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The functions of mitochondria during leaf senescence, a type of programmed cell death aimed at the massive retrieval of nutrients
from the senescing organ to the rest of the plant, remain elusive. Here, combining experimental and analytical approaches, we
showed that mitochondrial integrity in Arabidopsis (Arabidopsis thaliana) is conserved until the latest stages of leaf senescence, while
their number drops by 30%. Adenylate phosphorylation state assays and mitochondrial respiratory measurements indicated that the
leaf energy status also is maintained during this time period. Furthermore, after establishing a curated list of genes coding for
products targeted to mitochondria, we analyzed in isolation their transcript profiles, focusing on several key mitochondrial
functions, such as the tricarboxylic acid cycle, mitochondrial electron transfer chain, iron-sulfur cluster biosynthesis, transporters,
as well as catabolic pathways. In tandem with a metabolomic approach, our data indicated that mitochondrial metabolism was
reorganized to support the selective catabolism of both amino acids and fatty acids. Such adjustments would ensure the
replenishment of a-ketoglutarate and glutamate, which provide the carbon backbones for nitrogen remobilization. Glutamate,
being the substrate of the strongly up-regulated cytosolic glutamine synthase, is likely to become a metabolically limiting factor in
the latest stages of developmental leaf senescence. Finally, an evolutionary age analysis revealed that, while branched-chain amino
acid and proline catabolism are very old mitochondrial functions particularly enriched at the latest stages of leaf senescence, auxin
metabolism appears to be rather newly acquired. In summation, our work shows that, during developmental leaf senescence,
mitochondria orchestrate catabolic processes by becoming increasingly central energy and metabolic hubs.

Senescence is the terminal phase of leaf development
and is thought to culminate in a form of vacuolar pro-
grammed cell death (PCD; Smart, 1994; van Doorn

et al., 2011). The entire process facilitates the tightly
regulated degradation of intracellular structures and the
subsequent reallocation of the resulting nutrients to the
remainder of the plant. Evidence of senescence-like pro-
cesses has been found in the whole green lineage, ranging
fromangiosperms andgymnosperms to bryophytes, green
algae, and even photosynthetic prokaryotes (Thomas et al.,
2009). Genes encoding proteins with functions relating to
the turnover of the photosynthetic machinery make up
some of the most ancient senescence processes conserved
across multiple evolutionary clades of plants. In contrast,
proteins associated with the regulation of senescence
processes and their integration with developmental and
stress-signaling networks constitute some of the most re-
cent additions (Thomas et al., 2009). The carefully or-
chestrated dismantling of chloroplasts is one of the
defining features of developmental leaf senescence (DLS)
and necessitates a drastic reordering of cellular metabo-
lism, as the leaves undergo a transition fromautotrophic to
heterotrophic functions. During this time, the remaining
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organelles producing energy (i.e. the peroxisomes and the
mitochondria) are thought to acquire additional functions
in order to compensate for this shift in metabolic demand
andmaintain cell viability, thus allowing for the optimum
remobilization of nutrients (Keech et al., 2007). The mito-
chondrion often is characterized by its role in the pro-
duction of cellular energy through the process of oxidative
phosphorylation and in being the site of themetabolism of
amino acids and the biosynthesis ofmany crucial vitamins
and cofactors. However, it is important to consider that
mitochondria also occupy a critical role in the signaling
and regulatory landscape of the cell. Recent additions to
the literature are redefining our viewof themitochondrion
as a signaling hub, capable of perceiving and consolidat-
ing numerous signals relating to stress (Vanlerberghe,
2013; Ivanova et al., 2014) and developmental processes
(Carlsson et al., 2008; Law et al., 2012).
Surprisingly, the role played bymitochondria during

DLS appears poorly documented, even though a thor-
ough understanding of the major cellular players in-
volved is crucial in the optimization and management
of this process. A number of studies, however, have put
forward some interesting observations in Medicago
truncatula cells (Zottini et al., 2006), Arabidopsis (Ara-
bidopsis thaliana; Keech et al., 2007; Keech, 2011; Woo
et al., 2016), grapevine (Vitis vinifera; Ruberti et al.,
2014), and poplar (Populus spp.; Bhalerao et al., 2003;
Keskitalo et al., 2005), revealing the persistent presence
of mitochondria in the cell, long after the chloroplasts
have commenced disassembly and whole-cell metabo-
lism has been thoroughly modified. In Arabidopsis,
an earlier study utilized microscopy and physiological
assays to examine the differing fates of mitochondria
and chloroplasts during senescence induced by placing
either the whole plant or an individual leaf into ex-
tended darkness (Keech et al., 2007). In individually
darkened leaves, an experimental setup that is analo-
gous for many aspects of DLS, it was observed that,
even though chloroplast and mitochondrial numbers
diminished significantly and photosynthetic capacity
deteriorated rapidly, mitochondrial respiration was
maintained at high levels in individually darkened
leaves even after 6 d (Keech et al., 2007). An increase in
respiration also has been reported in senescing leaves
of the American aspen (Populus tremuloides) and the
northern red oak (Quercus rubra; Collier and Thibodeau,
1995). Together, these observations suggest the impor-
tance of mitochondria in supporting leaf viability while
the remobilization of nutrients is carried out. Yet, the
manner in which this is facilitated remains unknown.
In this study, we employed a number of experimental

and analytical approaches to test the hypothesis that the
mitochondrion has an integral role in the execution of
DLS and to define the manner in which this takes place.
First, confocal and electron microscopy were utilized to
assemble a picture of the morphological changes oc-
curring in mitochondrial populations as leaf senescence
progresses. In addition, measurements of adenylate
phosphorylation state and mitochondrial respiratory
capacity were carried out to assess the energy status of

leaf cells during this time period. Then, these morpholog-
ical and physiological observations were complemented
with transcriptomic and metabolomic analyses. A manu-
ally curated list of mitochondrial genes was established,
and differential expression and hierarchical clustering
analyses from a publicly available DLS transcriptomic
data set (Breeze et al., 2011) were utilized to identify the
timing and coordination of the major transcriptomic
changes. This formed the foundation of a more focused
analysis supported by metabolomic profiles of leaves
during DLS, with particular attention paid to genes en-
coding proteins involved in catabolic processes.

RESULTS

Confocal and Electron Microscopy Analyses of
Mitochondria during Leaf Senescence

Microscopic analysis of mitochondria during DLS
was performed using two complementary methods.
First, confocal laser microscopy of chloroplasts and
fluorescently labeled mitochondria (b-ATPase-GFP;
Logan and Leaver, 2000) revealed that, throughout se-
nescence, the populations of these energy organelles
varied differentially (Fig. 1A; Supplemental Fig. S1).
The number of chloroplasts did not decrease particu-
larly during the process, while a two-dimensional es-
timation of the chloroplast size pointed toward an acute
size reduction of these organelles as senescence pro-
gressed (Fig. 1; Supplemental Fig. S1, A and B). This
was shown by plotting the distribution of plastids
according to their projected two-dimensional area
(Supplemental Fig. S1A). In contrast, the number of
mitochondria underwent a significant reduction, which
represented a decrease of about 30% comparedwith the
population density of mitochondria in leaves with
100% chlorophyll (Fig. 1; Supplemental Fig. S1C). These
data about the mitochondrial population corroborate
earlier studies obtained with Arabidopsis undergoing
dark-induced leaf senescence (Keech et al., 2007) and
DLS (Keech 2011) as well as with grapevine leaves
undergoing DLS (Ruberti et al., 2014). In a second step,
electron microscopy was carried out to better visualize
the ultrastructural changes occurring in organelles in
mesophyll cells (Fig. 1B; for higher resolution images,
see Supplemental Fig. S2). Early in the time course,
some chloroplasts underwent a massive rearrangement,
which included the disassembly of grana and an increase
in the size and number of plastoglobuli, as a result of
membrane degradation (Besagni and Kessler, 2013). As
the time course progressed, more chloroplasts were af-
fected, plastoglobuli became larger, and the overall
number of functional chloroplasts decreased. Toward the
end of senescence, small chloroplasts, also sometimes
referred to as gerontoplasts, containing abnormally cir-
cularized thylakoids and large plastoglobuli, remained
visible. In contrast, throughout the process of senescence,
the ultrastructure of mitochondria appeared unchanged,
with clearly demarcated cristae and membrane bound-
aries (Fig. 1B; Supplemental Fig. S2).
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Mitochondrial Energy Status and Respiratory Properties

Within a single senescing leaf, cells can be at differing
stages of senescence progression (Keech et al., 2010). A
typical time course for the progress of leaf senescence,
from rosettes 8 to 10 of Arabidopsis plants grown under
a short-day photoperiod, is shown in Figure 2A. This
demonstrates that, from leaves with 75% chlorophyll
content and higher, a certain heterogeneity in the
progress of senescence can be observed. In order to

circumvent the heterogeneity of the DLS process and
also to standardize our data throughout this study with
that of the transcriptomic analysis outlined by Breeze
et al. (2011), a referential time course was established
based on the degradation of chlorophyll in senescing
leaves (Fig. 2, A and B). Using the time course (in days)
outlined by Breeze et al. (2011) for which leaf chloro-
phyll content was recorded (Fig. 2B), we identified five
sequential periods delineating the progression of se-
nescence in leaves: T0, leaf expansion tomature leaf; T1,

Figure 1. In folio visualization of mito-
chondria by laser confocal microscopy
(A) and electron microscopy (B) tech-
niques during DLS in Arabidopsis.
Stages of DLS are indicated by chloro-
phyll (Chl) content above each column
of micrographs (for more details, see
Fig. 2, A and B). For A, chlorophyll
autofluorescence depicts chloroplasts,
while mitochondria were labeled fluo-
rescently with a b-ATPase-GFP con-
struct (Logan and Leaver, 2000). White
rectangles in the merge field indicate
the magnified area. Bars = 50 mm and
5 mm for magnified. For B, m, mito-
chondrion; p, plastid; px, peroxisome in
the respective senescing leaves. Bars =
0.5 mm.
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mature leaf to early senescence; T2, early senescence to
middle senescence; T3, middle senescence to late se-
nescence; and T4, latest stage of senescence. For the

Breeze et al. (2011) data set, the fifth period, T4, corre-
sponding to leaves containing less than 20% chloro-
phyll, was extrapolated (Fig. 2B; see “Materials and

Figure 2. Energy status and mitochondrial respiratory properties during DLS. A, Photographs of developmentally senescing
Arabidopsis leaves under a short-day photoperiod. Below each leaf, the chlorophyll content (CC) is given as well as its classi-
fication into the following time periods: T0, T1, T2, T3, and T4. B, Graph displaying chlorophyll degradation during a time course
of DLS (based on a time course defined by Breeze et al. [2011]). In designing these experiments, an additional time point (T4) was
implemented, corresponding to the latest stage of leaf senescence. C, Graph of ATP and ADPabundance (nmol g21 fresh weight
[FW]) in total leaf extract, over a time course of DLS, and the corresponding ATP-ADP ratios. D to F, Respiratory capacities of
mitochondria isolated from senescing leaves when incubated with malate, Gly, or NADH. Specifically, respiratory rate (D),
respiratory control (RC) ratio (E), and ADP-O ratio (F) are shown. Eachmeasurement displays themean6 SD, and asterisks indicate
significant differences after Student’s t test: *, P, 0.05; **, P, 0.01; and ***, P, 0.001. For more details about specific sample
sizes, see “Materials and Methods.”
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Methods”) in order to corroborate our data sets
for microscopy, adenylate pool measurements, and
metabolomic analysis.

In light conditions, chloroplasts are the main energy
producers of the cell, but the ATP produced by photo-
phosphorylation is consumed mainly within the or-
ganelle for CO2 fixation. In contrast, mitochondria seem
to provide most of the ATP for the cytosol, at least
under conditions with high rates of photosynthesis
(Gardeström and Igamberdiev, 2016). Thus, initial ex-
periments were carried out to monitor the overall
adenylate pool status in response to the senescence-
associated dismantling of chloroplasts. By the end of
the time course, the total content of ATP + ADP had
dropped to about one-third of the starting amount.
However, while the abundance of cellular ADP de-
clined significantly in a progressive manner during the
time course of senescence, ATP levels remained rather
stable up to T2 and then decreased significantly in the
latest stages of the process (i.e. T3 and T4; Fig. 2C).
Consequently, the ATP-ADP ratio increased globally
throughout the process, although with some fluctua-
tions (Fig. 2C), suggesting that the cellular production
of ATP by respiration is active and that a satisfactory
energy status for the cell is being maintained. In addi-
tion, respiratory measurements were performed with
isolated mitochondria (Fig. 2, D–F). The isolation and
enrichment of intact mitochondria from senescing
leaves was a technically demanding experiment, nota-
bly regarding the heterogeneity within the material
sampled, as mentioned previously (Fig. 2A). These ex-
periments required a minimum of 5 g fresh weight per
extraction. Since leaf senescence is a very heterogenous
process, only a few leaves per plant could be used at a
time to ensure proper validation of the experimental
data. As a consequence, about 20 to 40 plants were re-
quired per extraction. Here, different substrates were
provided to the isolated organelles, and the rates of
oxygen consumption, respiratory control ratios (RCRs),
and ADP-O ratios were calculated. While respiratory
rates did not change throughout the time course with
malate provided as a substrate, we could observe a
significant transient increase in mitochondrial respira-
tory capacity when Gly and NADH were added. This
ability to oxidize Gly and NADH dropped significantly
in the final T3 time points (Fig. 2D). In a second step,
RCRs were calculated. RCR provides an indication of
the coupling efficiency between the oxidative and
phosphorylative mechanisms of the mitochondrial
electron transport chain (mETC) and, therefore, rep-
resents a good proxy for mitochondrial integrity.
In Figure 2E, we show that the RCR for isolated mi-
tochondria, regardless of the substrate provided,
remained high during leaf senescence. This indicated
that isolated mitochondria conserved their integrity
even at late stages of leaf senescence and, therefore,
confirmed that the substrate-dependent modulation
of respiratory capacities was not an artifact from the
isolation procedure. Finally, the ADP-O ratio, which
reflects the efficiency of ATP production by building

up a proton gradient across the inner membrane and
reducing oxygen with the electrons from the sub-
strate, had values from about 2 up to 3 and remained
stable for all tested substrates as leaf senescence
progressed (Fig. 2F). Yet, a minor increase in this ra-
tio, which even appeared significant at P , 0.05 with
malate, was observed and could perhaps indicate an
increased efficiency in ATP production toward the
end of the senescence process. Taken together, our
data clearly show that mitochondrial integrity, as
well as its ability to provide energy to the cell, are
maintained during leaf senescence, a function that
arguably could happen in a substrate-dependent
manner.

Overview of Transcriptomic Changes in Genes Encoding
Mitochondrial Proteins during Developmental
Leaf Senescence

To gain a comprehensive insight into the role of the
mitochondrion during leaf senescence, data from a
detailed transcriptomic study of DLS (Breeze et al.,
2011) were selected, as they represents the most ex-
perimentally robust and exhaustive sampling of DLS in
Arabidopsis available. This data set was reanalyzed
(see “Materials and Methods”; Supplemental Table S1)
and further cross-referenced with a comprehensive list
of genes encoding proteins targeted to the mitochon-
drion (mitochondrial set), which was prepared by
combining highly stringent computational prediction
tools and experimental data, prior to manual curation
(Supplemental Table S2). Thismitochondrial set, which is
publicly available (http://www.upsc.se/olivier_keech/
resources), will be updated regularly. Breeze et al. (2011)
outlined a transcriptomic analysis that encompasses
11 time points during DLS, ranging from leaves collected
19 d after sowing (early into leaf expansion; 50% of final
size) to leaves collected 39 d after sowing (visibly sen-
escing leaf; 50% of leaf area yellowed). Note that in all
cases, leaf 7 was collected, and for this study, only
morning-period (7 h into the light period) samples were
selected for further analysis. During this time course,
1,060 genes of the mitochondrial set (version 1.0) were
observed to be expressed at one ormore timepoints, with
49% of transcripts from these genes changing signifi-
cantly in abundance (following false discovery rate cor-
rection; P , 0.05) from the beginning to the end of the
time course. Interestingly, the overall pattern of differ-
ential transcript abundance could be divided into four
distinct transcriptomic phases. The majority of the
changes occur at the beginning of the time course, over-
lapping with T0 (named phase I), and toward the end of
the time course, comprising the end of T1 and all of T2
(phase III), with a period of highly sustained expression
in the middle of the time course, the end of T0 and be-
ginning of T1 (phase II), leading to only a small number
of significant changes (Fig. 3Ai). The final time point
(phase IV) was characterized by the lowest number of
differentially expressed genes of the time course and
corresponded with T3. This same pattern of differential
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expression also was observed in curated lists of genes
encoding proteins targeted to the chloroplast and the
whole present set (Fig. 3A, ii and iii). The largest number
of differentially expressed genes (P, 0.01) was observed
in phase I, with the majority of these changes associated
with decreases in transcript abundance (Fig. 3Ai). This
peak in transcription abundance change could represent
a genetic hallmark of the leaf transitioning from auto-
trophy to heterotrophy.

In a second step, the expression values of the mito-
chondrial set were made relative to their maximum
expression over the time course and hierarchically
clustered (Fig. 3Bi). This analysis distributed the genes
into six primary clusters. Clusters 2 and 3 represented
approximately 30% of the mitochondrial set and were
characterized by high transcript abundance in the early
stages of DLS followed by decreasing levels of abun-
dance as the time course progressed (Fig. 3Bi). GO

Figure 3. Overview of transcriptomic changes in genes encoding proteins targeted to mitochondria during DLS. A, Differential
expression analysis of transcripts encoding proteins targeted to mitochondria (Ai), chloroplast (Aii), and whole genome (total
present set; Aiii) during DLS (false discovery rate by PPDE threshold was not applied). Transcript data from Breeze et al. (2011)
were utilized as a foundation for the analysis of transcripts during DLS. Differential expression analysis was carried out on
consecutive time points, with P value cutoffs of 0.05 and 0.01 as indicated at bottom. Four distinct phases of transcriptomic
activity were identified and are marked with gray boxes. B, Hierarchical cluster of transcripts encoding proteins targeted to the
mitochondrion during DLS. Bi, Transcript data from Breeze et al. (2011) were filtered with a manually curated list of mito-
chondrial transcripts. These values were normalized to the highest level of expression over the time course and hierarchically
clustered using average linkage based on Euclidean distance. Bii, Expression profiles for each distinct cluster were plotted, with
mean expression profiles represented by solid red lines. Biii, Each cluster was interrogated individually to assess the presence of
significant (P , 0.05) overrepresentation of specific Gene Ontology (GO) categories in the gene lists.
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analysis of these clusters revealed them to be signifi-
cantly (P , 0.05) enriched in categories pertaining to
temperature, salinity, and water stress responses and
protein folding (cluster 2) and to single-organism de-
velopmental process, organic cyclic compound bind-
ing, and organo-nitrogen compound metabolic process
(cluster 3; Fig. 3Biii). Here, it is worth noting that GO
analyses of clusters 2 and 3 also were enriched signifi-
cantly in genes associated with chloroplast and chlo-
roplast part, respectively (Fig. 3Biii). The main reason
for this is that several of these genes encode for pro-
ducts putatively dual targeted to chloroplasts and mi-
tochondria. The fact that those genes are part of the two
down-regulated clusters thus strengthens the idea that
the main isoform of the encoded protein is mostly
plastid associated, but it does not exclude an additional
targeting to mitochondria. In contrast, cluster 1 was
characterized by transcripts with low abundance in the
early stages of the time course (T0–T1) before increasing
to maximal levels in the final stages of DLS (end of T2
and T3). Transcripts belonging to this cluster were
enriched significantly (P, 0.05) in functions associated
with complex II of the mETC, in particular, components
involved in the transfer of electrons from succinate to
ubiquinone (coenzyme Q). In addition, this cluster was
enriched with functions linked to responses to the ab-
sence of light and nutrient level depletion. Finally, this
cluster also was enriched in functions associated with
the metabolism of amino acids and derivatives, in
particular Pro metabolic processes. Cluster 4 contained
only a limited number of genes that were expressed
transiently, with maximal expression observed at the
transition of T1 to T2. This small cluster was enriched
significantly in genes associatedwith response to auxin.
Cluster 5 represented 44% of the total mitochondrial
set. It is characterized by consistently high transcript
abundance throughout the entire time course and is not
enriched significantly in any functions, likely as it is
populated by myriad housekeeping functions. This
supports our earlier observations that mitochondria
largely maintain their activity during senescence, even
while chloroplasts are actively dismantled and whole
cell metabolism is hugely readjusted. Cluster 6 was
similar to cluster 5, except that it is characterized by an
increasing trend in transcript abundance, culminating
at the final two time points. This cluster was enriched in
functions associated with protein localization, protein
transport, and, interestingly, 2Fe-2S cluster assembly.

Mitochondrial Primary Metabolism Is Maintained through
Dynamic Transcriptional Regulation during
Developmental Leaf Senescence

The biochemical processes carried out by the tricar-
boxylic acid cycle and mETC are arguably the most
significant metabolic functions of mitochondria and col-
lectively make up the most abundant proteins in the
mitochondrion. Therefore, we analyzed in isolation a
manually curated subset of genes encoding the pro-
teins associated with these metabolic functions

(Supplemental Table S3). The transcript profiles of these
subsets are summarized throughout DLS in Figure 4A,
and it was observed that the general trend for genes in-
volved in mitochondrial primary metabolism is that of
rather stable expression levels throughout the progres-
sion of DLS, as shown with the two summary graphs in
Figure 4A (TCAall andmETCall).When studied inmore
detail, many transcripts encoding subunits of primary
metabolic protein complexes displayed significant up or
down variations in abundance during the time course.
With a few exceptions, the transcript abundance of sev-
eral genes (e.g. succinate dehydrogenase, citrate syn-
thase, cytochrome c, or alternative oxidase [AOX]) was
observed to increase slightly toward the end of the time
course, particularly at the penultimate time point, day 37.

Fumarase, the only single-copy gene encoding a
component of the tricarboxylic acid cycle, had an ex-
pression profile characterized by down-regulation be-
tween T0 and T2 followed by an increase of transcript
abundance during the final part of the time course. All
the isoforms of citrate synthase were progressively
up-regulated throughout the process of leaf senescence.
In contrast, other enzymes encoded by multiple gene
isoforms showedmore contrasting expression patterns.
This was the case for cytochrome c, AOX, and the
a-ketoglutarate (a-KG) dehydrogenase, for which sev-
eral isoforms were strongly up-regulated at the final
stages of DLS while others displayed down-regulation
rather early in the process. Both internal and external
NADH-dependent dehydrogenases also could be in-
cluded in this cluster, for which dramatically different
expression profiles were observed: two genes (NDB1
and NDA1) were down-regulated throughout the DLS
time course, two (NDB4 and NDA2) stayed rather sta-
ble, and one (NDB2) displayed maximal transcript
abundance in the final time points. NDB2 is a core
component of the alternative respiratory pathway and
was identified previously as one of the most stress-
responsive mitochondrial proteins in Arabidopsis
(Van Aken et al., 2009). Together with AOX1a, NDB2
can form a complete alternative respiratory system
(Clifton et al., 2006), bypassing ATP (and reactive
oxygen species [ROS]) production while promoting
heat generation. Interestingly, there was distinct het-
erogeneity in the expression profiles of the different
AOX isoforms during the time course, with the expression
profiles of AOX1b reducing and AOX1c remaining con-
sistently high during the time course. AOX1a and AOX1d
showed the opposite of this,with the transcript abundance
of these two genes increasing consistently throughout the
time course and reachingmaximum levels in the final two
time points, a finding that has been noted in previous
studies documenting expression profiles of AOX family
members during developmental and dark/starvation-
induced senescence in Arabidopsis (Buchanan-Wollaston
et al., 2005; Clifton et al., 2006). This observed variation in
the gene expression for members of multigene families is
suggestive of a genetic program that facilitates senescence-
specialized roles. Succinate dehydrogenase (or complex II)
has a dual role in the tricarboxylic acid cycle and the
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Figure 4. Transcriptomic changes to mitochondrial primary metabolism and mitochondrial membrane transporters during DLS.
A, Changes in the transcript abundance of the central enzymes and protein complexes of the tricarboxylic acid (TCA) cycle and
the mETC during DLS. B, Visualization of the expression profiles of a defined subset of MCF members (DTC, DIC, SFC, BAC2,
NDT2, ADNT1, AAC, PiC, UCP, and BOU) in addition to a CoA transporter and the VDAC. The mean expression profiles of the
known MCF transporters and the unknown MCF members are visualized at bottom left. AAC, ADP/ATP carrier; ADNT1, ADE-
NINE NUCLEOTIDE TRANSPORTER1; AOX, alternative oxidase; APC, ATP/inorganic phosphate carrier; BAC2, BASIC AMINO
ACID CARRIER2; BOU, Bout de Souffle mitochondrial carnitine acyl carrier-like protein; CitrSynth, citrate synthase; CytC, cy-
tochrome C; DIC, dicarboxylic acid carrier; DTC, ditricarboxylic acid carrier; IMS, intermembrane space; IsocitrDH, isocitrate
dehydrogenase; a-KG DH, a-ketoglutarate dehydrogenase; MalDH, malate dehydrogenase; NDT2, NAD+ TRANSPORTER2;
OAA, oxaloacetate; PiC, phosphate carrier; PyrDH, pyruvate dehydrogenase; SFC, succinate-fumarate carrier; SuccDH, succi-
nate dehydrogenase; SuccinylCoA Lig, succinyl-CoA ligase; UCPs, uncoupling proteins.
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mETC. Similar to AOX1a and NDB2, all but one of the
subunits of succinate dehydrogenase were observed to
display positive expression profiles with the highest
transcript abundance in the penultimate time point (as
observed in the hierarchical clustering and subsequent
GO analysis; Fig. 3Biii, cluster 1). Finally, the genes cod-
ing for the electron-transfer flavoprotein:ubiquinone ox-
idoreductase (ETFQO) and ETFa/b complexes, known
to provide additional electrons to the mETC under car-
bon starvation (Ishizaki et al., 2005; Araujo et al., 2010),
displayed opposite expression profiles.While the ETFa/
b complex displayed a slight increase in transcript
abundance during DLS, the ETFQO clearly showed a
decrease in its transcript levels.

Intrinsically associated with both the tricarboxylic
acid cycle and mETC functions, the maturation of the
iron-sulfur (Fe-S) proteins represents another crucial
function supported by mitochondria. Indeed, seven
iron-sulfur clusters (ISCs) are found in complex I, three
in complex II, and one in complex III of the mETC, but
various types also are present in aconitase, lipoate and
biotin synthases, or ferredoxins, to cite only a few ex-
amples. Moreover, whereas the chloroplastic sulfur
mobilization (SUF) machinery operates independently
(Van Hoewyk et al., 2007), the mitochondrial iron-
sulfur cluster (ISC) machinery controls the maturation
of both mitochondrial and cytosolic/nuclear Fe-S pro-
teins, including crucial proteins involved in ribosome
biogenesis and DNAmetabolism. This is due to the fact
that mitochondria provide the sulfur required to build
ISCs onto cytosolic/nuclear proteins via the cytosolic
iron-sulfur cluster assembly machinery. This is done in
the form of an as yet unidentified compound conveyed
by an ATP-binding cassette transporter present on the
inner membrane of mitochondria called ATM3/STA1
(Couturier et al., 2013; Balk and Schaedler, 2014). Here,
we established a list of genes coding for components of
the ISC machinery as well as for known Fe-S proteins
(Supplemental Table S3). The transcripts encoding the
majority of the 22 putative ISC components were not
much affected during leaf senescence. The trend for
genes encoding knownmitochondrial Fe-S proteins was
somewhat more contrasted. With the exception of genes
encoding subunits of complexes II and III, for some
complex I subunits, for one aconitase, and for cnx2, most
of the other genes had their expression levels decreased
as the time course progressed (Supplemental Table S3).

Isoforms of Mitochondrial Transporters Are Differentially
Expressed to Maintain Effective Transport during
Leaf Senescence

In the above sections, it was highlighted that mito-
chondria are dynamic in their ability to modify their
metabolism as the cellular environment changes. The
involvement and connection of the energy-producing
organelles to various other parts of the cell implies that
a high metabolic flux exists across the mitochondrial
membranes. The mitochondrial carrier family (MCF) is
a gene family that consists of transport proteins with

specific structural features that localize to the inner mi-
tochondrial membrane. This family accounts for more
than 50 transport proteins, of which a few also are local-
ized to organelles other than mitochondria (Haferkamp
and Schmitz-Esser, 2012). In Figure 4B, the identified and
characterized MCF members are shown (Palmieri et al.,
2011; Monne et al., 2015) in addition to a mitochondrial
CoA transporter (Zallot et al., 2013) and the voltage-
dependent anion channel (VDAC) complex (Robert
et al., 2012). The 26 transport proteins depicted are im-
plicitly involved in variousmetabolic pathways inside the
mitochondrion (tricarboxylic acid cycle, aerobic respira-
tion, nucleotide transport, and amino acid metabolism)
and connect them to the metabolic networks of the cell.
The degradation of nucleic acids, proteins, lipids, and
fatty acids results in the accumulation of various products
that can be utilized downstream for energy production
and the reorganization of the metabolic status of the cell
during DLS. Here, the transcript levels of most of the
identified transporters as well as of the as yet uncatego-
rized MCF members (i.e. unknown MCFs; Fig. 4B) were
rather stable during senescence. Interestingly, stable or
slight up-regulation of transcript abundance was ob-
served for the transporters supporting the tricarboxylic
acid cycle (i.e. SFC, DICs, and CoA transporter) and for
those involved in ATP/ADP/AMP and inorganic phos-
phate shuffling across the innermitochondrial membrane
(i.e. ADNT1, NDT2, PICs, AACs, and APCs). In contrast,
a few transporters had their transcript abundance clearly
down-regulated during DLS. This was particularly the
case for the DTC and the putative carnitine/(acyl)carnitine
carrier (BOU) and to some extent to all UCPs. UCPs have
been linked to roles in maintaining the redox balance
of the mETC, and more specifically, UCP1 would con-
tribute to the dissipation of the proton gradient, relieving
both respiration and photorespiration on some electro-
chemical constraint while bypassing the production of
ATP (Sweetlove et al., 2006). As such, the observed de-
cline in abundance of transcripts encoding UCPs is in
accordance with the decline in photosynthetic ability.
Although the down-regulation of BOU was expected, as
the function of this transporter was recently also associ-
ated with photorespiration and linked to Gly decarbox-
ylase activity (Eisenhut et al., 2013), the down-regulation
of UCPs was unexpected, since these proteins are often
thought to play an important role in the mitochondrial
redox balance and would protect against high ROS levels
(Van Aken et al., 2009; Nogueira et al., 2011; Barreto et al.,
2014), which were reported to increase during leaf se-
nescence (Zimmermann and Zentgraf, 2005). One of the
most interesting expression profiles relates to BAC2, with
minimal transcript abundance at the beginning of the time
course, followed by a sudden increase in abundance at the
onset of leaf senescence, reaching a maximal peak in ex-
pression at the end of the time course. Finally, working in
tandem with several adenylate transporters (see above),
the VDACs also displayed rather stable expression pro-
files. VDACs are crucial for energy-related processes (Pan
et al., 2014, and refs. therein), and it is important to note
that a functional interplay between these transport
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proteins is essential for mitochondrial activity and energy
supply for the cell. Interestingly, in mammals, VDACs
have been associated with PCD (Pan et al., 2014), while in
plants, their contribution to cell death mechanisms re-
mains elusive (Robert et al., 2012; Godbole et al., 2013).

Isoforms of Mitochondrial Import Components Are
Differentially Regulated during Leaf Senescence

The data presented above suggest that, in addition
to mitochondrial populations being actively maintained,
mitochondria also acquire novel functions in order to
compensate for the shift in metabolic demand brought on
by the senescence-mediated chloroplast degradation. This
augmentation must be facilitated at multiple regulatory
levels, but one of themost pivotal is the gatekeepers of the
mitochondrial membranes: the protein import compo-
nents. As such, a subset of nuclear genes encoding mito-
chondrial import components (in addition to chaperones,
heat shock proteins [HSPs], and respiratory chain as-
sembly proteins [RCAPs]) was isolated from the Breeze
et al. (2011) data set and analyzed (Supplemental Fig. S3;
Supplemental Table S4). From two earlier studies (Lister
et al., 2004; Van Aken et al., 2009), a number of mito-
chondrial import components and assembly proteins
were defined as highly responsive to stress (expression
profiles of these genes are colored red in Supplemental
Fig. S3). In accordance with the genes encoding compo-
nents of mitochondrial primary metabolism, expression
profiles for the genes encoding import components
showed differential regulation over the time course, with
many displaying their highest transcript abundances in
the final time points of leaf senescence (as signified by the
blue mean line on each graph in Supplemental Fig. S3).
HSPs are an exception; they displayed almost exclusive
down-regulation over the time course. It is important to
note that the central pore of the translocase of the outer
membrane (TOM), TOM40, displayed a declining ex-
pression profile, with the lowest transcript abundance
for this gene observed in the final stage of leaf senes-
cence. Whether this indicates that the corresponding
protein levels of TOM40 also were down is unknown;
however, as the steady-state abundance of TOMs usu-
ally exceeds that of the translocase of the inner mem-
branes (TIMs), the rate of protein import is commonly
viewed as being a product of TIM complex abundance in
plants and yeast (Dekker et al., 1997; Wang et al., 2012).
It has been demonstrated previously that, although

most mitochondrial import components are composed of
small multigene families, in general, only one member is
dominantly expressed at a given time (Lister et al., 2004).
However, in response to certain stress conditions (Lister
et al., 2004) or developmental reprogramming (Wang
et al., 2014), these isoforms have been observed to switch.
This suggests that the redundancy in isoforms lends the
complement of mitochondrial import components a de-
gree of plasticity, which can be modified under a given
signal, to alter the import of mitochondrial proteins and
thus modulate the protein content of mitochondria.
Similar to TOM40, it was observed that TOM20-2,

TOM20-3, and TOM5 displayed maximal transcript
abundance at the beginning of the time course (T0) before
declining consistently and reaching the lowest abun-
dance in the final time point (T3). This is an interesting
observation given that a number of genes encoding dif-
ferent TOMs (TOM20-4 and TOM22-1) showed the op-
posite of this, with low transcript abundance at the
beginning of the time course before increasing to maxi-
mum levels in the final stages of leaf senescence
(Supplemental Fig. S3B, TOMs and SAM). Similarly,
members of the TIM also displayed discordant expression
profiles, with some transcript species displaying declining
expression profiles (TIM17-3 and AT3G25120) while
others increased transiently at either the end of T0 or the
beginning of T2 before declining in abundance (TIM17-1,
TIM17-2, TIM23-1, TIM23-2, and TIM23-3; Supplemental
Fig. S2B, TIM17:23).

For the successful import of precursor proteins into the
mitochondrion, presequence cleavage and folding must
take place for a functional protein to reach its destination.
As such, mitochondrial chaperones, HSPs, and RCAPs
also were analyzed alongside the protein import appa-
ratus. For intermembrane space TIMs, chaperones, and
RCAPs, it was observed that transcripts remained rela-
tively abundant throughout the time course, with many
genes reaching maximum transcript abundance in the
final stages of leaf senescence (Supplemental Fig. S2B). In
contrast, the subset of mitochondrially localized HSPs
was observed to largely exhibit a declining expression
profile, with the notable exceptions of HEAT SHOCK
COGNATE70-5 and HSP70. HSP70 has an exhaustively
well-documented role in a number of crucial processes
taking place within the mitochondrion, such as protein
folding and transcriptional regulation (Lin et al., 2001). As
such, it is possible that it plays an increasingly important
role in aiding protein metabolism as the cellular environ-
ment becomes progressively hostile (e.g. increase of ROS
and various lytic vacuoles) during the final stages of DLS.

Taken together, these transcriptomic data support
our earlier findings and strengthen the proposition that,
in contrast to reported PCD events (for review, see
Vianello et al., 2007), mitochondrial activity is main-
tained during DLS even though not all transcript levels
are stable and several functions seem clearly down-
regulated. Nevertheless, these data identify situations
whereby members of multigene families are differen-
tially regulated in response to DLS, suggesting that these
genes may fulfill highly specialized roles during DLS
that will require further investigation in the future.

The Metabolic Profile of Leaves during Developmental
Leaf Senescence

To support both our physiological data and targeted
transcriptomic investigation, we undertook gas
chromatography-mass spectrometry-based metabolic
analysis using the same time course of DLS as outlined
above. A principal component analysis (PCA) of all
biological replicates showed a clear separation between
themetabolic profiles at four timepoints ofDLS (T0, T1-T2,
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Figure 5. Metabolomic analysis of leaves undergoing DLS. A, PCA plot of samples over the time course of leaf senescence. B,
Heat map of identified amino and organic acids, sugars, and other metabolites normalized to their maximal relative abundance.
Statistically significant differences in abundance compared with time point T0 were tested using Student’s t test: *, P , 0.05;
**, P , 0.01; and ***, P , 0.001. C, Relative abundances and ratios of Gln-Glu, Gly-Ser, and a-KG-Glu throughout DLS. Error
bars represent SE. D, Ratio of Glu and Gln to the relative pool of all amino acids in senescing leaves.

2142 Plant Physiol. Vol. 172, 2016

Chrobok et al.



T2-T3, and T3-T4; Fig. 5A). Furthermore, it was ob-
served that, at the beginning of the time course (T0), the
samples clustered together densely, whereas toward
the end of this time course (T3-T4), the samples were
more distantly separated, indicating an increasing
variability among biological replicates as senescence
progressed. As a matter of fact, this biological heter-
ogeneity is quite difficult to circumvent and remains
a major bottleneck when studying natural aging in
leaves, which over the years has necessitated the use of
alternative experimental designs, such as dark-induced
senescence (Buchanan-Wollaston et al., 2005; van der
Graaff et al., 2006; Keech et al., 2010).
In a second step, the observed metabolites were clus-

tered based on functional groups, and their abundance
was normalized to themaximum value and presented as
a heat map (with significant differences identified when
comparedwith T0; Fig. 5B).Most of the detectable amino
acids decreased as senescence progressed. However,
while the abundance of some of these amino acids de-
creased drastically (Glu, Ala, Pro, Asn, Ser, and Gly),
several others, including branched-chain amino acids
(BCAA) and aromatic amino acids, remained quite high
in abundance. This also included the principal nitrogen-
rich and senescence-associated amino acid Gln. Sugars,
on the other hand, exhibited a more heterogenous pat-
tern. While some sugars, such as Glc, Fru, Xyl, trehalose,
or evenmaltose, showed an increased content toward the
end of the DLS (T3-T4), others, including notably Suc and
hexose phosphate, had a more transient abundance
profile with a clear increase toward the middle of the
process. Furthermore, a few organic acids also were
detected, and while the abundance of fumarate and
succinate decreased progressively, a-KG, citrate, and
malate increased. Finally, several key metabolites were
additionally quantified, namely, galactosylglycerol,
digalactosylglycerol, and phytol, and the abundance of
these was found to massively increase during leaf se-
nescence, most likely as they represent downstream
products of thylakoid and chlorophyll degradation.
With a focus on nitrogen metabolism, we also ex-

amined metabolites that often are substrate-product
partners in a given reaction. In green leaves, Gly and
Ser are seen mainly as two metabolic intermediates of
the photorespiratory pathway and appear connected to
each other by the tandem glycine decarboxylase com-
plex (GDC) and serine hydroxymethyl transferase
(SHMT). This reaction combines two Gly into one Ser
and leads to the release of NH3, CO2, and NADH
(Douce et al., 2001). Here, the abundance of both Gly
and Ser decreased with time; however, the ratio of Gly to
Ser increased as senescence progressed (Fig. 5C). Inter-
estingly, the two pairs Gln/Glu and a-KG/Glu had their
respective ratios increase during the latest stages of DLS.
When compared with the relative pool of all amino acids
over theDLS time course, the pool of Gln increasedwhile
the pool of Glu decreased (Fig. 5D). Together, this indi-
cates that Glu becomes depleted faster than Gln and
a-KG, which, in turn, suggests that Glu would become a
limiting metabolic factor during DLS.

Mitochondria-Localized Catabolic Processes

Perhaps the most important outcome of DLS is the
procurement and subsequent redistribution of nutrients,
and inparticular nitrogen, fromsenescing tissues to the rest
of the plant (Himelblau and Amasino, 2001; Guiboileau
et al., 2010). The data presented above revealed that the
primary metabolic contribution of mitochondria in the
cellular landscapewasmaintained until very late intoDLS.
Furthermore, it is important to note thatmitochondria also
are the site of numerous important catabolic processes.
Therefore, we questionedwhether, during leaf senescence,
mitochondria could become an essential player in the re-
lease and remobilization of nitrogen by hosting diverse
catabolic processes. To challenge this hypothesis, we first
identified several catabolic and conversion pathways for
which mitochondrial steps were present. Second, a man-
ually curated list of genes encodingmitochondrial proteins
associated with these pathways was analyzed in detail,
and six main metabolic routes involved in catabolic pro-
cesses were mapped onto a summarizing figure. Figure 6
thus represents a distilled overview of the mitochondrial
metabolic reactions likely contributing to nitrogen remo-
bilization during leaf senescence.

Lys is an essential amino acid that can be broken
down to produce acetoacetyl-CoA and acetyl-CoA, a
potential substrate of the tricarboxylic acid cycle (Fig. 6,
pathway I). Concomitantly, two molecules of Glu are
released. The first two steps of Lys degradation can be
catalyzed either by two separate enzymes or a bifunc-
tional enzyme called LKR/SaccDH. First, LKR cata-
lyzes the conversion of Lys and a-KG to saccharopine,
which is then converted to adipic semialdehyde and
Glu via the SaccDH. It has been reported that the bi-
functional LKR/SDH also encodes a functional equiv-
alent of two monofunctional enzymes, LKR and
SaccDH (Tang et al., 2002). Whereas these enzymes are
known to localize to the cytosol, other enzymes in this
pathway are proposed to localize to the mitochondrion.
Regardless, the whole metabolic pathway of Lys degra-
dation was up-regulated, including its mitochondrial
component, leading to the release ofGlu. Similar outcomes
were observed in the degradation of BCAA (Fig. 6, path-
way II; Supplemental Fig. S4). The transcript abundance of
the majority of the genes associated with this catabolic
pathway increased to maximum abundance in the penul-
timate time point, leading to the release of Glu and to the
delivery of acetyl-CoA to the tricarboxylic acid cycle
(Supplemental Fig. S4). Additionally, electrons released
from this pathway can support the mETC via the ETF-
ETFQO system (Ishizaki et al., 2006) and thereby contrib-
ute to furtherATPgeneration inmitochondria, particularly
under starvation conditions (Ishizaki et al., 2005; Binder,
2010). D-2HG appears as a product of phytol and poten-
tially of Lys degradation (Engqvist et al., 2011). The con-
version of D-2HG to a-KG by D-2HGDH leads to the
release of electrons, which can be utilized by the mETC
(Fig. 6, pathway III). a-KG can be provided directly to the
tricarboxylic acid cycle or further converted to Glu in
the presence of ammonium via NADH-dependent Glu
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dehydrogenase (GDH). The transcript abundance of both
the D-2HGDH and GDH isoforms was maintained
throughout DLS, while, interestingly, an isoform of GDH
appeared strongly up-regulated in comparison with
the other isoforms, suggesting a specific role for this
isoform in DLS.

The expression profiles for the transcripts encoding
the subunits ofGDCandSHMTwere clearly progressively

down-regulated during DLS (Fig. 6, pathway IV and
boxed section), even though at T2, Gly was still oxi-
dized by isolated mitochondria (Fig. 2C). That said, a
favorable alternate route for Gly conversion may take
place during DLS, as shown by the increase in tran-
script abundance of two connected aminotransferases:
Gly can be converted to glyoxylate via the activity of
an Ala/glyoxylate aminotransferase; also coupled to

Figure 6. Production of Glu, reducing equivalents, and tricarboxylic acid (TCA) cycle intermediates from catabolic reactions
occurring in the mitochondrion during DLS. Transcriptomic overviews are shown for the mitochondrially localized portion of the
following metabolic pathways: Lys degradation (I), BCAA degradation (II), 2-hydroxyglutarate (D-2HG) metabolism (III), Gly and
Ala metabolism (IV), urea cycle (V), and Pro metabolism (VI). Specific genes of these pathways and their transcript abundance during
DLS are illustrated. The production of reducing equivalents is shown as an arrowwith an electron (e2). AcCoA, Acetyl-CoA; AlaAT, Ala
aminotransferase; Ala/GlxAT, Ala/glyoxylate aminotransferase; ARG, Arginase; AspAT, Asp aminotransferase; BCAT, branched-chain
amino acid transaminase; Citru, citrulline; FAA, fumarylacetoacetase; FAD-GPDH, FAD-dependent glycerol-3-phosphate dehydro-
genase; Fum, fumarate; Glx, glyoxylate; GS, Gln synthase; D-2HGDH, D-2-hydroxyglutarate dehydrogenase; IVDH, isovalerate
dehydrogenase; LKR/SDH, Lys-ketoglutrarate reductase/saccharopine dehydrogenase; NAD-GPDH, NAD-dependent glycerol-3-
phosphate dehydrogenase; NO, nitric oxide; NOS1, nitric oxide synthase; OAT, Orn-D-aminotransferase; ProDH, Pro dehydrogenase;
Pyr, pyruvate; P5C, pyrroline-5-carboxylate; P5CDH, pyrroline-5-carboxylate dehydrogenase.
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this conversion, the Ala aminotransferase (AlaAT)
converts Ala back to pyruvate and produces Glu.
Part of the urea cycle also takes place in the mito-

chondrion (Fig. 6, pathways V and VI). Urea is produced
from the conversion of L-Arg to L-Orn by the enzyme
arginase, which is encoded by two isoforms. Interest-
ingly, the transcript abundance of these two isoforms
display opposing expression profiles, with the transcript
abundance of one isoform decreasing at the onset of DLS
while the other isoform increases tomaximal levels at day
37. The pool of L-Orn generated from L-Arg conversion
can then yield two Glu molecules, via the conversion of
L-Orn to P5C plus Glu by OAT, before being further
converted to Glu by P5CDH. Similarly, Pro can be con-
verted to P5C (in a reaction that also yields reducing
equivalents that can be utilized by themETC) by ProDH.
Investigation of the transcript abundance of these two
genes revealed that they were both up-regulated to
maximum levels in the penultimate timepoint. It isworth
noting that an additional reaction may occur, where Arg
is converted to citrulline by a nitric oxide synthase-like
activity with the concomitant release of nitric oxide.
However, the enzyme responsible for this activity re-
mains to be clearly identified (see “Discussion”). A few of
these metabolic pathways are shown to be connected to
primarymetabolism, by providing electrons, acetyl-CoA,
or other metabolites like fumarate. Indeed, the transcript
abundance of the fumarylacetoacetase also was pro-
gressively up-regulated during DLS. This enzyme, lo-
calized in the mitochondrion, contributes to the final

steps of the Tyr degradation pathway and ultimately
leads to the production of fumarate, which, in turn, can
be incorporated into the tricarboxylic acid cycle.

The Evolutionary Age of Mitochondrial Genes Expressed
during Developmental Leaf Senescence

Finally, in order to investigate the relationship be-
tween the evolutionary age of a given gene and its ex-
pression during DLS, the phylostratigraphic ranking
established by Quint et al. (2012) was matched with the
mitochondrial set. In brief, each gene was assigned to
one of 13 phylostrata (PS1–PS13), with members of PS1
making up the most evolutionarily ancient genes, with
homologous sequences in prokaryotes, and with PS13
making up the most evolutionarily recent genes, with
no orthologs outside of Arabidopsis. These data were
then transformed to provide a weighted mean of the
evolutionary age of each gene, based on its expression
level, resulting in the Transcriptome Age Index (TAI) of
each time point (see “Materials andMethods”; Fig. 7A).
This analysis revealed that, as DLS progresses, the
mean evolutionary age of mitochondrial genes being
actively expressed becomes progressively younger,
with the most evolutionarily ancient genes expressed
primarily at the beginning of the time course (T0 and
T1) and the youngest toward the final stages of senes-
cence (T2 and T3). As a point of reference, this analysis
also was carried out for a curated list of genes encoding
proteins targeted to the chloroplast (Law et al., 2012), in

Figure 7. Transcriptome age profiling of genes encoding proteins targeted to mitochondria during DLS. A, Using data derived
fromBreeze et al. (2011), a subset of genes encoding proteins targeted to themitochondrionwas established and cross-referenced
with the phylostratigraphic ranking established by Quint et al. (2012) to investigate the evolutionary age of mitochondrial genes
expressed duringDLS. These datawere transformed to provide aweightedmean of the evolutionary age of each gene, based on its
expression level, resulting in the TAI of each time point (see “Materials and Methods”). As a point of reference, a subset of genes
encoding proteins targeted to the plastid also was analyzed. The mean evolutionary ages of mitochondrial (Mt) and chloroplastic
(Cp) genes are plotted with dotted lines. The gray areas bordering the lines represent the SE of the TAI, as estimated by bootstrap
analysis. B, Transcripts displaying maximal expression at day 37 (n = 148) were further assessed for functional enrichments
compared with the total mitochondrial list. Bi, Significantly enriched/depleted functional groups are identified with colored
asterisks (red, enriched; blue, depleted). The mean TAI of each functional group is listed. Bii, In addition, GO enrichments were
analyzed.
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which the opposite was observed, with the evolution-
ary age of expressed genes getting older as DLS pro-
gressed. Interestingly, the transcripts displaying the
youngest TAI in the entire time course were observed in
the penultimate time point, day 37. Functional analysis
of transcripts expressed at maximal abundances at this
time point (day 37) revealed a significant (P # 0.05)
enrichment in primary metabolism functions (compo-
nents of the tricarboxylic acid cycle, TAI = 2.65; mETC,
TAI = 4.15), in the degradation of amino acids (chiefly
Pro and the BCAA Leu, Ile, and Val; TAI = 1), and in
auxinmetabolism (TAI = 5.08; Fig. 7Bi). In addition, GO
enrichment analysis of these transcripts revealed a
significant (Best per Parent, P , 0.005) overrepresen-
tation of processes associated with oxidation reduction
and the generation of precursor metabolites and energy
(Fig. 7Bii).

DISCUSSION

Mitochondria are highly adaptive organelles that
fulfill a number of vital physiological, biosynthetic, and
energetic roles. The study presented here provides, to
our knowledge, the first in-depth analysis of the varied
and complex roles of mitochondria during DLS. Under
normal photosynthetic conditions, mitochondria work
in concert with chloroplasts and peroxisomes to harvest
and distribute energy to the cell (Gardeström and
Igamberdiev, 2016). As chloroplasts are progressively
dismantled during DLS, it has been postulated that
mitochondria maintain their role as primary energy
providers to fuel the energetically demanding reallo-
cation of nutrients during DLS (Smart, 1994; Keech
et al., 2007) and also during autumnal leaf senescence
such as in poplar (Keskitalo et al., 2005). However, until
now, the manner in which this was facilitated had
remained unknown. The targeted transcriptomic anal-
ysis carried out here revealed that, for the most part, the
transcript abundance of components of the tricarbox-
ylic acid cycle, the ISC assembly machinery, and mETC
remain stable throughout the time course, with many
showing their maximal expression in the penultimate
time point. This was further supported by our physio-
logical assays presented in Figure 2, which clearly
indicate that mitochondria maintain a complete and
functioning complement of primary metabolism en-
zymes. A comparison of mitochondrial transcriptomic
data sets from Breeze et al. (2011) and van der Graaff
et al. (2006) also supports the robustness of our con-
clusions, particularly when regarding the catabolic re-
actions shown in Figure 6 (Supplemental Fig. S5A;
Supplemental Table S5). Having said that, the Breeze
et al. (2011) data set was utilized throughout our study,
as it represents the most detailed publicly available
transcriptomic analysis of DLS, as shown by the PCA
plot in Supplemental Figure S5B. Furthermore, as our
study dealt with a different photoperiod compared with
the previous study (Breeze et al., 2011), we performed a
set of complementary quantitative reverse transcription
(qRT)-PCR assays for several key genes related to our

study (Supplemental Fig. S6; Supplemental Table S6).
The results of these assays were satisfactory and showed
mostly the same trends as the microarray experiments,
suggesting that the process of leaf senescence is con-
served and largely independent from photoperiodic
regimes. Interestingly, in the instances where a gene
encoding a component of mitochondrial primary me-
tabolism showed a declining expression profile, it was
often accompanied by a corresponding increase in the
transcript abundance of a complementing isoform. Iso-
form switching has been observed in other develop-
mental processes, such as seed germination (Law et al.,
2012), leaf development (Wang et al., 2015), and flow-
ering (Wang et al., 2014); however, the observationsmade
here offer a unique insight into the carefully coordinated
stage transitions underlying mitochondrial activity in the
final developmental stages of a plant.

Mitochondria Orchestrate Senescence-Associated
Catabolism to Support Nitrogen Remobilization

The energetic contribution of mitochondria during
DLS is undoubtedly a crucial process that compensates
for the shift in metabolic demand and prolongs cell
viability until the optimum reallocation of nutrients has
been achieved. However, perhaps the most interest-
ing findings to emerge from our analysis have been
the numerous ways in which the mitochondrion is
able to integrate catabolic reactions in order to opti-
mize nitrogen reallocation. The assembly of different
mitochondria-localized pathways is complex, and un-
doubtedly the scheme presented here remains frag-
mentary. That said, the uniform trend of increasing
transcript abundances of the majority of the genes
involved in these catabolic pathways coupled to the
metabolic changes occurring at the leaf level strongly
support the idea that, during DLS, mitochondria (1)
provide carbon skeletons for the cell, (2) deliver energy
in the form of reducing equivalents and ATP, and (3)
have a central role in nitrogen metabolism. Specifically,
we propose the amino acid Glu to play a crucial role in
nitrogen remobilization during senescence, being re-
leased inmany of the identifiedmitochondrial catabolic
pathways (Fig. 6). The metabolomic analysis of sen-
escing leaves showed that the Glu content in leaves
decreases during senescence, while the ratio of Gln to
Glu increases (Fig. 5, B–D). Furthermore, the a-KG-to-
Glu ratio, which is involved in numerous transamina-
tion reactions, also increases during the process. These
results are in agreement with the study fromWatanabe
et al. (2013), who reported metabolic changes in dif-
ferent parts of leaves undergoing senescence from
plants grown under long-day conditions.

Besides Asn and Glu, Gln is the main amino acid
present in the phloem sap and represents one of the
main molecules for senescence-associated nitrogen ex-
port processes in Arabidopsis (Masclaux-Daubresse
et al., 2010) or in poplar (Couturier et al., 2010). In ad-
dition, it has been shown in various species (Arabi-
dopsis [Li et al., 2006; Keech et al., 2010], radish

2146 Plant Physiol. Vol. 172, 2016

Chrobok et al.

http://www.plantphysiol.org/cgi/content/full/pp.16.01463/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01463/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01463/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01463/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01463/DC1


[Raphanus sativus] cotyledons [Kawakami andWatanabe,
1988], barley [Hordeum vulgare; Avila-Ospina et al.,
2015], and tobacco [Nicotiana tabacum; Masclaux et al.,
2000], to name a few) that Gln can be synthesized from
Glu via the GS and that the protein content of the cy-
tosolic GS1 increases strongly during DLS while the
amount of chloroplastic GS2 drops quickly. Therefore,
we propose that Glu and, to some extent, ammonium
released from the catabolic reactions occurring in the
mitochondrion during DLS are transported from the
matrix to the cytosol and subsequently are converted
into Gln via the GS1. The produced Gln can then leave
the cell via the action of the amino acid exporters,
GLUTAMINE DUMPER1 (GDU1) to GDU7, located at
the plasma membrane (Pratelli et al., 2010). Compel-
lingly, the transcript abundance of two of the seven
GDU isoforms, AtGDU3 (At5g57685) and AtGDU4
(At2g24762), show a progressive up-regulation, with
the highest transcript abundance at the penultimate
time point, clearly pointing to a possible role during
DLS (Supplemental Table S3). However, how Glu is
exported out of the mitochondrion remains unclear.
While mitochondrial Glu transporters have been char-
acterized in humans (Fiermonte et al., 2002), no specific
mitochondrial Glu transporter has been described yet
in plants (Catoni et al., 2003). This is not surprising, as
the transport specificities of about half of the MCF
members have not yet been characterized (Fig. 4B).
In addition to its key role in providing the carbon

skeleton for the fixation of ammonium and the subse-
quent export of nitrogen out of the cell, Glu plays an
important role in supplying the primary energy me-
tabolism via GDH, which can catalyze the oxidative
deamination of Glu to a-KG. This reaction being re-
versible, some studies have discussed the physiological
contexts under which the bidirectional function of this
enzyme may play a role (Aubert et al., 2001; Dubois
et al., 2003). Although at present no clear answer has
emerged from this debate, we here propose that mito-
chondrial GDH can contribute to nitrogen metabolism
during DLS either by producing Glu or by replenishing
the pool of a-KG concomitantly to release reducing
equivalents (NADH). This latter option would support
the transaminations coupled to amino acid catabolism
(Fig. 6).
The degradation of Pro (Fig. 6, pathway VI) also ap-

pears as a central pathway releasing Glu and reducing
equivalents; therefore, it is advantageous in highly
energy-demanding developmental processes such as
leaf senescence (Faes et al., 2015; Zhang and Becker,
2015). Here, we observed that the increase of transcript
abundance of the two Arabidopsis Columbia-0 Pro de-
hydrogenases during senescence is similar. Pro metab-
olism is coupled to the segment of the urea cycle (Fig. 6,
pathway V) that localizes to the mitochondria and con-
nects to the highly up-regulated mitochondrial trans-
porter called BAC2. BAC2 transports Arg and Orn
across the inner mitochondrial membrane, and it can be
induced by stress or dark-induced senescence. Further-
more, ethyl methanesulfonate and T-DNA knockout

mutants ofBAC2 have been demonstrated to accumulate
Pro under hyperosmotic stress conditions (Palmieri
et al., 2006; Toka et al., 2010; Planchais et al., 2014), while
overexpression of BAC2 led to higher Arg catabolism
and accumulation of urea (Planchais et al., 2014). Several
mitochondrial pathways lead to the degradation of
imported Arg, which, in turn, can either be converted to
citrulline or enter the Pro catabolic pathway. The con-
version of Arg to citrulline potentially leads to the pro-
duction of nitric oxide; a contentious issue, as it remains
unclear whether a functional nitric oxide synthase (so
far coined NOS1 [At3g47450]) exists in higher plants
(Hancock, 2012, and refs. therein; Du et al., 2016; Fig. 6).
The second pathway degrades Arg to Orn, which can
then enter the Pro catabolic pathway. Here, since the
genes involved in Pro degradation (OAT, ProDH, and
P5CDH) are all up-regulated during DLS, while the
putative NOS1 gene is clearly down-regulated, it is rea-
sonable to propose that the imported Arg preferentially
fuels Pro catabolism, which, in turn, produces Glu at
various steps. This conversion from Arg to Pro via Orn
also leads to the production of urea, a molecule that was
recently reported to be exported from senescing leaves as
a source of nitrogen (Bohner et al., 2015). These results, in
line with the recently proposed fate of Pro during petal
and leaf senescence (Zhang andBecker, 2015), are further
supported by our metabolic data (Fig. 5) indicating a
decrease in Pro levels during DLS.

We considered two additional catabolic pathways
that can modify mitochondrial metabolism during
DLS, the degradation of BCAA and Lys. It has been
shown that, under starvation conditions, BCAA deg-
radation can become an alternative source of energy
(Araujo et al., 2010; Peng et al., 2015), notably due to
the activity of IVDH. This enzyme oxidizes isovaleryl-
CoA to methylcrotonyl-CoA and generates reducing
equivalents (Daschner et al., 2001), which, in turn, can
support the mETC through the ETF/ETFQO complex.
Interestingly, through isotope tracer experiments, the
role of IVDH also has been suggested to be coupled to
Lys catabolism (Araujo et al., 2010), even though this
still remains an unresolved matter (Engqvist et al.,
2014). In general, Lys can be degraded via a number of
different pathways. It originates from protein degra-
dation, is converted to D-2HG (Engqvist et al., 2009;
Araujo et al., 2010) and then into a-KG that is fed into
the tricarboxylic acid cycle. It also can be degraded via
the LKR/SaccDH pathway (Tang et al., 2002). While
D-2HGDH is localized to the mitochondrion and
releases electrons to the ETF/ETFQO complex, the
localization of the Lys degradation pathway via LKR/
SaccDH is not yet fully elucidated; some reactions
clearly take place in mitochondria, while others might
be localized in the cytosol. Regardless, the outcome of
this pathway is the production of acetyl-CoA and two
molecules of Glu. Even though the respective flux
through these different pathways during DLS is par-
ticularly hard to estimate, it is obvious that they all
participate in the release of Glu, the delivery of sub-
strates to the tricarboxylic acid cycle, or feed the
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mETC with electrons, which once again supports our
metabolic model (Fig. 6).

Surprisingly, we observed that, with Gly as a sub-
strate, mitochondria isolated from leaves in the middle
of the senescence process had a transient increase in
oxygen consumption (Fig. 2D). In contrast, the tran-
script levels of both GDC and SHMT were progres-
sively down-regulated (Fig. 6, boxed area), and both
pools of Gly and Ser decreased concomitantly in sen-
escing leaves (Fig. 5B). This seems to indicate that, de-
spite the down-regulation of its transcripts, the GDC
complex remains active in leaves and offers the possi-
bility to decarboxylate Gly. Indeed, even though GDC
is involved in photorespiration, which undoubtedly
drops during leaf senescence, the complex also plays a
role in C1metabolism andwas shown to be essential for
plants (Engel et al., 2007). In addition, examination of
the reactions coupled to Gly metabolism in mitochon-
dria identified several aminotransferases suspected
to be involved in Gly degradation. Among them, the
Ala/glyoxylate aminotransferase andAlaATwere both
up-regulated during leaf senescence, the latter leading
to Glu production, while amitochondrion-targetedAsp
aminotransferase was clearly down-regulated (Fig. 6).
Therefore, we propose a model where Gly conversion
in senescing leaves would progressively switch from
decarboxylation to transamination. Such transamina-
tions would result, in addition to Glu, in the production
of glyoxylate. Glyoxylate could be further exported
toward the peroxisomes/glyoxysomes to integrate the
glyoxylate cycle, known to be up-regulated during leaf
senescence (Debellis and Nishimura, 1991; Pistelli
et al., 1992; Pracharoenwattana and Smith, 2008). Ul-
timately, this would lead to the production of addi-
tional organic acids, which, in turn, could feed the
tricarboxylic acid cycle. Consistent with this scheme,
both malate and citrate were found to accumulate in
senescing leaves (Fig. 5B). Another piece of evidence
supporting that such a mechanism would contribute
to nitrogen remobilization comes from the fact that
introducing the barley ortholog AlaAT cDNA into rice
(Oryza sativa) leads to a better nitrogen use efficiency
in plants, with increased biomass and total nitrogen
content (Shrawat et al., 2008). This suggests that the
increase in AlaAT transcript levels could indeed be
beneficial to senescing plants, to better remobilize
nitrogen and efficiently reallocate it to developing
organs.

Is the Maturation of Fe-S Proteins Still Active in
Senescent Leaves?

Fe-S proteins ensure many vital functions, partici-
pating for instance in electron transfer reactions or
being required for enzymatic catalysis. They are first
synthesized as apoproteins, and the prosthetic groups
are inserted into the polypeptide through the action of
dedicated assembly machineries, namely SUF, ISC,
and cytosolic ISC assembly, devoted to the maturation
of plastidial, mitochondrial, and nuclear or cytosolic

proteins, respectively (Couturier et al., 2013; Balk and
Schaedler, 2014). Considering that mitochondria are
central to the maturation of both mitochondrial and
extramitochondrial Fe-S proteins, and that this is cer-
tainly one of the primary and ancestral functions of
mitochondria, we hypothesized that ISC assembly
should remain functional as long as possible. We pro-
vide below tentative explanations for the constant or
variable expression of certain genes in light of known
metabolic or physiological changes occurring during
senescence.

Besides genes coding for accessory factors (Mge1,
HscA, and HscB), a noticeable decrease in expression
was observed only for the IndH/1 gene among the core
ISC components. The IndH/1 gene is a late-acting fac-
tor that is specifically required for complex I assembly
(Wydro et al., 2013). This decrease in expression might
be consistent with the specific down-regulation ob-
served for genes coding for Fe-S subunits present in
complex I. Indeed, the expression of genes coding for
Fe-S subunits of complexes II and III remains either
unchanged or is increased, supported by the significant
enrichment of 2Fe-2S cluster assembly factors in cluster
6 (increasing trend of transcript abundance over the
time course) in Figure 3. Overall, this may point to a
concerted regulation for favoring complex II and de-
creasing reliance of complex I, which may become
bypassed during senescence in order to avoid ROS
production (see above).

Cnx2 is a protein involved in the synthesis of the
molybdenum cofactor, which occurs partly in mito-
chondria. In plants, these cofactors are found in extra-
mitochondrial proteins, such as in cytosolic xanthine
dehydrogenases, nitrate reductases, and aldehyde oxi-
dases or in peroxisomal sulfite oxidases (Mendel and
Leimkuhler, 2015). The fact that this gene is strongly
up-regulated during the senescence process could point
to the importance of one or several of these enzymes.
In fact, this may fit with the requirement of xanthine
dehydrogenase and nitrate reductase for nitrogen
remobilization, which is a crucial metabolic adaptation
occurring during senescence. In fact, the maintenance
of a high expression of ISC genes confirms the view
that mitochondrial and/or extramitochondrial Fe-S or
molybdenum cofactor-containing proteins are likely
required for crucial functions associated with se-
nescence. By analogy to nonplant systems, where it
was demonstrated that ISCs are present in enzymes
involved in ribosome biogenesis or in DNA repair
and replication (Paul and Lill, 2015), we can specu-
late that this maturation pathway has to be main-
tained as long as possible in all organs, including
senescing ones. It is interesting that a similar analysis
performed with SUF components or chloroplastic
Fe-S proteins showed a rapid decline in transcript
levels for most genes. This is in accordance with the
fact that the chloroplast metabolism declines rapidly
during DLS and that the SUF machinery is not
required for nonchloroplastic Fe-S proteins (Van
Hoewyk et al., 2007).
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The Conserved and Newly Acquired Functions of
Mitochondria during DLS

The evolutionary origin of plant senescence can be
traced back to photosynthetic prokaryotes, and over time,
it has been augmented with successive rounds of evolu-
tionary innovation. Consequently, senescence can be
viewed as an assembly of varied but complementary
processes that have evolved gradually in response to di-
verse selective pressures (Thomas et al., 2009). To examine
the influence of the evolutionary age of a gene on its ex-
pression during leaf senescence, phylostratigraphic anal-
ysis was carried out on the mitochondrial set during the
time course established by Breeze et al. (2011). Previous
studies have examined the evolutionary age of genes
expressed during major developmental processes, such as
seed embryogenesis (Quint et al., 2012) and seed germi-
nation (Dekkers et al., 2013). In both processes, a tran-
scriptomic hourglass was identified, characterized by the
expression of evolutionarily young genes at the beginning
and end of these processes, with a transient period of re-
pression of these young genes and expression of the most
evolutionarily ancient genes at the midpoint of the re-
spective time courses (known as a phylotypic stage). In
both developmental programs, the transient dominance of
evolutionarily ancient genes is thought to signify a pivotal
period where cellular differentiation and spatiotemporal
organization processes are coordinated (Quint et al., 2012;
Dekkers et al., 2013). A recent review applied a similar
methodology to examine the evolutionary age of mito-
chondrial genes during seed germination and revealed the
opposite pattern of evolutionary age/expression, with the
oldestmitochondrial genes expressed at the beginning and
end of germination and the youngest expressed tran-
siently during the middle of the time course (Law et al.,
2014). This deviation from observations made for the total
present set could be attributed to the presence of a large
group of evolutionarily young PPR proteins that were
expressed transiently during seed germination. In contrast
to these observations, during DLS no such evolutionary
hourglass was observed, with the mean TAI increasing
steadily as the time course progressed. The observation
that the most evolutionarily ancient genes are expressed
predominantly at the onset of DLSwhile the expression of
evolutionarily young genes is dominant at the final stages
of DLS is interesting, although perhaps not surprising. A
previous investigation has shown that the earliest senes-
cence processes to be acquired were linked to catabolism
of the light energy transduction machinery, while more
recent evolutionary additions have been linked to the de-
velopment of mechanisms for the perception and inte-
gration of signals regulating senescence initiation and
execution. Closer examination of genes belonging to the
mitochondrial set that were expressed maximally at day
37 (when transcripts displaying the youngest TAI were
observed) showed a significant underrepresentation of
protein metabolism, which had an average phylostrati-
graphic ranking of 1.69, which is on the evolutionarily
ancient end of the spectrum (Fig. 7). In contrast, this
set was significantly overrepresented with unknown

functions (average TAI = 3.26), primary metabolism (av-
erage TAI = 2.65), amino acid degradation (average TAI =
1.00), and auxinmetabolism (averageTAI= 5.08).With the
exception of amino acid degradation, which is relatively
ancient in evolutionary terms, these results indicate that
the execution of DLS has changed over evolutionary time
as a consequence of mitochondria acquiring novel func-
tions, which have fortified their increasingly central roles
as hubs for signaling and energy production in the final
stages of DLS.

To conclude, for several decades, the commercial im-
pact of senescence to the agricultural industry has driven
the exhaustive research into fruit, flower, and leaf se-
nescence in plants (Schippers et al., 2015). However, little
attention had been paid to the enigmatic role of mito-
chondria during this vital developmental process. In this
study, we provide, to our knowledge, the first compre-
hensive analysis describing mitochondrial metabolic
functions during DLS. Most interestingly, our work
shows that, during DLS, in addition to becoming the
primary site of ATP production, mitochondria also or-
chestrate a number of catabolic processes and, in doing
so, assume an increasingly central energy and metabolic
role in the cellular landscape. Particularly, through these
reactions, mitochondria provide the carbon backbone
essential for nitrogen remobilization, a process of utmost
importance not only to ensure the quality of grain in crop
species but also representing a valuable target for mini-
mizing the negative ecological impact of fertilizer in
current farming practices.

MATERIALS AND METHODS

Plant Growth

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 plants were grown
in a controlled environment growth chamber with a short-day photoperiod
(8/16 h of light/dark, 22°C/17°C) at 75% relative humidity and 200 mmol m–2 s–1

white light at growth level. The short-day growth period served to increase both
the number and size of the leaves, thus facilitating physiological analyses.

Chlorophyll Measurements

Leaves of rosettes 8 to 10 ofArabidopsis plantswere followed throughout the
process of senescence. The chlorophyll content of these leaves was measured
with a CCM-200 Chlorophyll Content Meter from Opti-Sciences by clamping
each leaf tip to the CCM-200 detector and measuring an area of 0.71 mm2. To
avoid the main vain, the tips of the leaves were chosen for this measurement.

Breeze et al. (2011) published a time course of chlorophyll degradation during
DLS under a long-day photoperiod. Based on our chlorophyll determination data
for a short-day photoperiod, we could easily match four time points (T0, T1, T2,
and T3) fromour reference set (Fig. 2A) to the Breeze et al. (2011) reference set (Fig.
2B). Furthermore, in order to match our data for microscopy, adenylate pool
determination, and the metabolomics of developmentally senescing leaves, we
added a fifth time point (T4) to the Breeze et al. (2011) reference set, representing
the latest stages of leaf senescence (i.e. less than 20%chlorophyll content in leaves).

Microscopy

Confocal Laser Microscopy

Images were acquired using a Zeiss LSM 780 confocal microscope with a
C-Apochromat 403/1.20 W Korr M27 objective. The pixel dwell was 0.64 ms,
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which corresponds to 671 ms per image. Only the 488-nm laser was used at
0.9%, and collection windows were as follows: ChS1, 499 to 542 for GFP; and
Ch2, 650 to 700 for chlorophyll fluorescence.

Electron Microscopy

Leaves were placed in a petri dish filled with water, and leaf sections of
approximately 1 mm2 were prepared. Squares of 1 mm2 were always cut
approximately 2 to 3 mm to the right and left from the mid vain and at a
distance from the leaf tip of 0.5 cm. Three biological replicates per leaf se-
nescence stage were fixed overnight in 2.5% (w/v) glutaraldehyde/0.1 M

cacodylate buffer, pH 7.2 (primary fixation). The samples were washed twice
with cacodylate buffer and transferred to a 1% (w/v) osmium tetroxide so-
lution for 2 h in darkness (secondary fixation). After washing twice for 15 min
in 0.1 M cacodylate buffer, the samples were dehydrated in a graded ethanol
series and sequentially transferred to a mix of anhydrous ethanol and Spurr
embedding resin (TAAB Laboratories). The next day, the samples were
transferred overnight to pure Spurr embedding resin, embedded in beem
capsules, and incubated at 65°C for 24 h. After embedding, ultrathin sections
(80 nm) were cut for transmission electron microscopy analysis. The sections
were stained with 5% aqueous uranyl acetate for 60 min and then with lead
citrate (Reynolds, 1963) for 6 min before being examined with the electron
microscope (JEM 1230; JEOL). Images were taken using a Gatan MSC 600CW
2kX2k CCD camera.

Isolation of Mitochondria and Respiratory Measurements

Leaf mitochondria were isolated according to Keech et al. (2005), and re-
spiratory measurements were performed as indicated therein. Several leaves
per time point were sampled for the isolation of organelles, while a subset of this
pool of leaves was frozen for chlorophyll determination. Three to five mito-
chondrial isolations per time point were performed. From each mitochondrial
extraction, several respiratorymeasurements were conducted withmalate, Gly,
and NADH as substrates.

Quantification of Adenylate Pools

Total ATP andADPpools of senescing leaveswere determinedwith theATP
Kit SL purchased from BioThema Luminescent Assays. During DLS, the as-
sessment of the chlorophyll content in leaves was performed with a CCM-200
Chlorophyll Content Meter from Opti-Sciences as described above. For all time
points, at least four leaves per plant were harvested and at least three plants (i.e.
biological replicates) were sampled. Samples were frozen in liquid nitrogen and
further ground with a mortar and pestle. Finally, 25 mg of frozen ground plant
material per sample was used to enzymatically determine the ATP and ADP
content according to the manufacturer’s protocol. Two to three technical rep-
licates were measured per biological replicate.

List of Genes Encoding for
Mitochondria-Targeted Products

A comprehensive list of genes encoding proteins targeted to the mito-
chondrion was assembled, utilizing a combination of outputs from the
subcellular localization database for Arabidopsis proteins (SUBA3; Tanz
et al., 2013) and manual curation. The list was constructed as follows. First,
SUBA3 was queried to isolate genes that were identified as encoding pro-
teins targeted to the mitochondrion, as demonstrated using experimental
and computational prediction, based on protein sequence. Next, to identify
false negatives that did not meet these criteria, genes encoding proteins that
were identified experimentally (GFP or mass spectrometry [MS]) as target-
ing to a nonmitochondrial location with only one example, but called
mitochondrial by the Subcellular Arabidopsis consensus (SUBAcon) al-
gorithm, were assessed manually and either included or dismissed. SUBAcon
is a robust bioinformatic tool that integrates 22 computational prediction al-
gorithms, experimental GFP and MS, coexpression data, and protein-protein
interaction data (Hooper et al., 2014). To exclude false positives, genes
encoding proteins that were identified as targeting to mitochondria ex-
perimentally (GFP or MS) with only one example, but having additional
experimental targeting to other organelles and classed as nonmitochondrial
by SUBAcon, were assessed manually and either included or dismissed. In
this way, a list of 1,060 genes encoding proteins targeted to the mitochondrion
was prepared.

Microarray Normalization, Differential Expression, and
Hierarchical Clustering Analysis

The microarray experimental data detailing leaf senescence in Arabidopsis de-
scribed by Breeze et al. (2011) was obtained from the National Center for Biotech-
nology Information Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo/). This experiment utilized a CATMA Arabidopsis 30K spotted cDNA array
platform, and the data can be requisitioned under series GSE22982. These datawere
processed using quantile normalization in parallel with the array data set of van der
Graaff et al. (2006; data obtained from the authors), which also detailed a leaf se-
nescence time course, in the Bioconductor software project. This was carried out in
parallel in order to facilitate downstream comparison and validation of these two
leaf senescence data sets. For the Breeze et al. (2011) data set, intensity values of the
four replicates for each time point were used as the input for differential expression
analysis, which was carried out using the Cyber-T Web server (Kayala and Baldi,
2012). It utilizes a Bayesianmethod for the identification of significant changes in the
transcript abundance of probe sets. All input criteria were set according to Cyber-T
recommendations applicable for each experimental set. Step-wise differential ex-
pression analysis was carried out on consecutive time points, and a probe set was
defined as significantly changing atP, 0.01 (false discovery rate byPPDE threshold
was not applied). To visualize the expression profiles of our total set, the four rep-
licates associatedwith each time pointwere averaged and the intensity value of each
probe setwasmade relative to itsmaximum intensity. The datawere then imported
into The Institute for Genomic ResearchMultiexperiment Viewer and hierarchically
clustered using average linkage based on Euclidean distance to generate the set of
clusters in Figure 2.

GO

Assignment of GO subcategory annotations to the clusters was carried out
using the Web-based tool g:Profiler (Reimand et al., 2007). Each cluster was
analyzed in reference to the total mitochondrial gene list, filtering for significant
calls only using the Best per Parent hierarchical filtering option.

Metabolomics

Sampling

Leaf blades from stages T0, T1-T2, T2-T3, and T3-T4, as determined using a
CCM-200 Chlorophyll Content Meter, were cut from the plant, placed into a
2-mL Eppendorf tube, and flash frozen in liquid nitrogen. Samples were milled
using two beads per tube (2.5 mm Ø) in two steps of 30 s each, at maximum
speed, separated by a cooling step in liquid nitrogen. Samples were weighed
(AT20; Mettler) into 1.5-mL tubes using precooled equipment.

Metabolite Extraction

Frozen and ground leaf material (19–21 mg) was extracted according to
Gullberg et al. (2004). In brief, 11 stable isotope reference compounds (7 ng mL21

L-Pro-13C5, succinic acid-D4, salicylic acid-D6, a-KG-13C4, Glu-13C5, putrescine-D4,
myristic acid-13C3, D-Glc-13C6, hexadecanoic acid-13C4, Suc

13C12, and cholesterol-
D7) were added to a chloroform:methanol:water (20:60:20, v/v/v) extraction
mixture. Onemilliliter of the spikedmixture was added to each sample in 1.5-mL
tubes on ice. After adding a 3-mm tungsten carbide bead (Retsch) to each tube,
they were shaken at 30 Hz for 3 min in an MM 301 Vibration Mill (Retsch). The
beads were removed before centrifugation for 10 min at 14,000 rpm in a Mikro
220R centrifuge (Hettich). The supernatant from each tube (200mL) was trans-
ferred to a 250-mL micro vial (Chromatol) and evaporated to dryness in a miVac
quattro concentrator (Barnstead Genevac). Samples were derivatized by adding
30mLofmethoxyaminehydrochloride (15mgmL21) in pyridine and shaking for
10 min at 5°C in a VX-2500 Multitube Vortexer (VWR Scientific), followed by
16 h of incubation at room temperature, then adding 30 mL of MSTFA in 1%
trimethyl chlorosilane for silylation, vortex mixing, then 1 h of incubation at
room temperature. Heptane (30 mL, including 15 ng mL21 methyl stearate)
was added, and the samples were mixed by vortexing.

Gas Chromatography-Time of Flight-Mass Spectrometry
Analysis

The gas chromatography-mass spectrometry analysis followed the gas
chromatography-time of flight-mass spectrometry procedure published by
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Gullberg et al. (2004).Quality-control samples andann-alkane series (C8 C40)were
included in each analysis (Schauer et al., 2005). The derivatized samples (1 mL)
were injected into a split/splitless injector in splitlessmodebyaCTCPALsystems
autosampler (with a 10-mL syringe) into an Agilent Technologies 7890A gas
chromatography system equipped with a 30-m-3 0.25-mm-diameter fused silica
capillary column with a bonded 0.25-mm Durabond DB-5MSUI stationary phase
(part no. 122-5222UI; Agilent J&W gas chromatography columns). The settings
were as follows: injector temperature, 260°C; front inlet septum purge flow rate,
3 mLmin21; gas flow rate, 1 mLmin21; column temperature, 70°C for 2 min, then
increased by 20°C min21 to 320°C, and held for 8 min. The column effluent was
introduced into the electron-impact ion source of a PegasusHTgas chromatograph-
high throughput time of flight-mass spectrometer (LECO), with the following set-
tings: transfer line temperature, 270°C; ion source temperature, 200°C; detector
voltage, 1,520 V; electron-impact electron beam, 270 V; ionization current, 2 mA.
Twenty spectrawere recorded per second with a 50 to 800 mass-to-charge ratio
range and a 290-s solvent delay.

All nonprocessed MS files from the metabolic analysis were exported from
the ChromaTOF software, in NetCDF format, to MATLAB software 7.0
(Mathworks), in which all data pretreatment procedures, such as baseline
correction chromatogram alignment, data compression, and hierarchical mul-
tivariate curve resolution, were performed using custom scripts according to
Jonsson et al. (2005). All manual integrations were performed using Chroma-
TOF 2.32 software (LECO) or custom scripts.

Analysis of the Evolutionary Age of Genes Expressed
during Senescence

The phylostratigraphic ranking established by Quint et al. (2012) was
matched with the mitochondrial set, assigning each gene an evolutionary age
ranking from PS1 for the oldest genes, showing the strongest homology to
prokaryotic sequences, to PS13 for the evolutionarily youngest genes, with no
homologs in any other species. In order to examine the influence of gene ex-
pression on the evolutionary age of a gene, all genes i at a specific time point s
were transformed to provide a weighted mean of the phylostratigraphic
ranking psi, weighted by the expression level eis, leading to the TAI, where n is
the total number of genes analyzed.

TAIs¼
∑
n

i¼1
psieis

∑
n

i¼1
eis

Similar to the phylostratigraphic ranking for individual genes, a low TAI in-
dicates an evolutionarily ancient transcriptome and high TAI values corre-
spond to evolutionarily young transcriptomes.
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