z
/|
~ |

Frequent fusion and fission of plant mitochondria
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The balance between mitochondrial fusion and fission influ-
ences the reticular shape of mitochondria in yeasts. Little is
known about whether mitochondria fusion occurs in plants.
Plant mitochondria are usually more numerous and more grain-
shaped than animal mitochondria. BLAST searches of the nuclear
and mitochondrial genome sequences of Arabidopsis thaliana
did not find any obvious homologue of mitochondrial fusion
genes found in animals and yeasts. To determine whether
mitochondrial fusion actually occurs in plants, we labeled
mitochondria in onion epidermal cells with a mitochondria-
targeted, photoconvertible fluorescent protein Kaede and then
altered the fluorescence of some of the mitochondria within a
cell from green to red. Frequent and transient fusion of red and
green mitochondria was demonstrated by the appearance of
yellow mitochondria that subsequently redivided. We also show
that mitochondrial fission occasionally occurs without an equal
distribution of the nucleoid (DNA-protein complex in mitochon-
dria), resulting in the coexistence of mitochondria containing
various amounts of DNA within a single cell. The heterogeneity
of DNA contents in mitochondria may be overcome by the
frequent and transient fusion of mitochondria.

n animals and yeasts, mitochondrial morphology varies

dynamically as a result of the balance between mitochondrial
fusion and fission (1-4). Several genes relating to mitochon-
drial fission and fusion have been found, especially in yeast
(3-8). However, in Arabidopsis thaliana, no fusion-related
genes have been found in either the nuclear or mitochondrial
genomes, although a few fission-related genes have been found
by BLAST searches (9, 10). At present, only indirect evidence of
plant mitochondrial fusion has been reported. Mitochondrial
fusion was suggested by the appearance of novel restriction
patterns in mtDNA as a result of recombination between the
mitochondrial genomes of fused protoplasts (11).

The mitochondrial genomes of higher plants are larger and
more complex than those of other organisms. The genomes
consist of multiple molecules with many repeated sequences
that are characterized by active homologous recombination
(12, 13). Plant mitochondria occasionally have less DNA than
expected based on their whole genome size (14-17). It has
been proposed that mitochondrial fusion in higher plants
compensates for this shortage of DNA (18).

In this study, to obtain direct evidence of mitochondrial
fusion in higher plants, we used a photoconvertible fluorescent
protein, Kaede. Kaede (the Japanese word for maple tree) is
a recently isolated fluorescent protein from a stony coral,
whose emission color can be irreversibly changed from green
to red by exposure to 350- to 400-nm wavelength light (19, 20).
By using Kaede with a mitochondrial presequence, the mito-
chondria in a single cell were labeled with green fluorescence
and then part of them were photoconverted to red fluores-
cence. Consequently, frequent mitochondrial fusion between
the red and green mitochondria was detected by the appear-
ance of yellow mitochondria. This report of Kaede being used
to understand a biological problem is previously uninvesti-
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gated. We also show that mitochondrial DNA is unevenly
distributed during mitochondrial division in living cells.

Materials and Methods

Plasmid Construction. The coding region of Kaede was subcloned
from the plasmid pKaede (Amalgaam, Tokyo) into the general
plant expression vector with the CaMV35S promoter and the
NOS terminator. The N-terminal 36 aa of the Arabidopsis
mitochondrial ATPase & subunit (21) and the N-terminal 98 aa
of rice chloroplast ribosomal protein S9 (22) were subcloned
into the Kaede plasmid as presequence and transit peptides,
respectively. The PTS-1 peroxisome localization signal [C-
terminal SKL sequence (23)] was generated from the Kaede
expression vector by using a QuikChange XL Site-Directed
Mutagenesis Kit (Stratagene). Each of the constructed plas-
mids was checked by sequencing.

Plant Cells. The experiments were conducted with onion epi-
dermal cells and tobacco BY-2 cells. Onion epidermal cells
were chosen for two reasons. First, they constitute a single-
cell-layer organ, in which it is easy to find a few transformed
cells among a large number of untransformed cells. Second,
because they have a large cell volume, it is possible to
selectively expose part of a cell to UV light and to observe
many mitochondria at one time. Tobacco BY-2 cells were
chosen because they stain well with both MitoTracker (Mo-
lecular Probes) and SYBR Green I (Molecular Probes).

Transformation. Plasmid DNA was transiently introduced into
tobacco BY-2 cells and onion epidermal cells on agar plates by
a helium-driven particle accelerator (PDS/1000; Bio-Rad)
with all basic adjustments set according to the manufacturer’s
recommendations. Bombardment parameters were the follow-
ing: 1,100-psi bombardment pressure, 1.6-pum gold particles, a
distance of 12 cm from macrocarrier to samples, and a
decompression vacuum of ~95,000 Pa. The transformation
efficiency varied widely, with the percent of the bombarded
cells that were transformed, varying from 0.1 to 1.0% in each
bombardment. The bombarded onion cells and BY-2 cells were
incubated for ~2 days under dark conditions at 22°C and 27°C,
respectively, and then observed under the microscope.

Microscopic Observations. All pieces of the bombarded samples
were imaged vitally without fixation by using a fluorescence
microscope [Nikon Eclipse-600 with X40 (numerical aperture,
0.75) or X100 (numerical aperture, 1.40) objectives, Nikon]
and a confocal laser scanning microscope system (MicroRa-
diance MR/AG-2, Bio-Rad). BY-2 cells and onion cells were
treated with 500 nM MitoTracker Orange CMTMRos (Mo-
lecular Probes) and 1:1,000 diluted SYBR Green I (Molecular
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Fig. 1.
presequence (Mt-Kaede) in a BY-2 cell. (a) Mitochondria were stained by
MitoTracker. Native Kaede signals appear green. (Scale bar, 10 pum.)
(b) Restricted photoconversion of Mt-Kaede in a BY-2 cell. The area in the
white circle was irradiated with 380- to 420-nm wavelength light. (Scale bar,
10 um.)

Restricted photoconversion of Kaede with a mitochondrial

Probes). The samples were illuminated with an argon ion laser
with 488-nm light for green Kaede and for SYBR Green I and
a green HeNe laser with 543-nm light for red Kaede and for
MitoTracker. Kaede was photoconverted with a Nikon
Eclipse-600 fluorescence microscope with a V-2A filter set
(Nikon). The exposed area was restricted by closing the field
diaphragm lever of the epi-fluorescence attachment of the
Nikon Eclipse-600. Exposure time was 5-10 sec. In onion
epidermal cells, images were obtained by superimposing sev-
eral images on the same position except that the z-axis position
of the focal plane was varied by steps of 5 um for onion or 0.5
pum for BY-2. The colocalization histograms in Fig. 3 were
made by the computer program IMAGE-PRO PLUS (Media
Cybernetics, Silver Spring, MD). All analyses were repeated
more than three times, and representative data are shown. All
images were prepared by using PHOTOSHOP 7.0 (Adobe Systems,
Mountain View, CA).

Results

Photoconversion of Mitochondria-Targeted Kaede. The plant ex-
pression vector consisting of Kaede and a mitochondrial
presequence was introduced into tobacco suspension BY-2
cells. Kaede was confirmed to localize to the mitochondria
(Fig. 1la). Exposure of mitochondria in a restricted portion of
a transformed cell to 380- to 420-nm wavelength light by a
fluorescence microscope turned them to red (Fig. 1b).

Mitochondrial Fusion in Onion Epidermal Cells. Fusion of green and
red mitochondria was demonstrated by the appearance of
yellow mitochondria in bulb epidermal cells of onion (Allium
cepa L.) (Fig. 2 and Movie 1, which is published as supporting
information on the PNAS web site). In each of the observed
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Fig.2. Mitochondrial fusion in onion bulb epidermal cells. (a) Mitochondrial
fusion. (b) Mitochondrial fusion and fission. Time-course observations of red
and green mitochondria. Images were acquired at 3-sec intervals, and repre-
sentative ones are shown. Arrowheads indicate constrictions at the point of
fusion. (Scale bars, 2 um.) See Movie 1.
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16 fusions, a constriction remained at the site of fusion (Fig.
2, arrowheads). The red and green fluorescent labels rapidly
mixed (within 3 sec) to form yellow. In Fig. 2b, the fused
mitochondria then divided, apparently at the constriction site,
and separated.

Frequent Mitochondrial Fusion. The time course of mitochondrial
fusion in an onion epidermal cell is shown in Fig. 3. This cell
is typical in that it has a >10,000-grain mitochondria. The
mitochondrial complement in half of the transformed cell
was photoconverted. At first, many small green and red mito-
chondria moved into each other’s area of the cell. The num-
ber of yellow (fused) mitochondria gradually increased and
the numbers of red and green mitochondria decreased. In
the colocalization histograms, points in the vertical (red)
and horizontal (green) clouds gathered into a thin diagonal
cloud. The transition to a uniform color took between 1 and
2 h. A non-UV-exposed control remained green (Fig. 3b),
ruling out the possibility that the yellow color had arisen from
exposure of some of the green Kaede to normal microscope
illumination. A whole cell exposed to UV (Fig. 3¢) remained
red, which rules out the possibility that the yellow color had
arisen from synthesis of green Kaede that was subsequently
transported into the red mitochondria. When Kaede was
combined with signal peptides for peroxisomes and plastids
and a portion of these organelles were photoconverted, no
transition to a uniform color was observed, even 1 day after the
photoconversion (Fig. 3 d and e). Thus, the fusion of mito-
chondria appeared to be a much more active process than the
fusion of plastids (24) and peroxisomes.

Mitochondrial Nucleoid Distribution During Mitochondrial Fission.
How is the mitochondrial genome properly maintained in the
course of frequent fusion and fission cycles in higher plant
cells? To elucidate the mitochondrial genome distribution
during mitochondrial fission, we observed mitochondria and
the mitochondrial genome simultaneously in living onion
epidermal cells and tobacco suspension cells (BY-2) by stain-
ing the mitochondria with MitoTracker Orange and by staining
the mitochondrial genome with SYBR Green I (Fig. 4a).
Mitochondrial DNAs were detected as green punctate forms
[referred to as nucleoids (25)] in red mitochondria. When the
two stains are viewed simultaneously, the nucleoids appear
yellow (Fig. 4a Center). In some mitochondria (Fig. 4, arrow-
heads) the amount of mitochondrial DNA was below the limit
of detection by SYBR Green I fluorescence, even with longer
staining times (data not shown). The absence of green fluo-
rescence was not a result of the choice of focal plane (Fig. 4b).
Thus, in mitochondria with SYBR Green I nucleoids, the
nucleoids do not always divide equally, resulting in the coex-
istence of mitochondria with unequal amounts of DNA (Fig.
4 ¢ and d and Movies 2—4, which are published in supporting
information on the PNAS web site).

Discussion

Mitochondrial fusion in live onion epidermal cells was directly
observed under the microscope (Figs. 2 and 3). In these cells, the
mitochondrial fused frequently enough to allow the red and
green mitochondria in a cell to reach a uniform color in 1-2 h
(Fig. 3). In the course of this transition, the shape and numbers
of onion mitochondria did not seem to change. Mitochondria in
onion epidermal cells usually didn’t fuse into fewer and larger
spherical mitochondria, but fused only transiently so that their
shape was maintained. This transient mitochondrial fusion re-
sembles the so-called “kiss-and-run’ exocytosis in animal cells,
in which vesicles fuse transiently to the plasma membrane and
are then pinched off without losing their identities (26-29).
Further studies are needed to determine whether this type of
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Fig. 3.  Fusion of organelles in single onion bulb epidermal cells transformed with Kaede fusion proteins. (a) Mitochondria. (b) A non-UV-exposed control
(mitochondria). (c) A whole-UV-exposed control (mitochondria). (d) Peroxisomes. (e) Plastids. A portion of each cell was exposed to UV to photoconvert some
of the organelles to red. High-magnification images are also shown for mitochondria (a) and peroxisomes (d). In mitochondria, Kaede was completely
redistributed within 2 h. Colocalization histograms plot each pixel according to its red intensity (y axis) and green intensity (x axis). Pixels with well colocalized
red and green fluorescence appear as a narrow diagonal line. Scale bars (at the bottom of a-e) indicate 50 um for whole-cell images and 10 um for
high-magnification images.
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Fig. 4. Mitochondria and mitochondrial nucleoids in tobacco suspension
cultured cells (BY-2). (a) Mitochondria stained by MitoTracker (Left) and
mitochondrial nucleoids stained by Sybr Green | (Right). In the merged images
(Center), the nucleoids appear yellow because of the combination of red and
green fluorescence. Arrowheads indicate mitochondria that have no visible
nucleoids. (b) Views of three mitochondria at 0.5-um intervals along the
optical axis. Yellow nucleoids are visible in the lower two mitochondria but

not in the top mitochondria. (c and d) Time series of fission of mitochondria
with nucleoids shown at 10-sec intervals. (Scale bars, 2 um.) Movies 2—-4.
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mitochondrial fusion is specific to nondividing plant cells, such
as onion epidermal cells. In any case, frequent and transient
fusion of mitochondria may make it possible for all the mito-
chondria in a cell to share their internal molecules without
changing their grain shape or ability to move.

The shortage and variation of mitochondrial DNA content in
plants were investigated in the 1980s and early 1990s (14-17) but
have been somewhat neglected in recent years. How the mito-
chondria of higher plants can function properly with reduced (or
variegated) DNA contents was addressed by Lonsdale ez al. (18),
who hypothesized that the mitochondria form a dynamic syncy-
tium in which the mtDNA population of individual cells is
panmictic and in a state of recombinational equilibrium. In
mammals, mitochondria with defective genomes can be com-
plemented by other mitochondria (30, 31). The heterogeneity of
nucleoids in many grain-shaped plant mitochondria may also be
overcome by frequent mitochondrial fusion.
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