eastmond and Graham, 2001).
We identified 

 

à bout de souffle

 

 (

 

bou

 

), an Arabidopsis mu-
tation that results in a defective postgerminative phenotype
that is light dependent. When grown in the light, mutant
plants were unable to proceed to autotrophic growth. How-
ever, when seedlings were germinated in the dark, or when
sugar was added to the medium, they proceeded to de-
velop. We identified the 

 

BOU

 

 gene, which in the mutant was

disrupted by a transposon. The 

 

BOU

 

 coding sequence
showed homology with the CAC-like protein family that is
involved in the translocation of the carnitine ester of fatty
acids (acylcarnitine) or acetate (acetylcarnitine) into the mi-
tochondria. The BOU protein is located in mitochondria. We
measured storage lipid degradation in 

 

bou

 

 seedlings and

 

BOU

 

 gene expression. Our results suggest that BOU identi-
fies a light-regulated pathway that could be an alternative to
the glyoxylate cycle during postgerminative growth.

 

RESULTS

Characterization of the Mutant Phenotype

 

Using a modified 

 

Dissociation

 

 element [

 

Ds

 

(HYG)] that was
introduced into Arabidopsis for insertional mutagenesis
(Coupland, 1992; Long et al., 1993), we isolated a mutant on
the basis of its pale-green adult phenotype. When mutant
seeds germinated on a medium deprived of sugar, they re-
mained arrested at the cotyledon stage, unable to produce the
first pair of leaves, and did not develop any root (Figure 1A).

Arrested mutant seedlings that were transferred to a me-
dium containing sugar resumed their development: the root
elongated and leaves formed, although they were paler than
those of the wild type (Figure 1B). When mutant plants
grown on sugar were transferred to soil at the juvenile stage,
with one pair of leaves, they grew and set seed. Mutant
plants, however, were smaller than wild-type plants (Figure
1C), and their development was slower than that of the wild
type, although organ formation was not altered. The prog-
eny of mutant plants had a phenotype identical to that of the
parent.

From these observations, we conclude that the primary
defect of the mutant is in the transition from the embryonic
stage to the juvenile autotrophic stage. The small adult phe-
notype suggests that 

 

BOU

 

 also is required for normal adult
development. Because mutant seedlings stop developing
unless sugar is added, we named the mutant 

 

à bout de
souffle

 

 (which means “out of breath”).

 

Sensitivity to 2,4-Dichlorophenoxybutyric Acid

 

The postgerminative phenotype observed in 

 

bou

 

 was similar
to that of peroxisome-deficient (

 

ped

 

) mutants, which are de-
ficient in the glyoxysome fatty acid 

 

�

 

-oxidation thiolase pro-
tein. 

 

ped

 

 mutants are unable to grow after germination un-
less sugar is present in the medium (Hayashi et al., 1998). It
is thought that this arrested development is the direct con-
sequence of their deficiency in fatty acid degradation. 

 

ped

 

mutants were selected on medium containing sugar and
2,4-dichlorophenoxybutyric acid (2,4-DB), an inactive precur-
sor of the 2,4-D growth factor (an analog of the endogenous
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hormone auxin). 2,4-DB is converted to the active 2,4-D via

 

�

 

-oxidation of its butyrate moiety.
Wild-type plants germinated on 2,4-DB showed arrested

development, because the 2,4-D produced caused abnor-
mal cell growth and division. In 

 

ped

 

 mutants, glyoxysomal

 

�

 

-oxidation activity was inefficient, 2,4-DB was not con-
verted to 2,4-D, and plants displayed resistant growth com-
pared with that of the wild type. When assayed for their root
growth response to 2,4-DB, 

 

bou

 

 mutant plants exhibited a
sensitivity to 2,4-DB that was comparable to that of wild-

type seedlings, showing that 

 

�

 

-oxidation is not affected in

 

bou

 

 (Figure 2A). Sensitivity to 2,4-D was comparable be-
tween wild-type and 

 

bou

 

 seedlings (Figure 2B).

 

Lipid Degradation

 

Analysis of the lipid content of wild-type and 

 

bou

 

 seeds
showed similar composition of total fatty acids from TAG
(data not shown). TAG represented 90% of the lipid content

Figure 1. Phenotype of the bou Mutant.

(A) The bou phenotype is apparent after germination on mineral medium. 0�, seeds that had imbibed (magnification �30); 1, 1 day of growth
(magnification �40); 2 to 6, 2 to 6 days of growth (magnification �15). Top row, wild-type (WT) seedlings; bottom row, bou seedlings.
(B) Top row, wild-type plants (left) and mutant plants (right) grown for 20 days on sugar-containing medium. Bottom row, stable bou mutant (left)
and two bou mutants showing an unstable phenotype with wild-type sectors (right). The arrows indicate the presence of a revertant sector seen
as dark green on a pale green background. Bar � 1 cm.
(C) Wild-type (left) and bou (right) plants grown for 2 weeks on Murashige and Skoog (1962) medium and then on soil for 1 more week. Bar � 1 cm.
(D) Dark indicates seedlings germinated in the dark for 4 days and then transferred to long-day conditions for 15 days. Light indicates mutants
kept in long-day conditions for 17 days (magnification �7.5).
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in dry seeds. Seeds that were harvested from soil-grown

 

bou

 

 plants had approximately half of the wild-type lipid con-
tent. When seeds were harvested from a mutant 

 

bou

 

 plant
grown on sugar-supplemented medium, the lipid content
was similar to that of the wild type (Table 1). Whatever their
seed lipid content, all 

 

bou

 

 seedlings showed the arrested
phenotype.

In the wild type, storage lipid degradation was low during
the first day of growth, when germination occurred, but in-
creased dramatically thereafter, at the postgermination
stage. Less than 2% of the TAG remained after 5 days, indi-
cating the mobilization of storage lipids from the storage oil
bodies. In mutant seedlings, storage lipids were degraded
more slowly (Figure 3). In wild-type plants, polar lipids,
which are present in membranes, were being synthesized
when TAG were being degraded after germination was com-
pleted. In mutant seedlings, very few polar lipids were syn-
thesized (Figure 3).

Because TAG degradation and 

 

�

 

-oxidation occur in mu-
tant seedlings, it is likely that the primary defect in 

 

bou

 

 is not
in the degradation of lipid storage molecules. It is more
likely that 

 

bou

 

 seedlings are defective in the use of the prod-
ucts of fatty acid degradation.

 

Genetic Characterization of the 

 

bou

 

 Mutation

 

The 

 

Ds

 

-modified element used to produce 

 

bou

 

 carried a hy-
gromycin resistance gene. From the progeny of a heterozy-
gous (

 

Ds

 

/

 

�

 

) plant, we tested 180 lines heterozygous for
their resistance to hygromycin [

 

Ds

 

(HYG)/

 

�

 

]. All of these
lines showed a segregation of the 

 

bou

 

 phenotype in their

progeny. This finding suggests that all of the 

 

Ds

 

-containing
lines also are heterozygous for 

 

bou

 

 (

 

bou

 

/

 

�

 

). After crossing
heterozygous hygromycin-resistant plants to wild-type Ara-
bidopsis, half (

 

n

 

 

 

�

 

 40) of the F1 plants were found to be re-
sistant to hygromycin. The progeny of resistant plants
showed a segregation for the mutant phenotype.

It is clear from these experiments that the 

 

Ds

 

(HYG) trans-
poson is linked tightly to the mutation. Furthermore, the 

 

bou

 

phenotype results from a recessive monogenic trait that is
associated with the 

 

Ds

 

(HYG) transposon and is most likely
caused by the transposon. Heterozygous plants, which
carry an active transposase gene, were screened for the
loss of the mutant phenotype. An average of 2% of the mu-
tant plants showed a sectored phenotype in which wild-type
leaf tissue developed on a mutant background (Figure 1B).
Six of the mutants showed a reversion phenotype that en-
compassed the floral meristem, giving rise to a revertant flo-
ral branch. The progeny of the revertant branches segre-
gated for wild-type plants. This finding shows that the
phenotypic reversion is transmissible genetically and is not
merely a phenotypic variation. This behavior is typical of a
transposon-caused mutation.

 

Cloning of 

 

BOU

 

A 200-bp genomic DNA fragment flanking the 

 

Ds

 

(HYG)
transposon was obtained by inverse PCR. Its sequence al-
lowed the identification of a putative Arabidopsis gene in the
database that is part of the BAC clone MZA15 mapped on
Arabidopsis chromosome V. DNA gel blot hybridization
showed that 

 

BOU

 

 gene organization was disrupted in plants
carrying the 

 

bou

 

 mutation. Heterozygous plants showed
both a wild-type copy and an altered version of the gene
(Figure 4A). The presence of the transposon within the 

 

BOU

 

gene was confirmed by PCR (data not shown). Total RNA
probed with the 

 

BOU

 

 cDNA identified a transcript of 

 

�

 

1.2
kb in the wild-type sample that was undetectable in RNA
extracted from mutant plants (Figure 4B). It is likely that the

 

bou

 

 phenotype is caused by the insertion of 

 

Ds

 

(HYG), which
interrupts the transcription of the 

 

BOU

 

 gene.

Figure 2. Root Sensitivity to 2,4-DB.

(A) Root elongation of plants (n � 10) grown on ATG medium con-
taining a range of concentrations of 2,4-DB.
(B) Root elongation of plants (n � 10) grown on ATG medium con-
taining a range of concentrations of the active compound 2,4-D.
Plants were grown for 1 week on a vertically orientated plate before
root length measurement. Root length is expressed as a percentage
of the length of wild-type and bou roots grown in the absence of
2,4-DB and 2,4-D, respectively. bou, mutant plants; WT, wild-type
plants. Bars represent the standard deviation.

 

Table 1.

 

Lipid Content in Mutant and Wild-Type Seeds

Sample Total Lipids TAG 

Wild type 5.5 

 

�

 

 0.9 5.0 

 

�

 

 0.7

 

bou (sugar grown) 4.2 � 0.7 3.95 � 0.3
bou (soil grown) 2.6 � 0.8 2.3 � 0.6

The total lipid content and the purified TAG were quantified in wild-
type seeds and two types of mutant seeds. bou (sugar grown) refers
to seeds from a mutant plant grown on medium supplemented with
1% Suc. Compared with bou (soil grown), the lipid content (total or
TAG) in the sugar-grown sample was not significantly different from
that in the wild-type sample.
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The sequence of the mutated bou gene showed an 8-bp
footprint at the Ds(HYG) insertion site, as expected from a
Ds family transposable element (Figure 4C, sequence b). We
determined the BOU sequences of 10 revertant plants of
wild-type phenotype that were obtained either from rever-
tant branches (as described above) or from the progeny of
mutants in which revertants occur at low frequency. In all
cases, Ds was not found. The sequences of four indepen-
dent revertants showed a wild-type DNA sequence at the
point of insertion. The sequences of six other independent
revertants showed a footprint of 3 to 6 bp at the insertion site,
restoring the open reading frame (Figure 4C, sequences c to h).

The footprint did not seem to be a remnant of the 8-bp
duplication created upon the insertion of the transposon;
rather, it appeared to be a rearrangement of the DNA upon
transposon excision. A similar effect has been observed in
Arabidopsis and tomato (Keddie et al., 1996; Carol et al.,
1999). It seems that a strong bias for amino acids compati-
ble with an active gene product would select for DNA repair
at the insertion site, creating acceptable codons for biologi-
cal activity.

In addition, we obtained a new mutant allele in which the
Ds upon excision left a footprint causing the disruption of
the reading frame (Figure 4C, sequence i). The unstable mu-

tant phenotype we observed, and the restoration of the
gene sequence in revertant alleles, confirmed that the bou
mutation is caused by the Ds(HYG) element.

BOU Gene Expression

We investigated the expression of the BOU gene during the
germination of Arabidopsis seedlings (Figure 5). For the first
12 to 24 h, which corresponds to germination itself, BOU
mRNA was barely detectable. Germination ended with the
protrusion of the radicle after 24 h. BOU mRNA accumu-
lated to a high level after 36 h (Figure 5A) and remained so
for up to 2 more days. The signal decreased thereafter (Fig-
ure 5B).

In adult plants, BOU was expressed more highly in leaves
and flowers and developing fruits (siliques) than in roots and
maturing siliques (Figure 5C). The expression profile of BOU
mRNA with higher levels in green (photosynthetic) tissues,
which are known for light-regulated gene expression, sug-
gested that BOU mRNA level could be modulated by light. A
strong BOU mRNA signal was detected in light-grown seed-
lings, whereas dark-grown seedlings showed much less
BOU mRNA (Figure 5D). When dark-grown seedlings were
placed in light growth conditions, a rapid increase in BOU
mRNA was detected (Figure 5E).

Light Modulates the bou Phenotype

These results indicate that BOU has a light-regulated func-
tion that is important after the seed has germinated. To as-
sess the importance of BOU in the absence of light, when its
expression is low, bou seedlings were germinated in the
dark for 4 days before being transferred to the light. Dark-
treated seedlings did not show the usual arrested pheno-
type after germination (Figure 1D), because the seedlings
became established and autotrophic. The quantification of
the development and establishment of seedlings in various
light and dark growth conditions is shown in Figure 6.

In long-day conditions (Figure 6A), seedlings showed the
arrested phenotype. A few seedlings (8%; Figure 6B) be-
came established when germinated for 24 h in the dark.
Lengthening of the dark period increased the percentage of
established seedlings (Figure 6C). Up to 80% of the seed-
lings developed and became established when seeds were
germinated for 48 h in the dark (Figure 6D). Fewer seedlings
(66%) became established if a 24-h light period was applied
during the first day of germination (Figure 6E). A short-day
light regime during and after germination allowed the estab-
lishment of approximately half of the seedlings (Figure 6F).
In conclusion, the presence or absence of light during and
just after germination modulated the bou phenotype. There-
fore, it seems that BOU function, which is vital for the estab-
lishment of seedlings in the light, is not necessary for seed-
ling establishment in the dark.

Figure 3. Lipid Degradation and Polar Lipid Accumulation during
Early Arabidopsis Seedling Development.

Storage lipids (TAG) and polar lipids were measured each day dur-
ing seed germination. The arrows indicate the apparent completion
of germination (protrusion of the radicle from the seed coat). The
germination of bou was delayed by 1 day compared with that of the
wild type (WT). Seeds were germinated in vitro on ATG medium
(without sugar). 0, dry seeds; 0�, seeds allowed to imbibe overnight
at 4�C before germination; 1 to 5, days of culture at 24�C in the light.
Bars indicate the standard deviation from an average of three exper-
iments (n � 10). Polar lipids were measured from a pool of 20 seed-
lings.
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BOU Shows Similarity to CAC

The sequence flanking the Ds(HYG) insertion in bou corre-
sponded to that of the DIF-like gene, which was identified
by computer analysis of the chromosome V clone MZA15.
We identified an EST cDNA that allowed us to identify a
coding sequence and the intron-exon locations within the
gene. The BOU coding sequence encompasses 2 kb of ge-

nomic DNA comprising three exons and two introns (Figure
7A). The cDNA contains an open reading frame of 300
amino acids, starting with a Met in a plant translation initia-
tion consensus (Figure 7B). Database searches revealed ho-
mology with mitochondrial transmembrane carrier proteins
of the CAC protein family from mammals, the DIF protein
from C. elegans, and the COLT protein from Drosophila.
This similarity extends to the yeast CRC1 acetylcarnitine
carrier protein and other fungi CAC-like proteins.

The comparison of BOU with the human acylcarnitine car-
rier and the yeast acetylcarnitine carrier proteins, whose
functions are known, revealed similar features (Figure 7C).
The CAC-like proteins have six transmembrane domains
(TM). Comparing the predicted TM relative spacing of CAC
and BOU, we found that five of six TM are colinear, but TM4
is predicted to be at a different position in BOU. The pre-
dicted relocation of TM4 corresponds to an amino acid in-
sertion sequence unique to BOU that is not found in other
CAC-related proteins.

Location of BOU

BOU was detected in wild-type Arabidopsis as a 28-kD pro-
tein that was not found in bou mutant plants (Figure 8A). Af-
ter germination, BOU was detected in 2-day-old seedlings
(Figure 8C) and was present at high levels in light-grown
seedlings (Figure 8D). Immunodetection of BOU in Arabi-
dopsis organelles isolated from leaves showed a strong sig-
nal in mitochondria-containing fractions. No signal was
found in peroxisomes or chloroplasts (Figures 8E and 8F).
Furthermore, BOU was detected in purified mitochondrial
membranes from cultured Arabidopsis cells (Figure 8G). A
BOU-related protein of 30 kD also was immunodetected in
the mitochondrial fraction purified from rapeseed seedlings
(data not shown). Therefore, the cellular location of BOU is
likely to be the mitochondrial membrane.

DISCUSSION

bou and Peroxisome Function

The primary phenotype associated with bou was the inabil-
ity to proceed from embryonic to juvenile autotrophic
growth. This phenotype is similar to that of ped mutant
plants, which are defective in glyoxysomal thiolase activity
and are unable to produce acetate through the �-oxidation
of fatty acids. In Arabidopsis, up to 5 �g of TAG was stored
in the seed. Quantification of TAG throughout seedling
development showed that TAG remained for 24 h, when
germination occurred, before being degraded completely
during the subsequent 2 days. We conclude that lipid
degradation is not used for germination per se. It is likely
that the energy and molecules generated by lipid degrada-

Figure 4. Molecular Analysis of the bou Mutation.

(A) DNA gel blot analysis of the bou mutation. DNA extracted from
wild-type (WT) and heterozygous (het) hygromycin-resistant lines
was digested with EcoRI, transferred to a nitrocellulose membrane,
and probed with the BOU cDNA. Two extra genomic DNA fragments
were revealed (arrows) in the heterozygote samples. M, molecular
mass markers.
(B) RNA gel blot showing a BOU transcript in wild-type seedlings
(arrow) that was absent from the mutant sample. RNA extracted
from 2-week-old seedlings was probed with the BOU cDNA. Hybrid-
ization to the 25S rRNA was used as a loading control.
(C) Sequence analysis of the transposon insertion. The nucleotides
and the deduced amino acids that differed from the wild-type se-
quence are shown in boldface.
(a) Relevant sequence of the BOU gene.
(b) Sequence of the insertion allele.
(c) to (h) Sequences of six revertant alleles.
(i) Sequence of a stable mutant with an insertion resulting in frame-
shifting and a truncated reading frame.
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tion are used at the postgerminative stage, when the seed-
ling embryonic structure develops photosynthetic tissues,
leading to an autotrophic plant.

bou mutant seedlings displayed an arrested growth phe-
notype whether the seeds had a normal complement of
storage lipids (the progeny of mutant plants grown on sugar)

or half of the wild-type lipid content (the progeny of a soil-
grown mutant plant). The mutant phenotype also was ob-
served in the progeny of heterozygous plants. We found that
bou mutants could degrade storage lipids. This was con-
firmed by the biological assay for �-oxidation activity in ger-
minating seedlings, in which mutant seedlings behaved sim-
ilarly to wild-type seedlings. This result clearly shows that
the glyoxysomal �-oxidation of fatty acid is functional in the
mutant.

Mutant plants that remained arrested for a few days were
able to resume development when moved to sugar-contain-
ing medium. Sugar was needed until the first leaves ap-
peared. Thereafter, mutant plants could sustain autotrophic
growth. From these observations, we conclude that the de-
fect in bou mutants affects neither germination nor storage
lipid degradation. Most likely, the bou mutation prevents
postgerminative plant development or the use of storage
compound degradation products. The germination of mu-
tant seedlings in the dark alleviated the developmental
block. This light-dependent phenotype suggests that BOU

Figure 5. RNA Gel Blot Analysis of BOU Expression.

(A) Detection of BOU mRNA during seed germination from 12 to
48 h.
(B) Detection of BOU mRNA after germination in seedlings grown in
the light for 2 to 5 days.
(C) Detection of BOU mRNA in Arabidopsis organs. R, roots; L,
leaves; C, 3-day-old cotyledons; FB, flower buds; F, flowers; S, si-
liques; S1, immature developing siliques (up to 7 days after fertiliza-
tion); S2, developing siliques (1 to 2 weeks after fertilization); S3,
maturing siliques (2 to 3 weeks after fertilization).
(D) Detection of BOU mRNA in light-grown seedlings. 3L, 3 days in
the light; 3D, 3 days in the dark; 2D1L, 2 days in the dark followed by
1 day in the light; 2L1D, 2 days in the light followed by 1 day in the
dark.
(E) Effect of light treatment (0, 3, or 6 h) on BOU RNA accumulation
in 3-day-old dark-grown seedlings. The CAB gene was used as a
control for light-induced gene expression.
In all experiments, the loading control was the 25S rRNA hybridiza-
tion signal.

Figure 6. Scheme of the Light-Dependent bou Phenotype.

Before growth, bou seeds that had imbibed were germinated for 2
days in the light or in the dark for various time periods. The time
scale represents the germination of bou seedlings, starting at 0 h.
Germinated seedlings were grown for 15 days, and the phenotype
was scored as arrested if the seedlings had not developed and as
established if the seedlings had developed roots and leaves. At left
([A] to [F]), the light periods (L) are shown with open boxes, and the
dark periods (D) are shown with black boxes. At right, for each light
regime, the percentage of seedlings that were arrested (black) is
compared with the percentage of established seedlings (gray). Re-
sults shown are averages of two independent experiments with 100
seeds each. A control sample of wild-type seeds always showed
normal development (100% established) in all of the described con-
ditions.
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Figure 7. The BOU Gene and Its Coding Sequence.

(A) Structure of the BOU gene. Exons are represented as boxes, and introns are represented as a line. The relative position of the Ds transposon
is indicated. Bar � 100 bp.
(B) Nucleotide and amino acid sequences of BOU cDNA. The arrowheads indicate the positions of the introns in the gene. The triangle indicates
the insertion point of the Ds transposon. The 8-bp sequence duplicated upon Ds insertion is underlined.
(C) Comparison of the BOU protein with CAC-like proteins. CAC-Hs, CAC from human; CRC1-Sc, acetylcarnitine carrier CRC-1 from S. cerevi-
siae. Identical amino acids are shaded in black, and similar amino acids are shaded in gray. Putative transmembrane domains (TM1 to TM6) are
underlined. The sequences were aligned using the Genetics Computer Group computer package version 8.1 (Madison, WI). The transmembrane
domains were predicted using TMpred (Hofmann and Stoffel, 1993) (http://www.ch.embnet.org/).
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performs a function that is necessary only in the light, and
another different pathway is sufficient for development in
the dark.

BOU Expression

We detected more BOU mRNA and its protein product in
light growth conditions, suggesting that dark development
does not require a high level of BOU expression. An expla-
nation for this finding might be that BOU is part of a meta-
bolic pathway that is associated with photomorphogenesis.
In light conditions, in which chloroplasts differentiate, BOU
would be needed. In dark conditions, in which chloroplasts
do not differentiate, BOU would be downregulated. This is
consistent with the low level of BOU mRNA detected in
roots, which are nonphotosynthetic.

During seedling development, when storage lipids sustain
cell growth and differentiation, embryonic cotyledons un-
dergo a metabolic transition from storage degradation to
photosynthetic tissue. BOU expression was light induced in
these developing seedlings. Later, after 4 days, when coty-
ledons became senescent, there was a decrease of BOU
expression. BOU was detected again in newly formed pho-
tosynthetic leaves. Although BOU mRNA was detected first
after 36 h and reached a maximum after 2 days of growth,
BOU protein was detected after 2 days and reached a max-
imum at 3 days of growth. It is possible that a translational
mechanism regulates BOU production.

The accumulation of BOU in the wild type coincided with
the stage at which the bou phenotype was first detected in
the mutant (i.e., after germination). BOU gene expression
also was correlated with the light-dependent phenotype of
the mutant. The bou phenotype appeared in the light growth
conditions that corresponded to the highest BOU accumu-
lation in the wild type. In the dark, when BOU was ex-
pressed at a low level, the function was not necessary for
seedling growth, because the mutants were able to develop.

Putative Transport Function of BOU

The amino acid similarity between BOU, mammalian CAC,
and yeast CAC-like protein suggests that they are members
of the same protein family. The presence of transmembrane
domains at the same positions in both BOU and CAC sug-
gests similar secondary and tertiary structures. The demon-
strated function of CAC in mammals is the translocation of
acylcarnitine (fatty acid esterified to carnitine) molecules
across the membrane of mitochondria, in which the fatty
acid moiety is degraded to provide energy through the
mechanism of �-oxidation (Indiveri et al., 1998). In yeast, the
CAC-like protein CRC-1, which is located in the mitochon-
drial membrane, is responsible for the transport of acetyl-
carnitine (acetate esterified to carnitine), which is produced

Figure 8. Immunodetection of BOU, a Mitochondrial Protein.

(A) to (D) Immunodetection of BOU in total plant protein extracts. M,
molecular mass markers.
(A) Immunodetection of BOU in wild-type (WT) and mutant (bou)
protein extracts.
(B) Coomassie blue staining of the samples.
(C) Immunodetection of BOU during seed germination, from 1 to 4
days of seedling development.
(D) Immunodetection of BOU in light-grown (L) and dark-grown (D)
3-day-old seedlings.
(E) and (F) Immunodetection of BOU in Arabidopsis organelles.
(E) Comparison of total (T) proteins and mitochondrial (M) and per-
oxisome (P) fractions from leaf tissue of 3-week-old Arabidopsis.
NAD9 was used as a mitochondria-specific control, and PMP22 was
used as a peroxisome-specific control.
(F) Immunodetection of BOU in purified mitochondrial membrane
(MM) and total proteins (T) from Arabidopsis cells.
(G) Comparison of total proteins (T) and chloroplast fraction (C) from
leaf tissue of 3-week-old Arabidopsis. The detection of RPL4 chloro-
plast protein was used as a control.
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by the degradation of fatty acid in the peroxisomes. It is
transported to the mitochondria to feed into the tricarboxylic
acid pathway (Palmieri et al., 1999; van Roermund et al.,
1999).

The transport function of BOU remains to be assessed.
Plant cells do contain carnitine (for review, see Wood et al.,
1992). The carnitine-dependent transport of fatty acid mole-
cules into pea mitochondria has been reported (Wood et al.,
1984; Thomas et al., 1988), and acetylcarnitine transferase
activity has been purified from pumpkin mitochondria
(Schwadbedissen-Gerbling and Gerhardt, 1995). However,
the presence of acetylcarnitine has yet to be correlated with
Arabidopsis postgerminative growth and glyoxysomal fatty
acid �-oxidation.

Hypothesizing an Alternative to the Glyoxylate Cycle
in Plants

In plants, acetate (in the form of acetyl-CoA) that is pro-
duced through fatty acid degradation enters the glyoxylate
cycle, providing the mitochondria with succinate. This path-
way has several functions: to produce NADH for energy, to
compensate for the constant loss of organic molecules en-
tering various biochemical pathways (which is the anaple-
rotic role of the glyoxylate cycle), and to produce sugar mol-
ecules through the conversion of succinate to malate and
then oxaloacetate after export to the cytoplasm.

Surprisingly, it has been shown that Arabidopsis icl mu-
tants, which are defective for the ICL gene coding for the
enzyme ICL from the glyoxylate cycle, are able to germinate
and develop into autotrophic photosynthetic plants in the
light (Eastmond et al., 2000). Therefore, the glyoxylate cycle
is dispensable for seedling establishment, and another
pathway must compensate. However, in dark-grown plants,
the glyoxylate pathway is important and is not compensated
for, because icl mutants fail to develop properly when ger-
minated in the dark.

This is similar to the metabolism of yeast, in which fatty
acid �-oxidation produces acetate that is exported to the
mitochondria either as succinate via the glyoxylate cycle or
directly as acetylcarnitine by CRC-1 CAC-like protein. In
yeast, these two pathways are redundant, because a muta-
tion in either of them does not prevent growth on oleate fatty
acid, but when both pathways are inactivated, yeast mu-
tants fail to grow on oleate fatty acid (van Roermund et al.,
1999).

The possible occurrence of an acetylcarnitine pathway in
Arabidopsis has been speculated (Eastmond and Graham,
2001). Based on the amino acid sequence and protein local-
ization similarity between BOU and the CAC-like protein, it
can be speculated that in the light, plant mitochondria could
use BOU transport function as an alternative or a comple-
ment to the well-known succinate-producing glyoxylate cy-
cle. In dark growth conditions, and in the root, BOU is ex-
pressed at a low level. Furthermore, bou mutants can be

rescued when grown in the dark, a condition in which the
glyoxylate cycle is functional and important. The glyoxylate
cycle or other pathways may compensate for bou in dark-
grown seedlings.

In addition to its role during seedling development, BOU
also is required during the entire plant life cycle. Adult bou
plants are shorter and paler green than wild-type plants, and
they accumulate fewer storage fatty acids. It can be specu-
lated that the BOU transport function is not involved directly
in lipid biosynthesis, because it has been shown that the pool
of acetate is not a primary source of carbon for lipid biosyn-
thesis in leaves (Bao et al., 2000). In addition, in leaf mito-
chondria, molecules that might be transported via BOU may
play a role in other mitochondrial functions, especially those
associated with photosynthetic tissue development and met-
abolic functions associated with photosynthesis.

METHODS

Plant Growth Conditions

The Arabidopsis thaliana Landsberg erecta Ds(Hyg)-containing line
has been described previously (Coupland, 1992; Long et al., 1993),
and the T-DNA insertion carrying the Ds(Hyg) transposon was
mapped on chromosome V (Long et al., 1997). Detection of plants
carrying the transposase construct was performed by monitoring the
�-glucuronidase activity associated with 35S::�-glucuronidase (Long
et al., 1993). Antibiotic selection of Ds(Hyg), namely hygromycin re-
sistance and streptomycin resistance (associated with Ds excision
from the T-DNA), was described by Long et al. (1993). The Arabidop-
sis Landsberg erecta line carrying the Activator transposase gene
fused to the 35S promoter of Cauliflower mosaic virus (35S::TPase)
has been described previously (Swinburne et al., 1992).

Plants were grown on standard Murashige and Skoog (1962) me-
dium (Sigma) with or without the addition of 1% Suc before steriliza-
tion. Seeds were surface-sterilized with a mix of commercial bleach
in ethanol (1:3) for 10 min, rinsed once in ethanol, and allowed to dry.
Seeds were allowed to imbibe overnight on Murashige and Skoog
(1962) medium at 4�C before transfer to long-day conditions (16 h of
light) in a growth chamber at 24�C. Typically, germination was com-
pleted 1 day after transfer (Figure 1).

Lipid Analysis

Seeds were boiled for 10 min in 200 �L of water to inactivate any li-
pase activity, and lipids (total extract) were extracted from 10 seeds as
described by Christie (1993). Neutral lipids were separated on a silica
thin layer chromatography plate (Si60; Merck) developed with petro-
leum ether:diethylether:acetic acid (80:20:1, v/v). Lipids were visual-
ized under UV light after spraying with 8-anilinonaphthalene-1-sulfonic
acid (0.2 g in 100 mL of methanol). For fatty acid analysis, lipids were
transesterified using methanol:sulfuric acid (100:2.5, v/v) at 100�C for
2 h. Fatty acid methyl esters were extracted with hexane.

The total fatty acids of seeds were analyzed by gas chromatography.
Thereafter, triacylglycerides (TAG) were computed from the measured



Transposon Tagging of BOU 2171

C20:1 value in a total lipid extract. Because C20:1 is a typical storage
fatty acid found in TAG, it can be used as a marker to determine the
overall content of TAG in Arabidopsis seedlings, because the overall
fatty acid composition of TAG fatty acids does not vary over 4 days after
germination (data not shown). Heneicosanoic acid (C21:0) was used as
an internal standard. Gas chromatography was performed using a cap-
illary column (BPX70; Scientific Glass Engineering, Victoria, Australia).

Cloning of BOU

DNA from plants heterozygous for the bou mutation was cleaved
with BstYI. Inverse PCR was used to isolate DNA flanking the
Ds(Hyg) element according to Long et al. (1993). The primers used to
amplify the Ds flanking sequence described in this study were DL6
and D71 (Long et al., 1993). The PCR product was gel purified and
sequenced.

DNA and RNA Analysis

Isolation of Arabidopsis DNA was performed as described elsewhere
(Sundaresan et al., 1995). The DNA gel blot transfer was probed with
the full-length cDNA radioactively labeled by random priming using
32P-dCTP (Sambrook et al., 1989) and exposed to Kodak MS-1 x-ray
film (Rochester, NY). Plant RNA was extracted from 200 mg of fresh
tissues ground in Eppendorf tubes as described elsewhere (Cowling
et al., 1998), separated by agarose-formaldehyde gel electrophore-
sis, transferred to Optran nitrocellulose membranes (Schleicher &
Schuell), and hybridized to probes radioactively labeled by random
priming using 32P-dCTP (Sambrook et al., 1989).

To isolate DNA from revertants, PCR was performed using the
primers H (5	-TCAAATCTAAAAACAGAGAGG-3	) and C (5	-GAA-
ATGGCGGATGCGTGG-3	) using 10 ng of plant DNA as a template,
followed by 4 min of denaturation at 94�C and 30 cycles of amplifica-
tion (1 min at 94�C, 1 min at 55�C, and 1 min at 72�C). The PCR prod-
uct was purified and sequenced using the PCR sequencing method
with primers M (5	-GCTTGTCCTACCGAGTTG-3	) and N (5	-TTC-
ACGGGCGAATGTAGG-3	).

Immunoblot Analysis

The complete BOU coding sequence was cloned in pQE30 plasmid
(Qiagen, Hilden, Germany) to overproduce a His-tagged BOU protein.
After affinity purification on an agarose-nickel column, the purified
BOU protein was used to immunize a rabbit. This anti-BOU serum
was used to detect the BOU protein in plant protein extracts. Total
protein extracts from plants and from cells were purified according to
Hurkman and Tanaka (1986) and then dissolved in loading buffer.
Purified organelles were resuspended directly in concentrated (two
times) loading buffer. An estimated 60 �g of total proteins and 2 to
10 �g of organellar proteins were used for SDS-PAGE and blotting
onto nylon Immobilon-P membranes (Millipore, Bedford, MA).

After transfer, the filters were blocked in TBS (20 mM Tris-HCl, pH
7.6, and 137 mM NaCl) with 5% nonfat powdered milk, and the pri-
mary antibody was incubated overnight at 4�C in TBS. The filters
were rinsed three times in TBS before incubating with the secondary
antibody anti-rabbit goat IgG-peroxidase (Bio-Rad, Hercules, CA) for

1 h at room temperature. The signal was developed using the en-
hanced chemiluminescence kit (Amersham Pharmacia Biotech).

Isolation of Organelles

Plant peroxisomes and mitochondria were purified from 3-week-old
Arabidopsis plants and from 5-day-old rapeseed (Brassica napus)
grown in the light. A total of 100 g of plant tissue was homoge-
nized in 400 mL of extraction buffer (10 mM Tricine-KOH, pH 7.5, 10
mM KCl, 1 mM MgCl2, 1 mM EDTA, 1 M Suc, 0.3% BSA, 5 mM DTT,
0.1 mM phenylmethylsulfonyl fluoride, and 0.1 mM benzamidine).
Chloroplasts were eliminated by centrifugation at 4000g for 10 min.
Organelles were pelleted for 20 min at 11,000g, resuspended in ex-
traction buffer, and then loaded on top of a multilayer Suc density
gradient (57, 52, 47, 42, and 35% [w/v] Suc in 10 mM EDTA, pH 7.4).
The gradient was centrifuged at 72,000g for 3 h.

Peroxisomes were collected from the top of the 57 and 52% layers
and mitochondria were collected from the top of the 42% layer. The
organelles were fractionated once more using the same gradient and
centrifugation conditions, diluted in extraction buffer, and pelleted
for 2 h at 72,000g. All of the steps were performed at 4�C. A catalase
activity assay (the decrease of H2O2 by absorbance at 240 nm in 0.1 M
phosphate buffer, pH 7, 10% Triton X-100, and 0.01% H2O2) con-
firmed the identification of the peroxisome fraction.

Mitochondria were identified by immunoreaction with anti-NAD9
serum (Lamattina et al., 1993), and peroxisomes were identified with
anti-PMP22 serum (Tugal et al., 1999). Chloroplasts were purified
separately on Percoll gradients and characterized using anti-RPL4
antibody as described by Trifa et al. (1998). Mitochondrial mem-
branes that were purified from Arabidopsis cells were kindly provided
by Jacques Bourguignon from the Laboratoire de Physiologie des
Plantes (Grenoble, France; Bourguignon et al., 1988).

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses. No restrictions or conditions will be placed on the use of any
materials described in this article that would limit their use for non-
commercial research purposes.

Accession Numbers

The GenBank accession numbers for the proteins/genes mentioned
in this article are dbj|ABO16882|gi|3449323| (MZA15), W43756 (clone
H4G5T7), AJ277732 (BOU cDNA), CAB55356 (CAC from H. sapiens),
and AJ250124 (CRC-1 from S. cerevisiae).
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