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This work studied modifications experienced by root mitochondria during whole plant senescence or
under light deprivation, using Arabidopsis thaliana plants with YFP tagged to mitochondria. During post-
bolting development, root respiratory activity started to decline after aboveground organs (i.e., rosette
leaves) had senesced. This suggests that carbohydrate starvation may induce root senescence. Similarly,
darkening the whole plant induced a decrease in respiration of roots. This was partially due to a decrease
in the number of total mitochondria (YFP-labelled mitochondria) and most probably to a decrease in

ﬁ{g’c‘;rg;ria the quantity of mitochondria with a developed inner membrane potential (AWm, i.e., Mitotracker red-
Root labelled mitochondria). Also, the lower amount of mitochondria with AWm compared to YFP-labelled
Senescence mitochondria at 10d of whole darkened plant, suggests the presence of mitochondria in a “standby state”.

The experiments also suggest that small mitochondria made the main contribution to the respiratory
activity that was lost during root senescence. Sugar supplementation partially restored the respiration
of mitochondria after 10d of whole plant dark treatment. These results suggest that root senescence is
triggered by carbohydrate starvation, with loss of AWm mitochondria and changes in mitochondrial size

Carbohydrate starvation
Respiration
Arabidopsis thaliana

distribution.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The term senescence refers to the functional and struc-
tural deterioration observed in plants during the final stages of
their development [1]. Monocarpic senescence involves different
physiological processes occurring after flowering, including the
remobilization of mineral and organic compounds from senescing
leaves to growing fruit and seeds [1]. Senescence has been exhaus-
tively studied in leaves and fruits but scarcely in other organs such
as roots. Since much of the focus was on leaf senescence, most stud-
ies concentrated on chloroplasts since these organelles are the main
source of carbon and nitrogen remobilized from leaves to other
organs [2,3]. Knowledge about changes in other organelles, and
particularly in mitochondria, is still very limited.

Mitochondria participate in primary metabolism involving
carbon- and nitrogen-containing compounds. The synthesis and
exchange of ATP/ADP, redox compounds and carbon skeletons
constitute the main functions carried out by plant mitochondria
[4-6]. These functions are considered critical for the proper dis-
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mantling of chloroplasts and translocation of nutrients from the
leaves to other organs during senescence [7,8]. The number of
mitochondria (calculated on the basis of cell volume) decreases
during leaf senescence, in either photosynthetic (i.e., mesophyll)
or non- photosynthetic leaf cells (i.e., epidermal cells) [8]. The res-
piratory activity of senescent leaves decreases as a consequence of
a reduction in the amount of mitochondria when the whole plant
is subjected to dark conditions [8]. However, when only one leaf is
darkened and the rest of the plant is kept under light, the specific
activity (nmol O, min~—! mg~! protein) of remaining mitochondria
stays constant [8].

Light deprivation abolishes photosynthesis, leading to a
decrease of carbohydrate levels, which affects mitochondrial
metabolism. The impact of decreased carbohydrate levels on mito-
chondria was studied using different experimental models, such as
roots detached from the plant [9], plant cells in culture [10,11] and
in vitro culture of apical root sections [12].

Some evidences suggest an association between mitochondrial
morphology and carbohydrate starvation; spherical mitochondria
were observed in cultured cells under normal conditions, whereas
“enlarged” mitochondria were predominant under starvation [11].
Zottini and cowokers showed morphological changes in mitochon-
dria of Medicago truncatula during different phases of protoplast
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culture [13]. These cells had giant mitochondria during the initial
stages of senescence. In addition, different mitochondrial fractions
obtained from sections of maize root apexes showed particu-
lar metabolic and structural properties and a reduced amount of
mitochondria with low density when roots were subjected to car-
bohydrate starvation [14].

Alterations in mitochondria were observed during programmed
cell death (PCD) and might be important for the progress of this pro-
cess [15]. However, there are few analysis focusing on the behavior
of plant mitochondria during senescence, and much less in roots.
Several works have studied the relationship between changes in
morpho-functional aspects of mitochondriaand PCD [16-21]. How-
ever, senescence of organs, such as leaves, appears to differ from
PCD in a number of significant ways. Cells in senescing organs
undergo a gradual, orderly disassembly, the cytoplasm does not
“bleb”, and senescence can be reversed in various ways, contrary
to PCD [22].

The main objectives of this work were to study quantitative
and qualitative changes in root mitochondria during developmen-
tal senescence of above-ground organs of plants (mainly the leaves)
and senescence induced by darkness, and to relate these changes
to carbohydrate deprivation.

2. Material and methods
2.1. Plant material and growth conditions

Arabidopsis thaliana (Heyn.) ecotype Col-0, transformed with
the yellow fluorescent protein (YFP) targeted to mitochondria
under control of the 35S promoter (mt-YFP lines, [23]) was used
in all experiments. Plants were grown in a hydroponic system
as described by Norén et al., with modifications [24]. The nutri-
ent solution consisted of 5.0 mM Ca(NO3),, 5.0 mM KNOs3, 2.0 mM
MgSO4, 1.0mM KH,PO,, 20.0 .M FeNaEDTA, 5.0uM H3BOs,
0.9 M MnCl, 0.8 wM ZnCly, 0.3 M CuSO4 and 0.01 .M Na;MoOy,
pH 5.5-6.5 as described by Leggett and Frere [25]. Seeds were sown
in 200 p.L pipette tips sealed at the base and filled with 50% nutri-
ent solution in 0.7% (w/v) agar. Tips were arranged in a closed rack
containing a wet paper towel to keep humidity high. The rack was
placed at 4°C in darkness for 4 days. Then it was transferred to
a growth chamber, with a short-day photoperiod (10 h light/14h
dark) for darkness assays and long days (16 h light/8 h dark) for nat-
ural senescence assays. Irradiance was 120 wmolm~—2s~1 (PPFD)
and day/night temperature was 22/17°C. Seeds were germinated
and kept under these conditions for 10 days. Then pipette tips were
cut offat the base and placed with their bases submerged in nutrient
solution in a plastic container sealed with plastic film for 2 weeks.
Finally, tips were placed in individual pots containing 400 mL of
nutrient solution with air bubbling. Plants were grown for 4 weeks
before starting the darkness incubation assays. Nutrient solution
was replaced every 2 weeks (as the plants grew larger, more than
15-20 leaves, nutrient solution was replaced more frequently).

2.2. Induction of senescence and glucose treatment

For whole plant natural senescence experiments, the stages
of Arabidopsis development were established according to rosette
and inflorescence growth progression. In other experiments, senes-
cence was induced by transferring Arabidopsis plants to continuous
darkness for 5 or 10 d, with control plants maintained under normal
light conditions. Glucose treatment was performed by incubating
plants in nutrient solution with the addition of 0.1 M glucose (+glu),
with control plants without glucose (—glu) added. An antibiotic-
antimycotic mixture consisting of 50 mg/l ampicillin [26] and

250 pg/l amphotericin [9] was applied to prevent microbe prolif-
eration.

2.3. Measurement of root respiration

Whole plant root respiration was measured by placing the root
system in an air-tight chamber equipped with a Clark type O, elec-
trode at 25 °C (Hansatech, UK). Prior to the measurements, roots
were gently washed with deionized water and then blotted with
paper towels to remove excess water. Root respiration, as well
as other parameters (e.g., sugar content) was expressed on the
basis of fresh weight because percentage of dry matter did not
change during root ontogeny (data not shown). For measurements
of respiration, the entire rosette or samples of the inflorescence
(70-170 mg fresh weight for 4 week-old plants, 200-400 mg there-
after) were placed in an air-tight chamber.

2.4. SDS-PAGE and inmunobloting

Roots were harvested, frozen in liquid N, and kept at —80°C
until analysis. Extracts (200 mg root fresh weight/mL buffer) were
made in 0.1 M bicine buffer, pH 7.5, 1mM EDTA, 10% v/v glyc-
erol, 4mM cysteine, 1% w/v PVPP and protease inhibitors (0.004%
w/v PMSF and 0.001% w/v Leupeptin). Homogenates were cen-
trifuged at 1500g and 4°C for 20 min and the supernatants were
collected for subsequent analysis. Soluble proteins were analyzed
according to the protocol described by Laemmli [27]. Supernatants
were mixed (1/1v/v) with sample buffer 2 x consisting of 125 mM
Tris-HCl pH 6.8, 10% (v/v) glycerol, 4% (w/v) SDS, 10% (v/v) 2-3-
mercaptoethanol, 6 M urea, and 0.005% (w/v) bromophenol blue.
Samples were loaded on a 2 mm thick, 12% (w/v) denaturing poly-
acrylamide gel and electrophoresed at 20mAgel~! for 2.5h. For
western blotting, proteins were electro-transferred to a nitrocel-
lulose membrane at 200mA for 1h. Blots were blocked in 5%
(w/v) non-fat dry milk dissolved in PBS (10 mM phosphate buffer,
pH 7.4, 2.7mM KCl, and 137mM NaCl) and probed with spe-
cific antibodies for mitochondrial proteins: Cytochrome c oxidase
(cox2; [28]), cytochrome c (cytC; catalogue no. 554002, BD Pharmi-
gen, USA) and L-Galactone-1,4-lactone dehydrogenase (L-GalLDH;
[29]). After washing the membrane three times for 10 min each
with PBS plus Tween 20 0.05% (w/v, PBS-T), blots were incubated
with a secondary antibody (goat anti-rabbit or anti-mouse IgG con-
jugated to horseradish peroxidase, for polyclonal or monoclonal
antibodies, respectively) for 1 h and washed with PBS-T. Blots were
developed by incubation in 10 mL of chemiluminescence mixture
(0.23 mM coumaric acid, 1.2 mM luminol dissolved in DMSO and
0.015% v/v H0; in Tris-HCI buffer 0.1 M pH 8.5). SDS-PAGE and
Westerns blots were analyzed with the Image] software, Analyze
Gel function (1.46r version). For protein quantitation, the highest
value in each image (Gel or Western blot) was used as a reference
(and setas 1), and then all other bands in the same gel were referred
to this. In all cases the reference (=1) was the control replicate with
the highest protein content, with other control replicates having
smaller values. For this reason, the average values for controls are
lower than 1.

2.5. Confocal laser microscopy and staining procedures

Fresh root samples were observed using an SP5 inverted con-
focal fluorescence microscope (Leica, Mannheim, Germany) with a
60x oil immersion objective. Mitochondria were detected by YFP
fluorescence, and mitochondria with an inner membrane poten-
tial (AW¥m) [30,31] were observed with Mitotracker Red CMXRos
(MT, Molecular probes, USA). This dye was applied by incubat-
ing root sections in a 0.5 WM MT solution for 20 min; then, root
sections were washed 3 times with deionized water and finally
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observed with the confocal laser microscope. Excitation/emission
settings were 514/524-550 nm for YFP and 543/596-680 nm for
MT. Quantitation of mitochondria density (i.e., number of discrete
areas showing YFP and/or MT signal per root section observed
under the microscope) was carried out with the Image] software
(version 1.46r). The procedure included: selection and measure-
ment of root area, determination of threshold level, quantification
of number and size of discrete areas with YFP or MT signal (with the
particle analysis feature) and analyses of data in a spreadsheet. Co-
localization analysis was performed using Manders coefficient (M)
where: M1 (YFP — MT) corresponds to the proportion of YFP signal
overlapping with MT and M2 (MT — YFP) corresponds to the pro-
portion of MT signal overlapping with YFP. The JACoP Plugin (Just
Another Co-localization Plugin, [32]) was used for co-localization
analysis.

2.6. Soluble sugar and starch measurements

Soluble sugar measurements were made with the Anthrone
method [33] using an ethanol extraction from fresh root tissues
according to the protocol described by Costa et al. [34]. Starch mea-
surements were performed in the pellet after ethanol extraction
according to the protocol described by Rose et al. [35] (enzymatic
method 2).
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2.7. Statistical analysis

Data were analyzed using the Student’s T-test and ANOVA tests
and results were considered as statistically different when P < 0.05
(™). When variance (Levene test P> 0.05) or normality (Skewness
Normality of Residuals, Kurtosis Normality of Residuals or Omnibus
Normality of Residuals test P> 0.05) were regarded as different, a
Kruskal-Wallis test was applied.

3. Results
3.1. Root respiration during plant development

Initial experiments were carried out to study root respira-
tion and its changes during normal post-bolting development and
senescence under a photoperiod of 16 h. Bolting started 4 weeks
after planting. Plants lost their rosette leaves (i.e., they completely
dried out) after 13 weeks post planting, while inflorescence shoots
remained alive, and roots retained their biomass even 21 weeks
post planting (Fig. 1a). Roots maintained their respiratory activity
(nmol 0, g~ FWh~1) until late stages of plant development, with
a significant drop only at 26 weeks (Fig. 1b).

3.2. Effects of darkness on rosette and root biomass

The decrease in root respiration following the death of leaves
(rosette and cauline) might be a consequence of photoassimilate
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Fig. 1. Post-bolting senescence of plants grown under a 16:8 h light/dark photoperiod regime. a) Biomass of roots, rosette leaves and inflorescence shoots of Arabidopsis
thaliana corresponding to 4, 5, 13, 17, 21 and 26 weeks post-planting (dry tissues were not measured for rosette and inflorescence shoots biomass). b) Respiratory activity
at different stages of development in Arabidopsis thaliana. Different letters indicate significant differences (ANOVA P <0.05) between sampling dates within each set of
data (roots, rosette leaves and inflorescence shoots). DW = dry weight, ppw = Post-planting weeks. Development stages were established according to grown progress and
senescence of green tissues and post-planting weeks (ppw), as described below: 4 ppw) Initial bolting. 5 ppw) Primary inflorescence shoot with flowers and siliques. 13
ppw) Secondary inflorescence shoots with flowers and siliques; rosette begins to senesce. 17 ppw) Proliferation of secondary inflorescence shoots; rosette totally dry. 21
ppw) Much of the inflorescence shoots dry. 26 ppw) Shoots almost completely dry. Suplementary Fig. S1 provides images of plants.
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Fig. 2. Effects of light deprivation on the shoot and root biomass of plants subjected
to 5 or 10days of darkness (5d or 10d, respectively) and control plants kept under
a 10:14 h light/dark photoperiod regime. a) Root and b) Rosette. Empty bars repre-
sent controls kept at light/dark regime, light gray bars represent 5d of darkness and
dark gray bars represent 10d of darkness. Different letters indicate significant differ-
ences (ANOVA P <0.05). FW = fresh weight. Suplementary Fig. S2 provides images
of plants.

deprivation. To test this hypothesis, and to mimic possible carbo-
hydrate starvation conditions during the post-bolting development
of plants, root respiration was measured in plants incubated in
protracted darkness. Both roots and rosette leaves ceased to grow
on day 5 after the initiation of the dark treatment (Fig. 2a and b,
respectively).

3.3. Respiratory activity and protein content in roots of dark
treated plants

Root respiration decreased after 5d of dark treatment compared

with plants under normal light conditions (Fig. 3). It is important
to mention that plants maintained under light displayed a constant

30 1 a

N
[9;]
—t—

respiratory activity during the 10d-period the experiments lasted
indicating that differences observed were the consequence of dark
treatment and not due to growing conditions or plant ontogenetic
changes.

Similar trends were observed for total and mitochondrial pro-
tein contents (Fig. 4). The differences between 5d and 10d in both
total and mitochondrial protein content of roots from dark treated
plants were not significant (Student’s T-test P > 0.05) except for L-
GalLDH.

3.4. Quantification of mitochondria by confocal microscopy

Typical images of YFP and MT-labelled root mitochondria (i.e.,
areas showing YFP and/or MT signal) are shown in Fig. 5a. A
decrease in the abundance of mitochondria marked with YFP was
observed in tangential optical planes of cortical root cells after 10d
of darkness treatment (Fig. 5b). Similarly, the amount of mito-
chondria detected with MT (mitochondria with a A¥m) showed
a pronounced decrease after 10 d in darkness, compared to 5 d in
darkness and light controls (Fig. 5b). The co-localization analysis
shows that most of the mitochondria remaining after 10 d in dark-
ness do not maintain a AWm (i.e.,, M1 coefficient indicates that
most of the YFP signal does not co-localize with MT signal at 10d)
(Fig. 5¢).

An analysis of the distribution of root mitochondria classified
according to their section size (i.e., the size of discrete areas display-
ing YFP and/or MT signals) using intervals of 1 um? (Fig. 6) showed
a decrease of YFP-labelled mitochondria abundance in the range
of 0.5-1.5 and 1.5-2.5 um? sizes after 10d of darkness (Fig. 6a). A
large decrease of MT-marked mitochondria, especially in the range
of 0.5-1.5 and 1.5-2.5 wm?, was also detected in the same roots
(Fig. 6b).

3.5. Starch and soluble sugar content and the effects of glucose
supplementation

To determine the effect of dark treatment on carbohydrates, the
levels of starch and soluble sugars in the roots were measured.
Starch content was not significantly affected by the dark treat-
ment, either at 5 or 10 d (Fig. 7a). However, the content of soluble
sugars decreased by about 50% in darkened plants after 5d of treat-
ment (Fig. 7b). The addition of 0.1 M glucose for 24 h produced
an increase in the respiratory activity of roots of all treatments
(Fig. 8). No changes were observed in the abundance of either YFP
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Fig. 3. Root respiratory activity of plants subjected to 5 or 10 days of darkness (5d or 10d, respectively) and control plants maintained under a 10:14 h light/dark photoperiod
regime. Empty bars represent controls kept at light/dark regime, light gray bars represent 5d of darkness and dark gray bars represent 10d of darkness. Different letters

indicate significant differences (ANOVA P < 0.05).
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Sample volume loaded onto each lane of the gels corresponded to 4.5 mg (FW) of roots. Mitochondrial proteins: cox2 (Cytochrome c oxidase, mitochondrial protein belonging
to Complex IV), cyt ¢ (Cytochome ¢, mitochondrial protein attached to the inner membrane) and L-GalLDH (L-Galactone-1,4-lactone dehydrogenase, mitochondrial protein
of Complex I). * Indicates significant differences (Student’s T-test P < 0.05) compared with the corresponding control at light.

or MT-labelled mitochondria between +glu and —glu treatments
(Supplementary Fig. S3).

4. Discussion

4.1. Modifications in the quantity and activity of root
mitochondria under continuous darkness

A drop in respiratory activity was observed in roots during
the progress of post-bolting senescence (Fig. 1). Changes in either
the quantity of mitochondria and/or the AWm of mitochondria
might account for changes in respiration. Both the decrease in
the amount of YFP-labelled mitochondria and the even more pro-
nounced decrease in the amount of mitochondria with AWm (i.e.,
labelled by MT) are consistent with the decrease in the contents
of mitochondrial proteins and O, uptake. However, the abundance
of mitochondria with AWm decreased at 10d of darkness, while
0, uptake did not change between 5 and 10days in darkness. It
is important to note that Mitotracker Red probes AWm but not
all mitochondrial activities, and consequently, other mitochondrial
functions might persist after 10 days in darkness. It was shown that
mitochondrial integrity is conserved until the latest stages of leaf
senescence, while their number drops by 30% [36]. On the other
hand, some proteins that contribute to the modulation of the mem-
brane potential in response to stress could explain the decrease of
AW¥m in roots of senescent plants. MLS1 (MscS-Like, a family of
mechanosensitive ion channels) leads to higher AWM in the pres-
ence of respiratory substrates but no ADP, and it may provide a
mechanism for maintenance of mitochondrial redox status under
stress [37]. Also, UPCs (uncopling proteins) linked to the dissipation

of the proton gradient were found down-regulated in senescing
leaves [36].

Although the amount of mitochondria may be indicated by
units of volume, the quantification by unit of cross sectional area
is a viable approach since mitochondria are discrete organelles
[38]. The amount of mitochondria and O, consumption do not
always show a positive correlation. Under conditions of high CO,
concentrations, the amount of mitochondria increases but their
respiratory activities decrease in several plant species [39]. These
results indicate that changes in O, consumption could not be
attributed solely to the number of mitochondria (Figs. 9-11).

Since the fluorescence emitted by the MT probe depends on
the mitochondrial membrane potential [30], the differences in
the abundance of mitochondria labelled by YFP and MT might be
related to a decrease in their metabolism, where most O, uptake
would be linked to uncoupled respiration. In soybean seedling
roots, the amount of AOX increases with age but alternative path
activity (oxygen consumption in the presence of KCN) declined
with root age [40] and it has been observed that AOX is synthe-
sized de novo during aging of potato tubers [41]. Also, in tobacco
cell cultures the induction of AOX could prevent events trigger-
ing cell death [42]. It is possible that some alternative path activity
would play arole in maintaining root basal respiration in prolonged
darkness.

For leaves, Keech et al. [8] found similar results to those shown
here for roots, with a decrease in the amount of mitochondria and
their metabolic activity becoming evident in leaves after 6 d of
the initiation of dark incubation. In clover roots detached from the
plant, O, consumption did not change between the first 7-12 days
but the quantity of total protein decreased [9], which is compara-



D.D. Fanello et al. / Plant Science 258 (2017) 112-121

YFP

Control

10d darkness

MT

117

Colocalization

b) ® 129 & a
23 |
g a 10 a
™
° S "
R % E 8 a
©
o 6
g3e T : e
S 4
=
8 2 b
=
0
5d 5d 10d 10d 5d 5d 10d 10d
control |darkness| control |darkness| control [darkness| control |darkness
YFP MT
c) 1 -
=
é 0.8 A
2 0.6 1
o
£ 0.4 -
2
B 0.2 4 .
0 , = , ,
5d 5d 10d 10d 5d 5d 10d 10d
control |darkness| control |darkness| control [darkness| control |darkness
M1(YFP—MT) M2(MT—YFP)

Fig. 5. Mitochondrial abundance in root cells calculated from the analysis of confocal images of plants subjected to 5 or 10 days of darkness (5d or 10d, respectively) and
control plants maintained under a 10:14 h light/dark photoperiod regime. a) Confocal microscopy images. Since there were no differences for control roots between 0, 5 and
10d, only the 0d control is shown. Colocalization images show overlapped signals between YFP and MT (Mitotracker red) channels in white. Images show cortex cells in a
tangential view. Scale bars represent 25 wm. b) Number of mitochondria corresponding to YFP signal and MT (Mitotacker red) signal. Different letters indicate significant
differences (P <0.05) according to the Kruskal-Wallis test. Normal font letters correspond to YFP differences and italics correspond to MT differences. c) Results of the
colocalization analysis as estimated through Manders coefficient. This coefficient varies between 0 (no overlap) and 1 (full overlap) where M1 (YFP — MT) corresponds to
the overlap of the YFP signal on the MT signal, and M2 (MT — YFP) corresponds to the overlap of MT on the YFP signal. *Indicates significant differences (Student’s T-test

P <0.05) between plants subjected to 5 or 10 days of darkness and control plants.

ble to the results observed here during the 5th to the 10th d of dark
treatment applied to the whole plant.

In maize root tips there are mitochondrial fractions of dif-
ferent buoyant density with particular metabolic and structural
properties, such as O, uptake, protein content, enzyme activity
and quantity of internal membrane cristae [14]. These mitochon-

drial fractions differ between glucose-starved and non-starved root
tips [14]. Mitochondrial pools with or without AWm (YFP vs MT-
labelled mitochondria) or even, mitochondria with different sizes
(i.e. different cross sectional area) shown in this work, could be
related with these different mitochondrial fractions. However, this
hypothesis deserves further studies.



118 D.D. Fanello et al. / Plant Science 258 (2017) 112-121

ab
4 T a

Mitochondria density
(discrete fluorescent areas 103 mm2)

N W b~ OO0 OO N
|
1
]

YFP

OControls
0O5d darkness
@ 10d darkness

O 5d

10 ‘ 5d ' 10d 5d ' 10d

0.5—1.5 1.5-2.5 2.5-3.5 3.5—4.5 >4.5
b) Mitochondria size class (Hm?)
7 _
T MT
& 6
E
€
22 2]
2w 11 a
2,
S 1
29 ab
2; 2
o
@
s 1]
i NE Lhie EEf
0 5d ' 10d | 5d ' 10d 5d ' 10d ' &d ' 10d 5d ' 10d
0.5-1.5 1.5-2.5 2.5-3.5 3.5-4.5 >4.5

Mitochondria size class (pm2)

Fig. 6. Abundance of root mitochondria classified in size classes for plants subjected to 5 or 10 days of darkness (5d or 10d, respectively) and control plants maintained under
a10:14 h light/dark photoperiod regime. Empty bars represent controls kept at light/dark regime, light gray bars represent 5d of darkness and dark gray bars represent 10d
of darkness. a) YFP-labelled mitochondria. b) MT-labelled mitochondria. Different letters indicate significant differences (Kruskal-Wallis test P < 0.05).

4.2. Size of root mitochondria in dark-incubated plants

Mitochondria are pleomorphic organelles co-existing as a mix-
ture of heterogeneous morphologies in the same cell [38]. Their
different sizes and morphologies seem to be regulated by a par-
ticular set of genes [43] which are differentially expressed under
different conditions. Three features are evident when mitochon-
dria are observed with fluorescent probes: i) they are not equally
distributed in the cytoplasm; ii) they do not show similar size, and
iii) they are highly dynamic, changing their forms and positions
[44]. The data obtained here demonstrate modifications, especially
in root mitochondria size distribution during plant senescence
induced by dark treatment to the whole plant.

Mitochondria showed size heterogeneity, with smaller mito-
chondria being the more abundant and, presumably, the largest
contributors to total root mitochondrial activity. Some evidences
show that the morphology and size of mitochondria change at

the end of the cell cycle [11,13,20,43]. These evidences have been
obtained using different experimental approaches (e.g., in vitro
cell and protoplast cultures, leaf disks, etc.) and with the addition
of reactive oxygen species inducers, which may cause discrepan-
cies due to the origin of the plant material (e.g., tissues examined,
species, etc.) and mode of culture. However, other results suggest
that the size of mitochondria is not affected during the develop-
ment of leaf epidermal cells [45]. In our experiments, there is a
preferential decrease in the amount of the smallest mitochondria,
associated with decreased respiration, suggesting that these are the
class of mitochondria responsible for most of respiratory activity.
On the other hand, it is remarkable that there are not only sets of
mitochondria distinguished by their size but, additionally, there are
sets of mitochondria possibly with different activity. This is clearly
observable by confocal microscopy, with a few or no mitochon-
dria labelled with MT after 10 d under darkness. It is important to
mention that the confocal observations were made on root corti-
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cal sections, and respiratory activity measurements were made on
the whole root system. Therefore, other root tissues (e.g., epider-
mis, phloem) might explain the lack of a full agreement between
respiratory activity and the amount of mitochondria with AWm.
Moreover, it is interesting to note that differences between total
mitochondria amounts (i.e., YFP-labelled) and mitochondria with
AW¥m point to the presence of a pool of mitochondria with only
basal activity or in a “standby mode”.

Both mitochondrial number and size depend, in part, on the
balance between mitochondrial fission and fusion [38]. These pro-
cesses are frequent in plant cells [46]. For example, the disruption
of either of two Arabidopsis dynamin-like genes, DRP3A or DRP3B,
results in an increase in the size of the individual mitochondria
and a concomitant decrease in the number of mitochondria per cell
[47,38]. We found that while smaller mitochondria were the most
abundant and variable (i.e., their amount decreased the most after
10d under darkness), the abundance of mitochondria of other size
classes remained fairly constant. If a fusion process were involved,
an increase in the abundance of larger mitochondria should par-
allel the decrease in the abundance of smaller ones, which does
not occur in our experiments. Therefore, it is probable that fusion
processes were not involved in roots of darkened plants.

4.3. The participation of sugars in root responses to whole plant
dark treatment

The early senescence of rosette leaves during post-bolting devel-
opment in Arabidopsis plants suggests that roots may experience
a decrease in activity due to photo-assimilate starvation. The dark
treatment of whole plants might reproduce this phenomenon caus-
ing a carbohydrate deficit in roots. To test this hypothesis, the
contents of starch and soluble sugars in roots of dark treated plants
were analyzed. Since starch content didnit show significant differ-
ences, but soluble sugars decreased significantly, changes in soluble
sugars may be responsible for the drop of mitochondrial activity.
Consistently with this, Bigham and Ress [9] obtained similar results
with clover roots separated from the plant. These roots maintained
their respiratory activity and starch contents for up to 30d after
detaching the aboveground photosynthetic parts of the plant, while

O-glu
+glu

Control

5d

Darkness

Control Darkness

10d

Fig. 8. Respiratory activity of roots from plants subjected to 5 or 10days of darkness (5d or 10d, respectively) and control plants maintained under a 10:14 h light/dark
photoperiod regime, combined or not with the addition of 0.1 M glucose in nutrient solution. Empty bars represent controls kept at light dark regime, light gray bars
represent 5d of darkness and dark gray bars represent 10d of darkness. *Indicates significant differences (Student’s T-test P < 0.05) between treatments with glucose (+glu)

and without glucose (—glu).
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soluble sugar content decreased. A. thaliana mutants lacking func-
tional enzymes related with starch metabolism, either inside the
plastid or in the cytosol, show root starch contents similar to wild
type and very low compared with leaves [48] suggesting a reduced
carbon flux from starch to respiration. In contrast to our results,
soybean roots consume all the starch after one day under darkness
[49] and sycamore protoplast cultures subjected to sucrose depri-
vation show a decrease in starch content after 10 h of starvation
[10]. The discrepancies regarding changes in starch content may be
the consequence of different experimental approaches and species,
while a decrease in soluble sugars is clearly evident in all cases.

The partial reversion of O, consumption decline in plants incu-
bated in 0.1 M glucose indicates that the deficit of soluble sugars
is partly responsible for the decrease in the respiratory activity
of roots. Several experimental approaches show increased respi-
ratory activity in carbohydrate starved tissues after carbohydrate
addition[10-12,14,50-52|. However, the lack of MT fluorescence in
root mitochondria from dark treated roots even after the addition
of glucose might be due to the fact that 1d incubation may not be
enough to restore the AWm. Also, an increase of the specific activ-
ity of the pool of mitochondria with AWm might explain the failure
of MT to detect an increase in the abundance of mitochondria with
AWm after glucose supply.

The incubation of roots for 1d in 0.1 M sucrose immediately after
detachment from the plant prevents the drop in respiration, but the
addition of sucrose is ineffective when it is provided 4 d after organ
removal [9]. Similar results were found with sycamore cell cultures
[10] and maize roots where respiration could only be restored if
glucose (0.2 M) was supplied up to before 4 d of starvation [12].
Soluble sugars could act in signalling [11,53] of metabolic process
aside from acting as a source of energy for metabolic processes.
At the concentrations used here (0.1 M), glucose might function
primarily as a source of energy, but a signalling function cannot be
ruled out.

Because starch apparently is not remobilized, alternative sub-
strates such as proteins or amino acids may be used for respiration.
Protein turnover and degradation often occurs concomitantly with
chlorophyll and lipid breakdown, at times when plant cells are
carbon limited, for example, during extended periods of dark-
ness and leaf senescence, and provide alternative substrates for
the mitochondrial electron transport chain [54]. In leaves a func-
tional electron transfer flavoprotein (ETF) is essential for survival of
sucrose-depleted cells [55,56]. This flavoprotein is involved in the
catabolism of Leu and potentially of other amino acids, and it prob-
ably supplies mitochondria with respiratory substrates [55,56].
Therefore, substrates other than soluble sugars might contribute
to root respiration under darkness.

4.4. Concluding remarks

The data presented here demonstrate that metabolic activity
of roots from naturally senescing plants is maintained beyond
the death of aboveground photosynthetic organs. In addition, the
decreases in respiration and amount of mitochondrial proteins may
be the consequence of a decrease in the abundance of mitochon-
dria, mainly the small ones. The differences between the amount
of mitochondria with A¥m and total mitochondria suggest the
presence of mitochondria in a “standby state”. Part of the drop in
root metabolic activity in plants under darkness may be due to the
reduced levels of root carbohydrates under such conditions.
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