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Leaf senescence is an organized pro-
cess, which requires fine tuning
between nuclear gene expression, activity
of proteases and the maintenance of pri-
mary metabolism. Recently, we reported
that leaf senescence was accompanied by
an early degradation of the microtubule
cytoskeleton in Arabidopsis thaliana.
As the cytoskeleton is essential for cell
stability, vesicle shuttling and organelle
mobility, it might be asked how the regu-
lation of these cell functions occurs with
such drastic modifications of the cyto-
skeleton. Based on confocal laser micros-
copy observations and a micro-array
analysis, the following addendum shows
that mitochondrial mobility is conserved
until the late stages of leaf senescence
and provides evidences that the actin-
cytoskeleton is maintained longer than
the microtubule network. This conserva-
tion of actin-filaments is discussed with
regards to energy metabolism as well as
calcium signaling during programmed

cell death.

Early Degradation of Microtubules
during Leaf Senescence

Etymologically, senescence means “to
grow old”. However, in plants, leaf senes-
cence can be the result of natural aging as
well as abiotic/biotic stresses. Therefore,
its understanding represents a funda-
mental scientific challenge, notably in
the present conjuncture, when improving
crop yields becomes crucial for feeding
our fast growing population. The primary
function of this complex and organized
process is the retrieval and reallocation of
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valuable nutrients towards other organs of
the plant. In order to make such a pro-
cess possible, an accurate regulation of the
metabolism is needed to readjust fluxes
and to fulfill the energetic demand of the
cell after the loss of photosynthetically
active chloroplasts. However, although
most cells from the senescing leaf are in
an actively remodeling environment, we
recently reported an intriguing event:
the early degradation of the microtubule
(MT) lattice in the epidermis and meso-
phyll cells of Arabidopsis thaliana." This
discovery raised two main questions
(1) what are the molecular mechanisms
responsible for such degradation and in a
longer term (2) how do cells fulfill their
metabolic functions with such a reduced
MT network. To address the first ques-
tion, we primarily assumed that although
MT assembly is energy dependent, the
lack of ATP/GTP was not responsible for
the disorganization of the MT lattice as
we previously showed mitochondria to
provide sufficient ATP to maintain cel-
lular functions until the end of the pro-
cess of senescence.>® Instead, we showed
that disruption of the MT network was
concomitant with the repression of both
genes encoding the tubulin subunits and
genes encoding nine bundling/stabilizing
Microtubule-Associated Proteins MAP65
(MAP65-1 to MAP65-9). Yet, we also
noticed a strong induction of the gene
encoding the severing microtubule-asso-
ciated protein MAP18." MAP18 has been
shown to depolymerize microtubules in
vitro® but its function remains unclear
as a recent study concluded that MAP18

was a plasma membrane associated
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Figure 1. Representative mature rosette leaves undergoing natural senescence. t0 represents

a 7 week-old leaf (control); t25, t50 and t75 represent leaves with 25%, 50% and 75% of their
chlorophyll content degraded, respectively. The mobility of B-ATPase-GFP mitochondria’ was
monitored with a Leica SP2 confocal laser microscope during 40 s in the epidermis of t0 leaf (A)
and t75 leaf (B) and the estimated mitochondrial mobility of t0 and t75 is represented in (C and D),

respectively.

Ca?*-binding protein that strongly inter-
acts with several phosphatidylinositol
phosphates, in a calcium-calmodulin-
dependent manner’ Interestingly, a
strong induction of MAPI18 was simi-
larly observed in individually-darkened
leaves and in leaves from entirely dark-
ened plants. However, while a disruption
of the MT network was observed in the
epidermis and mesophyll cells from leaves
undergoing  dark-induced senescence,
the MT network was rather well con-
served in leaves from entirely darkened
plant.! Therefore, although MAP18/
PCaP2 (as renamed by Kato et al’) is
very likely to be involved in the regula-
tion of cellular functions including stress
response and cytoskeletal reorganization,
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we concluded that its high induction
during leaf senescence was not sufficient
to trigger the complete degradation of
the MT network. We consequently pro-
posed that early degradation of the MT
network during leaf senescence resulted
from a combined repression of the genes
encoding tubulin subunits and bundling/
stabilizing MAPG5 proteins, as well as
induction of the gene encoding the desta-
bilizing protein MAP18. In addition, p60
katanin, a MT severing protein,® and two
of its potential targeting subunits (p80s)
did not seem to be involved in the deg-
radation of the MT network during leaf
senescence and were instead proposed to
contribute to the reorganization of the
MTs: in response to prolonged darkness.!
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Mitochondrial Mobility
is Conserved Until the Latest
Stages of Leaf Senescence

In the light of these new findings and
since the dynamic assembly and disassem-
bly of the MTs is essential for cell stability
and survival, we are currently question-
ing how vesicle trafficking and organelle
mobility, for instance, are achieved in cells
having a drastically reduced MT network.
In an attempt to elucidate this question,
we monitored the mobility of very active
organelles, mitochondria, in epidermis
cells from leaves undergoing natural
senescence. As shown in Figure 1A and
B, the number of mitochondria (GFP-
labeled, Logan et al’) was drastically
reduced towards the late stages of natural
leaf senescence. This is in line with our
previous work, where an important dimi-
nution of the number of mitochondria
was observed in leaves subjected to dark-
induced senescence.” However, although
the MT network was highly altered in
leaves having lost 75% to 85% of their
chlorophyll content,' a distinct motility
of mitochondria could still be observed
(estimated during 40 seconds as shown in
Fig. 1C and D), suggesting a conservation
of cytoplasmic streaming until the last
stage of leaf senescence.

Differential Regulation
of the Cytoskeletal Components

The plant cytoskeleton is made of two
the

and the actin filaments. In plants, the

main components: microtubules
positioning of mitochondria has been
associated with both actin and tubulin
810 However, plant mito-
chondria are thought to move predomi-
nantly on actin filaments, using myosin
as motor proteins.'? This process is often
referred to as cytoplasmic streaming.'
Since we found mitochondrial motility
to be conserved during leaf senescence,
it was hypothesized that genes encoding
different components of the cytoskeleton
could be differentially regulated. Using
publicly available micro-array data per-

cytoskeleton.

formed with leaves undergoing natural
senescence,” the expression values were
extracted for the genes encoding tubu-
lin, kinesin motor-proteins and MAPs for
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Figure 2. Analysis of transcript abundance of genes encoding cytoskeleton-related proteins during natural senescence. Fold changes (from extracted
data') are expressed as the log2 of the ratio between t25 t50 or t75 and t0. 207 genes were hierarchically clustered and 2 subclusters were defined
with genes that were consistently down (red) or up (blue) regulated. The pie diagrams represent the percentage distribution of gene families within
the subclusters of downregulated genes (A), of upregulated genes (C) and within the entire subset of genes covered by this study (B).

microtubules as well as the genes encoding
actin lato sensu, myosin motor-proteins
and actin-binding proteins (profilin, vil-
lin and fimbrin) for actin filaments. These
data were expressed as the log2 of the ratio

cluster of positively regulated genes (2C)
during natural senescence while genes
encoding actin, villin and myosin were
under-represented in the cluster of nega-
tively regulated genes (2A). This clearly
indicates that the actin filaments, their

between 25 t50 or t75 and the expression
value of the gene at t0 (t0 being a 6 week-
old leaf and 25, t50 and t75 being leaves
with a loss of 25%, 50% and 75% of their
chlorophyll content, respectively). Shown
in Figure 2, genes encoding tubulins and
kinesins were under represented in the
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myosin motor-proteins and the villin/
profilin actin-binding proteins are more
prone to stability and upregulation than
their microtubule-related counterparts.
Taken together, these results highlight the

differential regulation of genes encoding

different components of the cytoskeleton
and provide convincing evidence for a
more conserved and active actin-cytoskel-
eton than MT-cytoskeleton during leaf
senescence.

In 2003, Smertenko et al.'® suggested
the F-actin to be crucial for the embry-
onic programmed cell death in the gym-
nosperm Picea abies as actin-filaments
disappeared significantly later than the
MTs. During leaf senescence, a conserved
and functional actin-cytoskeleton would
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be essential to allow a proper metabolic
efficiency of the remaining mitochon-
dria, mainly for maintaining the primary
metabolism until the complete arrest of
metabolic activity prior to cell death.
However, we may also question whether
the

chondria could act as signaling agents

interaction  actin-filaments/mito-

regulating the death of cells notably by
modulating Ca?* concentrations.”
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