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Mini-Review

Mitochondrial reficulation in shoot apical meristem cells of Arabidopsis
provides a mechanism for homogenization of mtDNA prior to gamete
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Plant mitochondria are typically portrayed as being small, oval
organelles. However, a recent study has demonstrated that the
chondriome of shoot apical meristem (SAM) cells of Arabidopsis
thaliana is unique in having two types of mitochondria, a large,
central, tentaculate mitochondrion and variable numbers of small,
oval mitochondria in the cell cortex that fuse with and fission
from the tentaculate mitochondrion.! The tentaculate mitochon-
drion wraps around the nucleus and persists throughout the cell
cycle, undergoing distinct changes in morphology and size in a
cell cycle-dependent manner. Here we demonstrate that SAM cell
plastids, which also contain DNA, do not reticulate, and address
the question as to why SAM cell mitochondria but not plastids
form reticulate structures. We postulate that the presence of a
large, tentaculate mitochondrion in SAM cells provides an efficient
means for homogenizing the mitochondrial DNA and proteins
during vegetative life prior to gamete production, and that this
mitochondrial architecture prevents speciation. The lack of plastid
reticulation in the same cells most likely reflects on the fact that
the individual plastids are much larger than the small mitochondria
and therefore do not need to fuse to achieve efficient intermixing
of their genomes.

Introduction

Mitochondria are highly dynamic organelles that can rapidly
change their form and their distribution in response to changing
cellular energy needs. In plants they have been reported to be oval
or sausage-like organelles capable of undergoing rounds of fusion
and fission.> With some exceptions, the observation of reticular-
type morphologies has been restricted to mitochondrial mutants
or to cells subjected to experimental perturbations.>#1% Although
mitochondria contain their own DNA, mtDNA, and can synthesize
proteins, they are only semi-autonomous organelles, since most of
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their proteins are encoded by nuclear genes and have to be imported
from the cytoplasm.!!

Genetic studies have shown that the mtDNA of flowering plants
has a high frequency of recombination and that the mitochondrial
genome has evolved to become recombinationally active.!>!3 It has
been hypothesized that this recombination involves corresponding
high rates of transient mitochondrial fusion to enable intermixing of
the mitochondrial genomes in each cell. For this reason, Logzu16‘14
has proposed that the population of mitochondria (the chondriome)
of higher plant cells be termed a “discontinuous whole.” However,
whether the actual rates of mitochondrial fusion and fission in plant
cells could account for the recorded rates of mtDNA intermixing has
yet to be tested experimentally.

We have recently shown that in wild type Arabidopsis thaliana
plants most, but not all cells possess small, oval or sausage-shaped
mitochondria. In particular, our microscopical data demonstrated that
shoot apical meristem (SAM) and leaf primordial (LP) meristematic
cells are unique in that they contain a large, “reticulate-type” of
mitochondrial system that allows for the efficient intermixing of
mtDNA! (Fig. 1B). In contrast, all of the other cell types we have
examined—non-dividing, differentiated leaf primordial cells, mature
leaf and stem epidermal cells, root meristematic, embryo, endosperm
and male gametophyte cells—produce typical small mitochondria as
reported in the literature! (Fig. 1A). Similar results have been reported
previously in a morphometric study of curcurbita mitochondria by
Bendich and Gauriloff,? who demonstrated that SAM cells contained
branched mitochondria, whereas hypocotyl, cotyledon and leaf cells
only possessed small, unbranched mitochondria.

The reticulate mitochondrial system of Arabidopsis also undergo
characteristic, cell cycle-dependent changes in morphology during
the cell cycle. During the G, through S phases of the cell cycle, the
reticulate mitochondrion in each cell has a tentaculate morphology
and wraps around one nuclear pole, with the remaining smaller mito-
chondria scattered throughout the cortical cytoplasm. In G,, both
types of mitochondria increase their volume, and as this occurs, the
large tentaculate mitochondrion extends around the nucleus to estab-
lish a second cap-like domain on the opposite site of the nucleus.
This expansion is achieved, in part, by fusion of ~60% of the smaller
mitochondria with the large mitochondrion, whose volume increases
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to ~80% of the total mitochondrial volume. During mitosis, the
large mitochondrion is transformed into a cage-like structure that
first encompasses the mitotic spindle and later the entire cytoki-
netic apparatus. This cage-like mitochondrion then divides during
cytokinesis into two tentacular mitochondria that wrap around the
opposite poles of the daughter nuclei, while simultaneously giving
rise to new, small mitochondria by fission. By early G, phase, the
large, tentaculate mitochondrion contributes ~40% of the mitochon-
drial volume and the small mitochondria ~60%.

The finding that the above mitochondrial cycle has only been
observed in SAM and LP meristem cells has led us to ask two
questions: (1) Why is the mitochondrial cycle limited to the above-
mentioned cell types? (2) Do the DNA-containing plastids also
exhibit a reticulation pattern in SAM and LP meristematic cells?

Why do Vegetative Shoot Apical Meristem Cells possess
Reticulate Mitochondria?

The fact that reticulate mitochondria are found in shoot (SAM)
but not in root apical meristem cells suggests that a reticulate
mitochondrial system is not essential to accomplish cell division
in plants. This leads us to ask what features distinguish SAM from
root apical meristem cells and from the non-dividing cell types that
contain small, oval or sausage-shaped mitochondria? The func-
tion of SAM cells is to produce the aerial parts of plants, including
leaves and flowers. Interestingly, with the exception of the young LP
meristematic cells, all of the cell types generated by SAM cells such as
differentiated leaf and floral organ cells, possess small, conventional
mitochondria. Thus, it appears that the capability to form reticulate
mitochondria is specific to vegetative SAM, and is progressively lost
as the derived meristematic cells become physically displaced from
the vegetative SAM region and adopt their primary function. This
loss even seems to occur during the vegetative-to-floral meristem
transition, given its absence in flower cells.

Considering this temporal and spatial confinement of cell
types with reticulated mitochondria,! we conceive mitochondrial
reticulation as a mechanism to allow for an efficient homogeniza-
tion of the mitochondrial content, including mitochondrial DNA
(mtDNA) and mtDNA products, during the vegetative growth
of the SAM. It can be argued that other mechanisms, such as the
elevated frequencies of transient fusion and fission reported for
small, oval mitochondria in other cell types,'> could also account for
the elevated rate of recombination that defines the plant mtDNA.'?
However, this mechanism does not guarantee an equal distribution
of the mtDNA after fission.!> We rather believe that the permanent
presence of a significantly larger, common space may expedite the
process of nucleoid encounter and thus make recombination more
efficient. Furthermore, not only mtDNA recombination can be posi-
tively affected by the presence of a permanent, large mitochondrion
to fuse with and to divide from. This larger space has the potential
to act as a pool of mitochondrial components that small, individual
units may use to homogenize their protein content, prevent the
accumulation of undesired mutations, and minimize the chances of
containing no mtDNA. Additionally, it is also a means to ensure an
equal partitioning of the chondriome between daughter cells during
cytokinesis.

The presence of this improved mechanism for homogenization
of mitochondrial distribution and contents appears essential in
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Figure 1. Diagram illustrating the tissues and the stages of the life cycle of
Arabidopsis plants in which small, oval and network-type mitochondria are
observed. (A) shows a 3D reconstruction of a stem epidermal cell in which
the small, round/ovaltype of mitochondria are randomly distributed (green
structures). (B) illustrates a SAM cell during prometaphase. The chondriome
consists of a mixture of a few individual, oval or sausage-ike mitochon-
dria (green), and a massive, cage-ike mitochondrion (light blue) that
wraps around the dismantling nucleus (n, purple). (C) represents a typical
Arabidopsis life cycle, where the spatial and temporal confinement of the
tentaculate/cage-like mitochondrion is represented by coloring vegetative
SAM regions in light blue. Bars in (A and B): 2 um.

SAM meristematic cells of Arabidopsis and most likely other plants,
because these cells give rise to the floral meristem (Fig. 1C), the germ
lines, and ultimately—and most importantly—the female gametes.
In Arabidopsis and many other species, the female gametes are
responsible for the exclusive transmission of all of their chondriome
to the newly formed zygote and thus to the new generations.'®17
In this context, the presence of such a homogenizing mechanism in
SAM cells is critically important for preserving the stability of the
mitochondrial traits that have to be passed on to future gametes and
embryos, i.e., to prevent speciation.

Thus, our hypothesis (Fig. 1C) postulates that mitochondrial
reticulation starts as soon as the embryo germinates and produces a
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Figure 2. Cell cycle-dependent changes in distribution and morphology of
SAM cell plastids in Arabidopsis. (A-F) show 3D reconstructions of all of the
plastids in six different SAM cells at representative stages of the cell cycle.
Note that the plastids maintain their sausage-like morphology throughout
the cell cycle and that they do not form reticulate structures. Arrows point
to stromule-like connections between plastids. As seen in (G and H), these
narrow bridging structures have highly variable lengths, contain stroma
materials, but are devoid of thylakoids. (H and H”) are three consecutive
serial sections extracted from a whole-cell 3D reconstruction of a SAM cell.
Bars in (A-F): 2 um, (G and H): 500 nm.

SAM in the seedling, and that this feature of SAM cells is maintained
through the multiple rounds of SAM cell divisions. However, once a
cell lineage develops into an aerial organ, this mitochondrial feature
is no longer needed and disappears progressively. This process also
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applies to floral organs. During the vegetative to floral meristem
transition, reticulation might be retained, but at the latest would
disappear when the floral organs are formed, since comparatively
few rounds of division are needed to generate the gametophytes
and subsequently the gametes. Finally, after meiosis and microspore
compartmentalization, the developmental need for a mechanism
for generating a homogeneous mtDNA pool to be transmitted to
gametes would no longer be needed. Thus, during gamete, embryo
and seed development, this characteristic mitochondrial feature
would be silenced and would only be reactivated during germina-
tion of the new seedling when a new SAM is formed and vegetative
development starts.

At the molecular level, the different mitochondrial morphologies
in vegetative, reproductive and embryo tissues might be governed
by different sets of tissue-specific machineries for mitochondrial
fusion and fission. In plants, there are many examples of alternative
tissue or organ-specific protein expression patterns. For example, in
Arabidopsis there are eight actin isovariants, five reproductive and
eight vegetative,'8 that perform specific functions in each type of
tissue. Since actin is also involved in mitochondrial motility and
shape,'%2 it is tempting to speculate that one set of actin and actin-
related protein isoforms might help maintain the reticulated type of
mitochondria in SAM cells during vegetative development. On the
other hand, a different set would serve to allow for the maintenance
of a homogeneous population of small, oval mitochondria in the
rest of vegetative tissues as well as in the reproductive and embryo
tissues.

In SAM Cells of Arabidopsis, the Plastids, Unlike the
Mitochondria, do not Undergo Reticulation during the Cell
Cycle

To shed light on the question whether the DNA-containing
plastids (chloroplasts) also exhibit a reticulation pattern in SAM
cells, we have modeled and analyzed the 3D structure of plastids in
fully reconstructed Arabidopsis SAM cells at different stages of the
cell cycle. The set of cells employed for this analysis was the same
as used previously for the analysis of the 3D structure, number and
distribution of other organelles and cellular compartments, including
mitochondria, nuclei, Golgi stacks, vacuoles, and multivesicular
bodies,!?! thereby providing a reliable system for correlating the cell
cycle-dependent changes of the plastids with those of other cellular
organelles. In Figure 2A-F the plastids are seen to maintain the
same oval/lenticular morphology and the same random distribution
as leaf cell chloroplasts?? throughout the cell cycle. At all cell cycle
stages, plastids interconnected through thin, tubular structures of
variable length were also detected. As documented in Figure 2G and
H these thin tubular connections contained stroma material but no
thylakoids. Thus, we postulate that they correspond to transient,
stromule-type links.?> What did change during the cell cycle was the
number of plastids per cell, with the late telophase, G, and S stage
cells containing from 9-12 plastids, and the G, and prometaphase
cells we reconstructed possessing 23-25 plastids. This indicates that
in SAM cells the doubling of plastid numbers occurs during G, e,
at the same time as the doubling of the number of Golgi stacks?! and
the doubling of mitochondrial volume! is observed. However, at no
stage of the cell cycle did we detect any large-scale fusion of plastids
into reticulate structures. During cell division (Fig. 2D and F) the
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plastids appeared to be partitioned in similar numbers between the
daughter cells.

Why do Mitochondria but not Plastids of Arabidopsis SAM
Cells Reticulate?

Two of the principal architectural differences between SAM cell
mitochondria and chloroplasts are their size and their numbers.
In interphase cells, the mitochondria contribute ~10% of the cell
volume,! whereas the volume contribution of plastids is closer to
20%. Since the number of plastids is also smaller than the total
number of mitochondria, the average plastid is much larger in
volume and contains a greater number of copies of plastid DNA.
Thus, one explanation for the absence of plastid reticulation is that
the individual plastids are large enough to permit efficient intermixing
of chloroplast DNA and therefore no reticulation of the plastids is
needed. To what extent the plastids fuse and fission in SAM cells is
unknown. However, since the chloroplast DNA always seems to be
anchored to thylakoids, and stromules do not contain any thylakoids,
it is unlikely that significant amounts of DNA intermixing occurs via
stromule-type bridges.?* In conclusion, we postulate that organelle
size might explain why mitochondria but not plastids form reticulate
structures in SAM cells.
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