
DOCTORAL THESIS

To “leaf” or not to “leaf”
Understanding the metabolic adjustments

associated with leaf senescence

DARIA CHROBOK

Umeå Plant Science Centre

UMEÅ UNIVERSITY, SWEDEN

Umeå, 2018



Daria Chrobok
Umeå Plant Science Centre
Umeå University, Sweden
SE-90748 UMEÅ
Author e-mail: daria.chrobok@umu.se

Thesis submitted for the degree of Doctor of Philosophy (Ph.D.)
in Plant Physiology.

Typeset in LATEXby Daria Chrobok
Copyright c© Daria Chrobok, 2018.
Cover: Illustration done by Daria Chrobok
ISBN 978-91-7601-900-9

E-version available at http://umu.diva-portal.org
Printed by KBC Service Center, Umeå University, Umeå, May 2018



To “leaf” or not to “leaf”
Understanding the metabolic adjustments
associated with leaf senescence
Daria Chrobok
Umeå Plant Science Centre, Umeå University, Sweden

ABSTRACT
The adequate execution of the final developmental stage of a leaf, leaf senescence, is crucial to

the long-term survival of the plant. During senescence cellular structures and macromolecules are

degraded and released nutrients are reallocated to storage or developing parts of the plant, and ul-

timately seeds are dependent on this nutrient remobilization. The first visible sign of senescence

is the yellowing of leaves indicating the degradation of chlorophyll and the dismantling of chloro-

plasts. As a consequence, senescing leaves loose their photosynthetic capacity and the delivery of

energy from the chloroplast is compromised. As chloroplasts lose their function, the course of the

senescence program requires a stable alternative energy sources that support basic metabolism and

nutrient remobilization.

To study leaf senescence, I applied different experimental approaches using the model plant

Arabidopsis thaliana: Developmental Leaf Senescence (DLS), individual darkened leaves (IDL),

completely darkened plants (DP) and a stay-green mutant which displays a delayed senescence phe-

notype in IDL. Using a combination of physiological, microscopic, transcriptomic and metabolomic

analyses similarities and differences between these experimental setups were investigated with fo-

cus on the functions of mitochondria.

The catabolism of amino acids and the subsequent release of glutamate into the mitochondrial

matrix seem to play an important role for nitrogen remobilization during DLS and IDL. Glutamate

is then transported to the cytoplasm and transformed into glutamine, which can serve as long dis-

tance nitrogen export metabolite in the plant. Furthermore, senescing leaves in IDL are not only

source tissues for nutrient remobilization in the plant, but we also detected labelled carbon in the

darkened leaves, indicating a communication between the IDL and leaves in light. In contrary to

the senescence inducing systems of DLS and IDL, in DP and the stay-green mutant investigated

here, senescence is not induced by dark treatment. In both experimental setups we measured an

accumulation of amino acids in the darkened leaves, in particular those with high N content. This

could make reduced carbon available as alternative energy source during darkness. In this thesis

we observed that mitochondria play an important role in nutrient reallocation processes during leaf

senescence. The overall energy status of senescing tissues depends on mitochondria and especially

amino acid metabolism seems to have a vital role during the senescence processes, both for energy

supply and nutrient reallocation.



ii



Sammanfattning

Den process som sker när blad gulnar kallas senescens och är den sista fasen i dess
utveckling som slutar med att bladet dör. Ett ändamålsenligt förlopp för denna process
är avgörande för en växts långsiktiga överlevnad då viktiga näringsämnen, främst kväve,
tas tillvara och återanvänds. Under senescesen degraderas cellulära strukturer och makro-
molekyler och de näringsämnen som frigörs omfördelas till lagring eller till utvecklande
delar av växten. Speciellt för produktion av livskraftiga frön är denna remobilisering
av resurser ytterst viktig. Att bladen gulnar under denna process beror på att kloroplas-
terna med deras gröna pigment, klorofyll, bryts ner. Som en konsekvens av detta tappar
de gulnande bladen sin kapacitet till fotosyntes när kloroplasternas förmåga att omvandla
ljusenergi till kemisk energi avtar. För att processen ska bli effektiv behövs en annan stabil
energikälla både för att driva basal metabolism och omfördelning av näringsämnen. Det
är här som min favoritorganell, mitokondrien, kommer in i bilden. Mitokondrierna står
för cellandningen där reducerade föreningar kan brytas ner för att producera energi och är
den viktigaste komponenten i cellens energimetabolism vid sidan av kloroplasterna.

För att studera vad som händer när blad gulnar och hur mitokondrierna bidrar till
denna process har jag använt modellväxten Arabidopsis thaliana, ett litet ogräs som på
svenska heter backtrav. Senescensen kan induceras både av ålder och av yttre stimuli
(t.ex. långvarigt mörker) och detta har jag utnyttjat i mina experiment. Speciellt snabbt
går gulnandet om bara ett blad mörkläggs medan de andra får fortsätta att vara i ljus.
Om däremot hela växten ställs i mörker behåller bladen sin gröna färg mycket längre. Vi
har även isolerat en mutant där inte heller mörkläggning av individuella blad inducerar
gulnande på samma sätt som i kontrollväxter. Genom att använda en kombination av fys-
iologiska metoder, mikroskopi, mätning av genuttryck och mätning av metabolitinnehåll
analyserades likheter och skillnader mellan de olika experimentella angreppssätten med
fokus på mitokondriella funktioner.

Ända till den allra sista fasen av senescensen var mitokondrierna intakta och funk-
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tionella och energinåvån behölls hög i de gulnande bladen. Många mitokondriella reak-
tioner kopplade till nedbrytning av aminosyror visade sig resultera i produktion av amino-
syran glutamat. Efter transport ut ur mitokondrien till cytoplasman kan denna ta upp yt-
terligare ett kväve och ge glutamin, en aminosyra med hög N/C kvot som anses viktig
för transport av kväve till andra delar av växten. Resultat med inmärkt kol indikerade
även att transport av kolhydrater eller andra föreningar kan ske från blad i ljus till de
mörklagda bladen och att detta kan bidra till att effektivisera återvinningen av kväve. Till
skillnad från åldrande blad och individuellt mörklagda blad gulnade inte blad från helt
mörklagda växter eller den mutant som studerades. I båda dessa fall kunde vi i stället
mäta en ackumulering av aminosyror i de mörklagda bladen, speciellt gällde detta för
aminosyror med högt kväveinnehåll i förhållande till kol. På detta sätt skulle reducerat
kol kunna frigöras som alternativ energikälla under mörkerbehandlingen tillsammans med
andra nedbrytningsprodukter från den nedmontering av cellerna som sker.

Sammanfattningsvis har jag alltså visat att mitokondrierna spelar en central roll för
återvinningen och omfördelningen av näringsämnen kopplat till att bladen gulnar. Aktiva
mitokondrier bidrar till denna process både genom att tillhandahålla den energi som krävs
och de metaboliska reaktioner som behövs för att processen ska fungera optimalt. En
detaljerad kunskap om den process som växten genomgår under senescensen kan på sikt
få praktiska tillämpningar t.ex. för produktion av biomassa samt för ökad hållbarhet av
t.ex. grönsaker vid lagring.



To my family. My mom, for her inner “plant biologist”. My dad, for his
artistic skills. My sister, for choosing a path that directly helps people! I

love you!





“It seems that scientific research reaches deeper and deeper. But it also
seems that more and more people, at least scientists, are beginning to
realize that the spiritual factor is important. I say ’spiritual’ without
meaning any particular religion or faith, just simple warm-hearted
compassion, human affection, and gentleness. It is as if such
warm-hearted people are a bit more humble, a little bit more content. I
consider spiritual values primary, and religion secondary. As I see it, the
various religions strengthen these basic human qualities. As a
practitioner of Buddhism, my practice of compassion and my practice of
Buddhism are actually one and the same. But the practice of compassion
does not require religious devotion or religious faith; it can be
independent from the practice of religion. Therefore, the ultimate source
of happiness for human society very much depends on the human spirit,
on spiritual values. If we do not combine science and these basic human
values, then scientific knowledge may sometimes create troubles, even
disaster. . . ”
– Dalai Lama XIV, Sleeping, Dreaming, and Dying: An Exploration of
Consciousness
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Preface

Almost seven years ago, in summer 2011, I was visiting Umeå to perform experiments on
my master thesis project which I was doing in Germany. I spent two amazing weeks of
science, excitements as well as disappointments in the lab of Per and Olivier, and enjoyed
the endless bright days up here in the North on my weekends. In fact, I came back so
tanned, that my colleagues were wondering whether we have sunlight shining straight
into the labs here :D. On one of my last days, I was sitting in the Fika room with Per and
Slim (I am sorry whoever I have forgotten in that situation); and Slim asked me: ’what
I am planning to do after I finish my master thesis’. At that time I did not know exactly
what will happen, but I did not exclude a PhD and mentioned that to him. He replied:
“Well, you can come here and do your PhD here.” I smiled and said that I actually like it
in Düsseldorf. Slim, smiling all over his face, said “People that have been here, usually
come back again.”
And here we are, in summer 2018, and I am completing my doctoral thesis (writing this,
just made my eyes a bit watery). A bit more than five years of PhD are almost finished for
me and not a single day I have regretted my decision to come here to Umeå. This thesis
summarizes and presents the science that I have been involved in, but apart of my scientific
contribution, much more stands behind these words and figures. I am so grateful for all
the amazing moments during these five years, but also for the difficult ones that made me
doubt and feel negative and sometimes lose my focus and motivation. I somehow always
managed to come back to the positive side and build on my previous experiences. This
would not have been possible without the amazing people that I have met here and that
supported me throughout these years. The way one develops during a PhD, will leave a
long lasting imprint on one’s own personality, and I am sure that I will be able to continue
to walk my journey of life in a better way, just because of what I learned and experienced
in these last five years of my life.
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Part I

Introduction





1 What is Senescence?

Linguistically speaking, senescence derives from the Latin word senēscere, which means
‘to grow old’. For many people, reading the words ’growing old ’ will provoke a rather
uncomfortable feeling. In our western society, aging has a negative connotation and we
almost immediately connect it to age related diseases, degeneration of the brain and ulti-
mately death, all of which are mostly perceived as unpleasant scenarios.

We often do not realize that senescence in plants is an essential process that we depend
on in our everyday life. While we surely can appreciate the beautiful colors of deciduous
tree canopies in temperate regions during fall, we perceive the naked tree trunk in win-
ter as sad, and wilted flowers and decaying fruits cease to hold any aesthetic or culinary
value. However, these processes are part of the vital senescence program of plants. The
empty tree has just finished remobilizing nutrients from its leaves and storing them under
its bark to prepare for harsh winter conditions and save nutrients for the next growing
season; flowers develop beautiful petals to attract pollinators, ensuring fertilization and
the subsequent production of fruits and seeds; decaying fruits get the chance to spread
their seeds and safeguard further propagation of their genetic material; and yellow turn-
ing crop fields have reallocated all their valuable nutrients into grains which often end up,
one way or another, with us as part of the consumers in the ecological food web (Fig. 1.1
A, B, E). All these processes are considered types of senescence; leaf and petal senes-
cence are categorized as organ senescence (Fig. 1.1 B, C); annual crop species undergo
whole plant senescence with the important period of successful grain filling and nutrient
reallocation (Fig. 1.1 E) and together with senescence occurring in photosynthetic algae,
crop senescence is categorized as whole organism senescence (Fig. 1.1 D, E, F).

In this doctoral thesis, my focus is on leaf senescence in Arabidopsis thaliana (Ara-
bidopsis) and the metabolic rearrangements that occur during this process, making it a
crucial part of the plants’ lifecycle, even though it ends by death of cells, tissues, organs
or even the entire organism.
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4 1. What is Senescence?

Figure. 1.1: Different types of senescence. Senescence occurs in all living organisms and in many

different ways: (A) autumnal shedding of leaves in perennial deciduous trees; organ senescence

such as in (B) petal and (C) leaf senescence; (D) green algae like Chlamydomonas reinhardtii

undergo unicellular senescence; (E) annual crop species go through seed ripening processes and

also (F) non-photosynthetic living organisms like humans age and biologically die.

First of all, I would like to discuss the two concepts “senescence” and “programmed
cell death” (PCD). Both of these terms can be found in the scientific literature, and de-
pending on the scientific field and the authors, they will be interpreted differently. Van
Doorn and Woltering gave a historical overview of both, and discussed arguments found
in the literature, which either claim senescence and PCD to be the same, two different pro-
cesses, or to occur in sequential order [van Doorn and Woltering, 2004]. Often, PCD is
used to describe deteriorative processes at the cellular level which eventually lead to death;
while senescence describes scenarios where organs or whole organisms age and die. More
recent literature on organ senescence and PCD describes the similarities of leaf, petal, and
root senescence; which regulatory factors play a role in both processes, and mention the
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difficulties of clearly separating these two concepts [Olvera-Carrillo et al., 2015], [Woj-
ciechowska et al., 2018]. The final developmental consequence is the death of at least a
certain part of the organism, even though during early senescence stages, senescence-like
symptoms can be reversed and the final death of the organ or plant is postponed [Bal-
azadeh et al., 2014]. I will use the term senescence throughout this thesis, specifically
focusing on leaf senescence. I believe that “senescence” is a complex, programmed pro-
cess including the deterioration of not only whole individuals, but also organs, tissues and
single cells.

1.1 Senescence in Plants

Plants senesce in many different ways including whole plant senescence, organ senes-
cence, tissue or cell specific senescence [Leopold, 1961], [Thomas, 2013], [Wojciechowska
et al., 2018]. Annual plants like Arabidopsis complete their lifecycle within maximum a
year and usually undergo whole plant senescence, meaning the death of the whole plant.
Leaf senescence, a type of organ senescence, is regulated on many levels, including gene
expression, chromatin remodeling, post-transcriptional, and post-translational modifica-
tions (summarized in [Woo et al., 2013] and [Kim et al., 2017]). Several transcriptomic
studies investigating changes in gene expression profiles during various types of leaf
senescence have been published. The roles of different pathways during senescence, the
identification of specific transporters, transcription factors or signaling pathways and the
connection of metabolic processes to specific cellular pathways or activities were discov-
ered [Zentgraf et al., 2004], [Buchanan-Wollaston et al., 2005], [van der Graaff et al.,
2006], [Breeze et al., 2011]. Several senescence associated genes (SAGs) have been iden-
tified and became important tools for scientists to elucidate their function and regulatory
capacities in relation to senescence processes; e.g. the senescence delayed ore mutants
and their role in reactive oxygen species (ROS) metabolism during senescence [Woo et al.,
2004]. It is also known that plant hormones have a regulatory role during senescence;
while ethylene, ABA and jasmonic acid enhance senescence, cytokinins are known to de-
lay it. For auxins, the influence on senescence has been reported to be inhibiting as well
as stimulating [Khan et al., 2014], [Wojciechowska et al., 2018].

What is interesting to see is that the “yellowing” of photosynthetic organisms or
their organs is a feature that seems to be conserved throughout evolution, indicating that
chlorophyll degradation is a conserved evolutionary process. In [Thomas et al., 2009],
the authors looked at plant senescence from an evolutionary perspective and discovered
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that core genes and metabolic features of senescence can be traced back to unicellular
photoautotrophic organisms, meaning that basic aspects of senescence are traceable sev-
eral hundred million years back in time. Senescence can be observed in Chlorella pro-

tothecoides or Chlamydomonas reinhardtii cultures, where upon light and N deprivation,
chlorophyll was degraded and cells turned yellow [Hörtensteiner et al., 2000], [Doi et al.,
1997]. The potential involvement of an amino acid carrier for amino acid remobiliza-
tion during de-greening was proposed [Hörtensteiner et al., 2000]. Thomas and coau-
thors suggest that over evolutionary time, from the endosymbiotic event where photo-
synthetic prokaryotes were engulfed by their host cell under aquatic conditions, through
to the development of angiosperms, many stages of specializations have occurred, and
senescence-specific cellular and metabolic features got acquired [Thomas et al., 2009].
Nevertheless, key players during senescence like PaO and CCD8 (Phaeophorbide a Oxy-
genase involved in Chlorophyll breakdown and Carotenoid Cleavage Dioxygenase 8 in-
volved in carotenoid metabolism) are still common in many different land plants. A list
of Arabidopsis proteins that are experimentally proven to be involved in senescence was
used and phylogenetic analysis were performed to find those common proteins [Thomas
et al., 2009]. From genes involved in pigment metabolism (chlorophyll (PaO, At3g44880;
RCCR, At4g37000) and carotenoid (CCD8, At4g32810)), transcription factors (WRKY
and NAC) to plastoglobuli associated proteins (fibrillin), many of the senescence-associated
proteins described in Arabidopsis can be found in cyano- and proteobacteria, algae, ferns,
angiosperms, conifers or grasses.

The fact that chlorophyll and chloroplast degradation during senescence are such con-
served mechanisms, deserves additional explanation. One of the key features during
senescence in plants is the reallocation of nutrients, especially nitrogen (N). The degrada-
tion of chlorophylls and chloroplastic proteins is essential for photosynthetic organisms
because the majority of N is localized in the chloroplast (up to 80%; [Makino and Os-
mond, 1991]) and up to 50% of the total N amount in C3 plants is found in RubisCO [Sage
et al., 1987]. Nitrogen is an essential nutrient for plants, and worldwide, the applica-
tion of nitrogen in agriculture averages at 74 kg/ha/year and 305 kg/ha/year in China
alone [Cui et al., 2018]. This heavy nitrogen fertilization leads to pollution of ground
water, acidification of the soil, and adds to the general disturbance of our ecosystems.
For land plants, nitrogen is especially essential for seed production, as the N-content of
the seed influences the germination efficiency rates and the survival of the next genera-
tions [Masclaux-Daubresse et al., 2010]. Extrapolated to our everyday life, we depend on
crops and nutritious grains in our diets and many research efforts exist to improve crop
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productivity and agricultural practices [Gregersen et al., 2013], [Cui et al., 2018]). In [Cui
et al., 2018] the authors reported a successful effort combining field trials, engagement
of farmers, collaborations with researchers, and improved management practices. These
efforts resulted in increased yields of rice, wheat and maize, decrease of N fertilizers,
as well as reduced greenhouse gas emissions. This shows that research in general, and
specifically investigating senescence processes in plants, is important for our ecosystems
and their stability.

1.2 Experimental setups to study Leaf Senescence

I will specifically focus on developmental and dark-induced senescence in Arabidopsis.
Leaf senescence can be studied in various ways (Fig. 1.2). During developmental leaf
senescence (DLS), the plant is analyzed throughout the latter stages of its life cycle and
various parameters are assessed to decipher the process of leaf senescence. An alterna-
tive methodology is, to actively induce senescence and observe how the plant adapts its
metabolism to the applied change. Both of these approaches are part of this thesis.

1.2.1 Developmental Leaf Senescence (DLS)

Developmental leaf senescence is the type of senescence that is the easiest to connect
with as humans. It basically represents the “natural” aging of a plant. The developmental
stages from a seed, to a small seedling, to a mature plant that produces offspring, in the
form of seeds, can be easily connected to our own development from infants, to teenagers,
adults and aged individuals. As mentioned earlier, senescence in leaves is a highly regu-
lated process in which the final aim is the highly controlled redistribution of accumulated
nutrients to developing seeds and organs of the plant [Lim et al., 2007]. In the case of
DLS, Arabidopsis plants grown in short day conditions (i.e. 8 hours light, 16 hours dark-
ness) require approximately 3 months to reach bolting, before initiating and executing
their senescence program. The leaves of plants undergoing DLS senesce gradually as can
be seen from the slow degradation of chlorophyll in the leaf blades shown in Fig. 1.3. At
the same time that older leaves senesce, younger leaves emerge, then the plant starts bolt-
ing, grows stems with flowers and the reallocation of nutrients from the senescing leaves
to newly developing organs begins gradually [Boyes et al., 2001], [Woo et al., 2013].

Typical crop species like rice, wheat and maize grown in fields also undergo senes-
cence to produce mature grains. For that reason research on senescence in connection
to crop productivity is a growing area in plant biology. gregersen and coauthors sum-
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Figure. 1.2: Experimental setups to study leaf senescence in Arabidopsis thaliana. Leaf senes-

cence occurs either throughout development or is induced in response to external cues. In (A) the

progress of developmental leaf senescence (DLS) is illustrated, while (B-E) depict various forms of

dark induced senescence (DIS); in (B) individually darkened leaves (IDL) are covered with an en-

velope while attached to the plant and in (C) the whole plant is darkened (DP); (D) shows cut leaves

placed in a petri dish with water or filter paper exposed to darkness; depending on the genotype

of the plant, the darkened leaf will senesce and turn yellow or stay green upon darkness exposure

and be categorized as functional stay-green (FSG) plant (B); darkened plants (DP) can be either

exposed to darkness when fully developed (C) or in seedling stage (E).

marized studies detailing the association of senescence with the productivity of crops
and the authors concluded that depending on the final goal of either increased biomass
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Figure. 1.3: Progress of developmental leaf senescence (DLS) in Arabidopsis. Leaves of short

day grown Arabidopsis plants are depicted, from fully developed to late senescing leaf blades. The

chlorophyll content (CC) is indicated in % and the stages of leaf senescence (T0-T4) according to

Paper I are marked below: T0 = leaf expansion to mature leaf, T1 = mature leaf to early senescence,

T2 = early senescence to middle senescence, T3 = middle senescence to late senescence and T4 =

latest senescence stage. (From Paper I, c©American Society of Plant Biologists)

or larger seed yields, different parameters during the senescence process have to be fo-
cused on, when improving crop species [Gregersen et al., 2013]. The stay-green char-
acter of some cultivars, referring to plants that delay the whole senescence process, as
well as a delay of the onset of leaf senescence are beneficial for increased biomass pro-
duction [Rivero et al., 2007] [Li et al., 2017], while the aim of improved seed yields
will be gained through a longer nutrient reallocation period and therefore slow progres-
sion of senescence. Additionally, changing environmental conditions, especially drought
stress, can have detrimental effects on crops. Indeed, by influencing their development,
various species will adapt differentially to their environment, which will result in a de-
crease of biomass or seed yields. Arabidopsis is not considered as a crop species, on
the contrary, it is classified as a weed. However, whether crop or weed, the realloca-
tion of nutrients into seeds during senescence is crucial to ensure the survival of the next
generation. Increased grain amounts and more nutritious seeds in crop species are of im-
portance for humans as we consume wheat, rice or maize, but weeds are usually not seen
as valuable [Gharde et al., 2018]; so one could forget that proper seed development is also
essential for them. Studying senescence in Arabidopsis under controlled environmental
conditions in the greenhouse provides valuable insights into the mechanisms controlling
the induction of senescence and the subsequent reallocation of nutrients in plants. These
findings can be utilized in other areas of plant science.

1.2.2 Induced Leaf Senescence - general aspects

Senescence is not only a developmental stage of living organisms, it can also be induced
by several factors (i.e. stresses) in plants, mainly categorized as either biotic or abiotic
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in nature. Biotic factors inducing senescence are related to living organisms and range
from plant pathogens like bacteria [Rapicavoli et al., 2018] and fungi [Ma et al., 2018],
even to other plants, especially weeds [Gharde et al., 2018]. In [Häffner et al., 2015]
the authors review the current knowledge about senescence inducing or delaying plant
pathogens and the complex connection between the development of the plant and its re-
sponse to pathogens. The authors not only point out that the interaction between the
pathogen and the host has an influence on the productivity and resistance of the plant,
but the developmental stage of the plant can also greatly influence this interaction in a
variety of ways. Senescence is not always the outcome of biotic attacks, on the contrary,
sometimes it is even delayed for the benefit of the pathogen as it needs living cells to sur-
vive. Depending on the pathogen, the plants signaling network is also manipulated, which
makes it extremely difficult to investigate biotic stress induced senescence. Additionally,
sometimes the same metabolites in plants control defense mechanisms against pathogens
and the senescence process itself.

Apart from biotic factors, a whole range of abiotic factors such as heat (for a review
about heat tolerance in plants: [Wahid et al., 2007]), cold ( [Wingler et al., 2014]; for a
review: [Wingler, 2011]), salinity [Ghanem et al., 2008] and light deprivation can induce
leaf senescence ( [Yu et al., 2015], review specific on PIFs: [Liebsch and Keech, 2016]; for
a general overview: [Lim et al., 2007]). Various species and different approaches to inves-
tigate the induction of leaf senescence were used in the above mentioned studies. Several
factors can influence the induction of leaf senescence at the same time and often it is diffi-
cult to distinguish them from general stress responses or the specific senescence program
itself. To address how many factors comprise the differences or similarities between DLS
and external senescence promoting events, [Guo and Gan, 2012] analyzed and compared
a number of microarray datasets that included DLS, dark induced senescence, pathogen
attacks, hormone treatments and abiotic influences. During early senescence events, gene
expression profiles were different between DLS and induced leaf senescence, while in
later stages of senescence, DLS and induced leaf senescence revealed many common up-
regulated gene expression profiles. Based on these observations, several molecular and
metabolic adjustments are likely to be shared with each other at the end of DLS and in-
duced leaf senescence. As senescence can be induced through different factors, various
regulators or pathways might be affected in the beginning, however, as soon as the gen-
eral remobilization processes occur, the metabolic responses and modifications during
DLS and induced leaf senescence will be similar to reach the final goal of the successful
reallocation of nutrients.
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1.2.3 Stress-Induced Leaf Senescence - Darkness

Previously, I mentioned a variety of different factors inducing leaf senescence and dark-
ness is one of the factors often utilized as an induction mechanism, as it is one of the most
reproducible and effective treatments. The application of darkness to the leaf will lead
to stress as a result of stopped photosynthetic activity. Chlorophyll will be degraded and
recycling processes will increase, both of which are hallmarks of senescence. One major
experimental advantage of DIS is that the darkened leaves will undergo senescence in a
very coordinated and synchronized way, which in turn increases the reproducibility of the
senescence experimental setup (Fig. 1.2B).

The induction of leaf senescence through darkness can be achieved in several ways.
Common DIS setups under laboratory conditions are individually darkened leaves (IDL),
completely darkened plants (DP) or darkened seedlings [Weaver and Amasino, 2001]
(Fig. 1.2). IDLs can either be darkened by covering while still attached to the plant,
or leaf blades can be detached and floated on aqueous solutions or filter paper in dark-
ness [Thimann and Satler, 1979]. Advantages and disadvantages exist for each of these
experimental setups. The connection of the darkened leaf to the rest of the plant is of ad-
vantage when investigating transport processes or the communication between darkened
and non-darkened leaves of a rosette; the disadvantage would be the difficulty to apply a
specific chemical to the darkened leaf. In that case it would be of advantage to cut leaf
blades and float them on medium with the addition of a specific compound of interest
to the medium [Gepstein et al., 2003]. Darkening whole seedlings brings the advantage
of not waiting months until the plants are fully developed, however, when age and late
developmental stages are of special research interest, this particular experimental setup
needs consideration. The combination and comparison of several of these experimental
setups to find conserved mechanisms during leaf senescence is a very valuable approach
and can serve as a good starting point for more specific research questions, like e.g. the
comparison of DLS, IDL and detached leaves in [van der Graaff et al., 2006] or IDL and
DP in [Weaver and Amasino, 2001] and [Keech et al., 2007].

1.3 The Stay-Green trait

Research on various types of senescence has the potential to lead to the discovery of
conserved mechanisms during senescence. Apart from DLS and induced leaf senescence,
another very interesting plant-based tool for research, as well as agriculture, exists: the so-
called “stay-green trait” [Thomas and Howarth, 2000], [Gregersen et al., 2013], [Thomas
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and Ougham, 2014]. Stay-green plants are characterized by a delayed senescence phe-
notype, as compared to a normally senescing plant. They have been identified in many
different species like Arabidopsis, maize, pea, and rice [Hörtensteiner, 2009] and can
be primarily divided into functional and cosmetic stay-green varieties. Cosmetic stay-
green plants or mutants are impaired in the breakdown of chlorophyll, while all other
senescence-related processes still continue, they only appear to be delayed in senescence.
When talking about functional stay-green (FSG) plants, these variants display not only a
delay in the degradation of chlorophyll but also can show a delay in the overall process of
senescence, from gene expression to metabolic regulations. The senescence program in
these plants can either be slowed down, delayed or even continue at a regular pace. Sev-
eral different genes, ranging from transcription factors, to those involved in signaling or
metabolism can display an FSG phenotype [Gregersen et al., 2013]. In agriculture, spe-
cial efforts are made to investigate stay-green varieties to not only increase crop yields and
biomass, but also improve nutritional values of grains by delaying senescence and pro-
longing the nutrient reallocation phase [Gregersen et al., 2013], [Thomas and Ougham,
2014], [Leng et al., 2017]. Senescing plants, whether undergoing developmental or in-
duced senescence, all have the core aspect in common of adjusting their metabolism to
successfully reallocate valuable nutrients. Internal as well as external biotic and abiotic
factors are constantly influencing and sending signals, so the plant needs to adapt on
a physiological, molecular and metabolic level to not compromise its fitness. To exactly
understand how senescence in plants proceeds or how stay-green plants function, we need
to have a closer look at metabolism during senescence.



2 What is Metabolism?

The word metabolism derives from the Greek word µεταβoλή which means ‘change’ and
is defined as the sum of chemical and physical reactions occurring in a living organism.
Metabolism is composed of two major parts: anabolism, or the synthesis of compounds,
and catabolism, the degradation of chemical compounds. Generally speaking, metabolism
is often referred to as primary and secondary metabolism; primary metabolism being the
basic metabolic pathways that are important for general growth and development, and
secondary metabolism being referred to as more specialized metabolism that is important
for e.g. plant defence. The compounds that are interconverted into each other are called
“metabolites” and are connected through the function of enzymes. Enzymes catalyse
the biochemical reactions from one metabolite to the next, modifying metabolic fluxes
according to the current need of the cell. The output of metabolc modifications is based on
the continuous biochemical interconversion of metabolites, the connection of metabolic
pathways to each other, and the final end product that is needed in the cell. An appropriate
analogy to the schematic representation of biochemical pathways could be a city train
station map, where each station represents a checkpoint for a given metabolite to pass
through (Fig. 2.1).

Throughout evolution, metabolism has been developed and specialized, depending
on the need of plants. In [Weng, 2014], the author reviewed current knowledge about
the evolution of specialized metabolic pathways across various plant species. For in-
stance, as soon as evolution and selection pressure caused vascular tissues to evolve,
the biosynthesis of lignin was developed; when true leaves with trichomes emerged to
increase photosynthetic capacities and defence mechanisms, pathways for specialized de-
fense compounds evolved; when angiosperms developed flowers and fruits, metabolism
was adapted to produce molecules to attract pollinators, so volatiles and colourful and
flavoursome chemicals developed. Depending on the species, plants also developed spe-
cial volatile metabolites to warn neighbouring plants about attacks (reviewed in [Heil and

13
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Figure. 2.1: Plant metabolism as an analogy to the train station map of Cologne. (A) displays a

schematic view of the main cellular metabolic pathways (modified from KEGG) and (B) shows the

train and tram map of my hometown Cologne, in Germany (modified from Kölner Verkehrs-Betrieb

AG (KVB)).

Karban, 2010]). In this thesis I will mainly focus on primary metabolism in plants, espe-
cially the energy related pathways and mention secondary metabolism and metabolites in
special occasions.

2.1 Energy metabolism in plants

Plants possess photosynthetic and non-photosynthetic cells. The cells containing chloro-
plasts (e.g. mesophyll cells in the leaf) are photosynthetic cells and are capable of con-
verting light energy into chemical energy themselves. Conversely, non-photosynthetic
cells (e.g. root cells), lack chloroplasts and instead derive energy through general activity
of root mitochondria, glycolysis and mitochondrial respiration of photosynthetic products
reallocated from the above ground part of the plant. The major energy currency of the
cell is often considered to be Adenosine Triphosphate (ATP). ATP is produced in chloro-
plasts, mitochondria and also to some extent in the cytosol. However, metabolism is not
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that simple, as there exist several ways of producing energy and a variety of energy cur-
rencies are available for the cell. In this part of the introduction, I intend to focus on the
energy metabolism of photosynthetic cells, describe the different ways those cells produce
energy and how energy metabolism is connected (Fig. 2.2).

Figure. 2.2: Energy metabolism in photosynthetic plant cells. Illustration of chloroplastic pho-

tosynthesis, cytosolic glycolysis, mitochondrial TCA cycle and oxidative phosphorylation in pho-

tosynthetic cells. Abbreviations: ATP, adenosine triphosphate; ADP, adenosine diphosphate; α-

KG, alpha-ketoglutarate; Citr, citrate; DHAP, dihydroxyacetone phosphate; Fru-6-P, fructose-

6-phosphate; Fru-1,6-BP, fructose-1,6-bisphosphate; Fum, fumarate; Glc, glucose; Glc-6-P,

glucose-6-phosphate; G3P, glyceraldehyde-3-phosphate; Isocitr, isocitrate; Mal, malate; NADP,

nicotinamide dinucleotide phosphate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; Pyr, pyru-

vate; Succ, succinate; RuBP, ribulose-bisphosphate; 1,3-BPG, 1,3-bisphosphoglycerate; 2PG, 2-

phosphoglycerate; 3PGA, 3PG, 3-phosphoglycerate.
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2.1.1 Photosynthesis

Green plants belong to the group of organisms categorized as photoautotrophs. Together
with photosynthetic bacteria and algae, plants are capable of synthesizing carbohydrates
from light energy, atmospheric CO2 and H2O. [Bryant and Frigaard, 2006], [Spalding,
1989]. Energy from sunlight is absorbed in the form of photons by chlorophylls located
in the light-harvesting complexes of Photosystems I and II. At the same time, electrons re-
leased from the H2O splitting reaction are passed down an electron transport chain (ETC),
to generate NADPH and build up a proton gradient to produce ATP, with oxygen gener-
ated as a side product. In higher plants, photosynthesis occurs in specialized organelles
called chloroplasts and the light-dependent reactions specifically localize to the thylakoid
membranes in the stroma of chloroplasts (Fig. 2.2). In the case of cyanobacteria, which
are prokaryotes that do not possess membrane-bound organelles like chloroplasts, photo-
synthesis occurs in the thylakoid membranes inside the bacterium.

The reactions described above are often called light-dependent reactions of photo-
synthesis, while the second part of photosynthesis used to be called light-independent
(or dark-reactions), as it is not directly dependent on light. This terminology has since
been updated to the “carbon reactions of photosynthesis”. Those carbon reactions use
NADPH and ATP to fix atmospheric CO2 via the RubisCO (Ribulose-1,5-bisphosphate
Carboxylase/Oxygenase) in the Calvin-Benson Cycle (CBC), regenerate the primary CO2

acceptor ribulose-1,5-bisphosphate and produce three-carbon molecules that can be fur-
ther converted into various types of metabolites. A portion of the triose phosphates (TPs)
produced in the Calvin-Benson cycle is exported from the chloroplast through the triose
phosphate translocator (TPT) [Fliege et al., 1978] to be further metabolized in the cytosol
or other compartments of the cell. Monosaccharides like glucose (Glc), fructose (Fru)
or di/polysaccharides like sucrose (Suc), starch and cellulose are synthesized to serve as
either transport metabolites, storage compounds, or structural building blocks [Taiz and
Zeiger, 2002]. In the case of starch, this polysaccharide is produced in the chloroplast
stroma from TPs that do not exit the chloroplast. Photosynthesis is not the only pathway
in which chloroplasts are involved, they also play an essential role in amino acid and
fatty acid biosynthesis, nucleotide metabolism, the production of secondary metabolites
and nitrogen metabolism [Tobin and Bowsher, 2005] (Fig. 2.3). Various types of pho-
tosynthesis exist (C3, C4 and (crassulacean acid metabolism) CAM photosynthesis): i)
CO2 is fixed immediately into a C3 molecule by RubisCO (C3 photosynthesis); ii) CO2

gets converted into a C4 molecule by PEPC in mesophyll cells and gets transported into
the bundle sheath cells where carboxylation by RubisCO occurs (spatial separation in
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Figure. 2.3: Involvement of chloroplasts in various metabolic pathways. Apart from photosynthe-

sis, chloroplasts are also involved in carbohydrate production, terpenoid biosynthesis, the pentose

phosphate pathway, the shikimate pathway, amino acid biosynthesis and N metabolism. Abbrevia-

tions: ATP, adenosine triphosphate; ADP, adenosine diphosphate; α-KG, alpha-ketoglutate; Fru-

6-P, fructose-6-phosphate; Glc-6-P, glucose-6-phosphate; Gln, glutamine; Glu, glutamate; G3P,

glyceraldehyde-3-phosphate; NADP, nicotinamide dinucleotide phosphate; PEP, phosphoenolpyru-

vate; Pyr, pyruvate; RuBP, ribulose-bisphosphate; 3PGA, 3-phosphoglycerate.

C4 photosynthesis); or iii) a temporal and spatial separation during CAM photosynthesis
occurs, where CO2 is collected during the night, stored as malate (Mal) in the vacuole
and transported into the chloroplast during the day where it is decarboxylated and CO2 is
concentrated at the location of RubisCO [Taiz and Zeiger, 2002].

As mentioned earlier, metabolism is highly interconnected and photosynthetic prod-
ucts will be travelling further down the metabolic pathways to fuel other energy producing
pathways like cellular respiration (Fig. 2.2). This is especially true for below ground non-
photosynthetic tissues like roots, which benefit from the transported carbohydrates.
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2.1.2 Glycolysis and TCA Cycle

In the energy metabolism of photosynthetic plant cells, the next station for photosynthet-
ically derived TPs or sugars is cytosolic glycolysis, which connects the chloroplast to
other compartments of the cell (Fig. 2.2). During glycolysis, monosaccharides like Glc
are degraded into the final end product pyruvate (Pyr) and concomitantly energy is made
available in form of ATP and NADH. Theα–keto acid Pyr is a critical metabolite in carbon
metabolism, not only in plants, but also in other organisms. Pyr connects the glycolytic
pathway in the cytosol to the tricarboxylic acid cycle (TCA cycle) in the mitochondrial
matrix (Fig. 2.2). Even though Pyr transport is essential for plant metabolism [Laloi,
1999], at present a specific plant mitochondrial Pyr transporter has not yet been identified
and characterized [Wang et al., 2014]. The identification of the mitochondrial Pyr trans-
porter in yeast, Drosophila melanogaster and humans was reported and it was observed
that mutants of this transporter displayed effects on metabolites upstream and downstream
of Pyr metabolism [Bricker et al., 2012]. A mutation in this transporter leads to health
impairments in mammals. Interestingly, it has been reported for Arabidopsis cells, that
the glycolytic pathway and its enzymes are associated to the outer membrane of mito-
chondria, ensuring the produced Pyr is immediately transported into the mitochondrial
matrix [Giegé et al., 2003]. Wang and coauthors characterized a putative mitochondrial
Pyr carrier in Arabidopsis, which is involved in drought tolerance and ABA induced sig-
naling in guard cells [Wang et al., 2014]. A complementation study in yeasts showed that
the lack of the native yeast Pyr transporter could be complemented by two members of
the mitochondrial Pyr carrier family, however, a yeast two-hybrid (Y2H) screening did
not confirm interactions between these two carriers. Thus, it is still not clear how Pyr is
transported into the mitochondrial matrix in plants and clearly more research is needed to
find the answer for this.

Pyr entering the mitochondria is decarboxylated via the Pyr Dehydrogenase complex
and the generated Acetyl-CoA is oxidized in the TCA cycle to produce NADH, which
is utilized further downstream to generate ATP for the cell (Fig. 2.2). The TCA cycle
connects cytosolic glycolysis to the mitochondrial Electron Transport Chain (mETC), lo-
cated in the inner mitochondrial membrane. Besides delivering reducing equivalents in
the form of NADH and FADH2 for oxidative phosphorylation and the production of ATP,
the TCA cycle has multiple other functions: i) the delivery of carbon skeletons for the cell,
ii) involvement in amino acid biosynthesis and degradation (Fig. 7.2), iii) connection to
secondary metabolism as well as to peroxisomal metabolic pathways [Sweetlove et al.,
2010]. The TCA cycle itself has been reported to have various modes of action and also
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to be connected to additional pathways like e.g. the GABA shunt [Fait et al., 2008]. De-
pending on the species, developmental stage and physiological conditions, the TCA cycle
flux modes can vary dramatically, from the traditional cyclic mode that is usually depicted
in textbooks, to non-cyclic flux modes or only few catalyzed reactions [Sweetlove et al.,
2010].

2.1.3 Oxidative Phosphorylation

The oxidative phosphorylation occurring in the inner mitochondrial membrane at the
mETC delivers the majority of ATP in the mitochondria [Taiz and Zeiger, 2002]. The
mETC is composed of several protein complexes: complex I = NADH dehydrogenase,
complex II = succinate dehydrogenase, complex III = cytochrome bc1 complex, complex
IV = cytochome C oxidase (COX) and complex V = ATPase. Electrons from electron
donors like NADH (at Complex I) or succinate (at Complex II) are transferred from one
complex to the next and build up a proton motive force across the inner mitochondrial
membrane via complex I, III and IV. The reduction of oxygen at complex IV and the final
production of ATP at Complex V are the last two steps of the mETC.

In addition to these classical components of the mETC, plants possess specific ex-
ternal and internal NAD(P)H dehydrogenases bypassing Complex I, as well as an addi-
tional oxygen reducing complex, the alternative oxidase (AOX) [Elthon and McIntosh,
1987], [Rasmusson et al., 2004]. The physiological roles of these additional alternatives
of electron flow and energy-independent pathways are not fully elucidated yet. The al-
ternative dehydrogenases and the AOX are uncoupled from the direct proton pumping
activities of the mETC and in the case of the dehydrogenases, they provide plant mito-
chondria with a higher flexibility of NAD(P)H oxidation. One result of the dissipation of
the proton gradient and the uncoupling of the electron flow from the main complexes of
the mETC is thermogenesis, the production of heat through the AOX [Zhu et al., 2011].
Thermogenic plants are capable of keeping the temperature in specific organs higher com-
pared to the temperatures in their environment with the help of AOX. More importantly,
the AOX is reported to be involved in ROS metabolism and signaling homeostasis as well
as in biotic and abiotic stress situations and plays an essential role in the prevention of
the over reduction of the mETC [Vanlerberghe, 2013]. The main complexes of the mETC
are large and complex structures composed of several subunits, while the additional de-
hydrogenases and the AOX are simpler in structure. They give plants the ability to act
more flexibly upon sudden changes in their environment; allowing rapid modification of
the transport of electrons through the mETC.
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Another complex associated with the mETC is important to mention here: the electron-
transfer flavoprotein/electron-transfer flavoprotein:ubiquinone oxidoreductase (ETF/ET-
FQO, At2g43400, At1g50940, At5g43430) complex. In mammalian systems the ETF/ET-
FQO complex was characterized in the late 1970’s, but in plants it was identified for
the first time in a mitochondrial proteomic study by [?]. The mammalian ETF accepts
electrons from many different electron donors but in plants only two electron donors,
have been reported so far: isovaleryl-CoA dehydrogenase (IVDH, At3g45300) and 2-
hydroxyglutarate dehydrogenase (2-HGDH, At4g36400) [Engqvist et al., 2009], [Araújo
et al., 2010], [Pires et al., 2016]. The ETF/ETFQO complex has been shown to be in-
volved in oxidative stress, dark-induced senescence and extended darkness where re-
duced carbohydrates are limiting [Buchanan-Wollaston et al., 2005], [Ishizaki et al., 2005,
Ishizaki et al., 2006]. ETFQO, IVDH and 2HGDH have also been reported to be involved
in drought stress in Arabidopsis, displaying similar symptoms as observed during senes-
cence [Pires et al., 2016].

2.1.4 β-oxidation, Photorespiration and Glyoxylate cycle

Even though the major energy producing pathways in photosynthetic cells are mainly
associated to chloroplasts and mitochondria, there is a third organelle, the peroxisome,
which is relevant for the participation to the overall energy metabolism. I would like
to mention that in the scientific literature several names for the peroxisome exist, e.g.
glyoxysome and gerontosome. These descriptions of the same organelle are based on
specific metabolic pathways (e.g. gerontosomes are dominant during senescence) or the
early misunderstanding that “glyoxysomes” performing the glyoxylate cycle are different
organelles than peroxisomes [Pracharoenwattana and Smith, 2008]. The authors suggest
avoiding confusing names and keep the “peroxisome” as the only valid description of
these organelles as β–oxidation is one of the unifying pathways that exist within them.
A comprehensive review about plant peroxisomes was published by [Hu et al., 2012] in
which the authors not only give a historical overview of the discovery of peroxisomes,
but also describe their biogenesis, functions, involvement into various metabolic path-
ways, important transporters that have been identified and also give insights into future
perspectives about peroxisomal research. Here, I will mainly focus on three metabolic
pathways that are characteristic for peroxisomes and connected to the energy metabolism
of photosynthetic cells: β–oxidation, photorespiration and the glyoxylate cycle (Fig. 2.4)
and (Fig. 2.5).

β–oxidation is the process by which fatty acids are catabolized in leaf peroxisomes
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Figure. 2.4: Peroxisomal β-oxidation and glyoxylate cycle. Peroxisomes are involved in the degra-

dation of fatty acids via β-oxidation, and the production of carbon sources and energy through the

glyoxylate cycle. Abbreviations: Citr, citrate; FADH2, flavin adenine dinucleotide; Isocitr, isoci-

trate; Mal, malate; NAD, nicotinamide dinucleotide; OAA, oxaloacetate; Succ, succinate; Malat-

eDH, malate dehydrogenase.

[Taiz and Zeiger, 2002]. Fatty acids are not only important as potential energy sources,
but also serve as building blocks for lipids and membranes [Li-Beisson et al., 2013],
protein attachments [Resh, 2013] or as signaling molecules in the cell [Mata-Pérez et al.,
2017]. The oxidation of long fatty acid chains leads to the release of AcetylCoA, NADH
and FADH2; These metabolic intermediates connect the peroxisome to the mitochondria:
NADH can be oxidized by external NADH dehydrogenases in the mitochondrial inner
membrane and AcetlyCoA and FADH2 can enter mitochondria through indirect transport
mechanisms to be used either by the TCA cycle or the mETC to generate ATP.

Peroxisomes are notably interconnected with the other cellular organelles via the sec-
ond pathway I wanted to describe here: photorespiration (Fig. 2.5). Apart from its ability
to fix atmospheric CO2, the enzyme RubisCO has an additional affinity for O2. The affin-
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ity of RubisCO for CO2 is much higher than for O2, however more oxygen is present
in the atmosphere. Instead of producing two molecules of 3-phosphoglycerate, the oxy-
genation reaction of RubisCO leads to one molecule of 2-phosphoglycolate and one of
3-phosphoglycerate. The cytotoxic 2-phosphoglycolate needs to be recycled in a process
called photorespiration, which involves mitochondria, peroxisomes and the cytosol; and
through which Ribulose-1,5-bisphosphate (RuBP) is regenerated (Fig. 2.5). Peroxisomes
generate Gly from glyoxylate and export it into the mitochondria. Mitochondria then par-
ticipate in the decarboxylation reaction of (Gly) to serine (Ser) and release NADH which
could enter the TCA cycle or get oxidized by Complex I or the internal dehydrogenases.
The amino acid Ser is transported from the mitochondria back into the peroxisomes to
produce glycerate, which enters the chloroplast to be phosphorylated to 3-PGA and par-
ticipate to the regeneration of RuBP in the Calvin-Benson cycle.

The third important peroxisomal pathway is the glyoxylate cycle (Fig. 2.4). In plants,
this pathway occurs in peroxisomes and displays striking similarities to the TCA cycle.
Acetly-CoA released from β-oxidation enters the glyoxylate cycle and organic acids like
Succ, Mal and Citr are produced. The glyoxylate cycle is comprised of five essential en-
zymes; Citr synthase (CSY), aconitase (ACO), Mal dehydrogenase (MDH), Isocitr lyase
(ICL) and Mal synthase (MLS). The two enzymes ICL and MLS are unique glyoxylate
cycle enzymes, while the remaining three enzymes have peroxisomal and/or mitochon-
drial/chloroplastic isoforms in other compartments of the cell. It is unclear whether a per-
oxisomal ACO actually exists [Courtois-Verniquet and Douce, 1993], [Kunze and Hartig,
2013]. The glyoxylate cycle plays a crucial role during germination and seedling estab-
lishment, as well as during sub-optimal light conditions in adult plants [Eastmond et al.,
2000], [Pracharoenwattana and Smith, 2008].

2.2 Metabolic Compartmentation

From the above, one understands that energy metabolism in plants is clearly highly com-
partmentalized and each participating organelle hosts specialized metabolic pathways and
thus, specialized functions. However, apart from chloroplasts, mitochondria, peroxisomes
and the cytosol, plant cells possess several additional compartments: the vacuole, the en-
doplasmic reticulum (ER), the Golgi network, the nucleus, and even the cell wall is some-
times considered as a cellular compartment [Lunn, 2006]. The lytic vacuoles of plant
cells can take up to 90% of the total cellular volume. A scheme based on [Winter et al.,
1993, Winter et al., 1994] showing the percentage of compartments in barley and spinach
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Figure. 2.5: Photorespiratory pathway. The cellular compartments participating in photores-

piration are chloroplasts, peroxisomes, mitochondria and the cytosol. Abbreviations: ATP,

adenosine triphosphate; ADP, adenosine diphosphate; CAT, catalase; cp/m/pMDH, chloroplas-

tic/mitochondrial/peroxisomal malate dehydrogenase; GCS, glycine cleavage system; GGAT, glu-

tamate glyoxylate amino transferase; GS, glutamine synthetase; GlyK, glycerate kinase; GOX, gly-

colate oxidase; HPR, hydroxypyruvate reductase; mMDH, malate dehydrogenase; NADP, nicoti-

namide dinucleotide phosphate; OAA, oxaloacetate; OH-Pyr, hydroxypyruvate; RuBP, ribulose-

bisphosphate; SHMT, serine hydroxymethyl transferase; 2PPase, 2-phosphophosphatase; 3-PGA,

3-phosphoglycerate. (Figure modified from [Keech et al., 2017] c© by John Wiley and Sons Inc. and

reused with permission)
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leaves in total leaf and cell volumes was constructed by [Dietz, 2017]: in spinach leaves
up to 80% of cell volume is filled by the vacuole and around 10% by chloroplasts, while
in barley 60% of the mesophyll cells are filled by the vacuole and around 30% by chloro-
plasts. The remaining space is occupied by the cytosol, mitochondria and the nucleus,
with mitochondria filling 0,5% of the cell volume in spinach, and 1,6% in barley leaves,
while peroxisomes, ER and Golgi were not detectable in the Winter et al. studies.

As part of the secretory system, the vacuole is connected to the ER and the Golgi net-
work [Morita and Shimada, 2014]. The ER synthesizes proteins, lipids and other metabo-
lites and transports them to the Golgi and further compartments in the secretory pathway
via vesicles. [Viotti, 2014] even discusses the hypothesis of the vacuole being generated
from membrane structures of the ER, which build provacuoles that finally develop into
vacuoles.

The nucleus contains the majority of the genetic material in eukaryotes and is there-
fore essential for cellular metabolism. Even though chloroplasts and mitochondria contain
their own genome, most of the chloroplast and mitochondrial proteins are encoded by the
nucleus [Martin, 2003]. Unseld and coauthors reported 57 genes encoded by the mito-
chondrial genome in Arabidopsis [Unseld et al., 1997], in [Sato et al., 1999] the authors
identified 87 genes encoded by the chloroplast genome and most recently [Stadermann
et al., 2016] reported 123 chloroplastic genes in the Arabidopsis accession Landsberg

erecta.

It is quite obvious that metabolic compartmentation is a central feature in eukary-
otic cells [Martin, 2010]. Thus, to understand cellular metabolism it is important to know
metabolic pathways, the involved enzymes and their localization within the cell. However,
it is interesting to note that several metabolites are found not only in one compartment,
but in many different compartments, such as Mal being localized to mitochondria, perox-
isomes, chloroplasts and the vacuole. In the review by [Lunn, 2006] the author discusses
discovered pathways in plants and points out that often reactions of single pathways are
shared between several organelles, strengthening the argument that the understanding of
metabolic compartmentation in eukaryotic cells is essential for the general understanding
and the functioning of cells [Lunn, 2006].

Metabolic compartmentation is an attribute that is mainly ascribed to eukaryotes and
their origins via the endosymbiotic events of organelles. Despite this, cases of prokary-
otic compartmentation-like processes exist [Martin, 2010] and metabolic channeling is
an accepted concept existing in prokaryotes and eukaryotes [Winkel, 2004]. Generally,
having highly compartmentalized cells and increased membrane invaginations within the



2.2. Metabolic Compartmentation 25

organelle allows for more surface area for proteins, transport processes, signaling path-
ways and connecting areas in the cell. It also leads to the possibility of creating gradients
of metabolites over several compartments and generating metabolic fluxes which can be
utilized for anabolic and catabolic reactions. As a result, having several different com-
partments, brings the advantage of having specialized pathways in distinct locations of
the cell, where several inhibitory reactions can be catalyzed at the same time. The study
of metabolism is further complexified by the fact that organelles are elements of cells, and
a population of the same type of cells can form a tissue, just as various tissues can form
an organ. If organelles of cells have specific features, it is natural to conclude that specific
cell types have specialized roles and therefore also various tissues have different tasks to
perform. I will mention several existing tissue and cell specific metabolic pathways to
deepen the understanding of the complexity of cellular metabolism in the next paragraph.

2.2.1 Tissue and cell specific Metabolism

When looking at the transverse section of a leaf blade (Fig. 2.6) it is clearly visible that
several cell types exist: the epidermis layer, mesophyll cells (composed of palisade and
spongy parenchyma cells), guard cells, trichomes, and leaf veins with phloem and xylem
cells. The specialization of cell types includes specialized metabolic features within those
cell types. Cells of the epidermis protect the leaf by being the first barrier of defence
against biotic and abiotic factors and avoid water loss [Javelle et al., 2011]. They con-
tain fewer chloroplasts compared to the cells of the mesophyll, which are densely packed
with chloroplasts and therefore primarily responsible for the photosynthetic activity of
the leaf [Lawson et al., 2008]. The specialized guard cells are part of the epidermis layer
and form stomata; small pores responsible for the gas exchange and transpiration of the
leaf [Marcus et al., 2001]. These cells contain several chloroplasts and use the generated
ATP for proton pumping and stomatal movements [Tominaga et al., 2001]. Depending on
the species, trichomes have various roles, but mainly specialize in the production of de-
fense compounds and secondary metabolites [Schilmiller et al., 2008], [Tian et al., 2017].
The localization of trichomes on the outside of the epidermis makes the harvesting and
analysis of RNA, proteins or metabolites rather simple. Therefore, shotgun sequencing
and proteomic studies on the specialized metabolism of glandular trichomes of tomato
have been successful in identifying new genes and proteins [Schilmiller et al., 2010].
Phloem and xylem tissues together form the vascular tissue of the plant, which is essen-
tial for support and long-distance transport of water and nutrients in the plant body [Lucas
et al., 2013]. Specialized cell types can even result in different types of photosynthesis.
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For example, the photosynthetic reactions I described earlier are characteristic for C3
photosynthesis [Taiz and Zeiger, 2002]. However, several plant species have developed
another type of photosynthesis to minimize the oxygenase function of RubisCO and thus
minimize photorespiration, the so-called C4 photosynthesis. One of the main differences
relevant for tissue specific metabolism is the fact that in C4 photosynthesis a carbon con-
centrating mechanism occurs. Atmospheric CO2 is fixed by the phosphoenolpyruvate
(PEP) carboxylase in mesophyll cells, and the resulting Mal or aspartate (Asp) are trans-
ported into the bundle sheath cells. They are then decarboxylated there, making the CO2

available again and concentrating it around RubisCO, so that photorespiration is sup-
pressed.

A very exciting method that shows potential in the identification of metabolites from
different plant tissues is mass spectrometry imaging (MSI) [Boughton et al., 2016]. Plant
biologists have used MSI to identify various metabolites in different tissues of several
species. Boughton and coauthors present the current state of technology around MSI and
discuss various approaches, as well as sample preparation techniques [Boughton et al.,
2016]. MSI is based on four major steps: the selection and preparation of a sample
(e.g. leaf blade), ionization of the sample, collecting mass spectra and their analyses, and
finally the generation of an image and data analysis. Using this technique, metabolites like
lipids and secondary metabolites can be detected, stress reactions of a biotic and abiotic
nature can be measured, and symbiotic interactions are visualized. Korte and colleagues
visualized, among others, Glc, Glc-6-P and Suc in maize leaves and observed that Glc
and Glc-6-P are distributed in the whole leaf, while Suc is specifically localized to the
vasculature [Korte et al., 2015]. In another study, the authors observed Gln, GABA and
Suc to be localized in the vasculature of lily flower petals and Gln was detected in cilantro
leaves [Li et al., 2008]. This method could be exceedingly valuable in the detection of
specific metabolites in specific tissues of plant organs.

To challenge tissue specific metabolism, Clément and coauthors published their re-
sults on the metabolomic analysis performed on manually dissected veins and laminae
tissues of Brassica napus leaves [Clément et al., 2017]. The authors compared high
and low nitrogen treatments as well as senescent and non-senescent leaves. An elegant
method was used by [Petersson et al., 2015], in which the authors combined fluorescence-
activated cell sorting (FACS) with mass spectrometry analysis using gas chromatography-
time of flight-mass spectrometry (GC-TOF-MS). Protoplasts of cortical and endodermal
root cells of Arabidopsis plants expressing a green fluorescent protein (GFP) were sorted
by FACS and compared to non-fluorescing root tissues. Mass spectrometry analysis re-
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vealed metabolic differences in various tissues types of the root. The compartmentation
of specific metabolic pathways and functions into tissues, cells or organelles is an im-
portant feature of eukaryotes. Using a combination of transcriptomic, proteomic and
metabolomic methodologies and functional assays, it is now possible to identify nucleic
acids, localize specific proteins and measure the activity of enzymes to get a sensitive
overview of the metabolism of a plant. With methods like MSI, it is even possible to
detect and quantify metabolites in specific tissues in a visual way. However, limitations
regarding the exact localization and sensitivity to detect metabolites to specific cellular
compartments still exist, making investigations specifically on subcellular metabolism
still a great challenge for scientists.

Figure. 2.6: Illustration of a transverse section through an Arabidopsis leaf. Different tissues and

cell types of an Arabidopsis leaf. Palisade and spongy parenchyma together form the mesophyll

cells.

2.2.2 Subcellular Metabolism

Metabolites are intermediates of cellular metabolism and can be generally described as
organic compounds, which greatly vary in their physical and chemical properties. They
can range from simple molecules like amino acids, organic acids, vitamins, nucleotides; to
lipids, carbohydrates, nucleic acids but also include polymers like starch, cellulose, DNA
and RNA, pigments, and all manner of alkaloids and phenolic compounds that plants
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produce for defense mechanisms. Obviously, these metabolites have widely different
chemical properties and each plant species has a different set of metabolites available.
While it is possible to sequence organisms and get a very good estimate about their gene
number, currently it is technically impossible to get an idea about the whole metabolome
of a species [Kopka et al., 2004]. [Hartmann, 2007] estimated around 200 000 defined
secondary metabolites in the whole plant kingdom so far, which excludes all metabolites
that would be categorized as primary metabolites, making this number increase by a, most
likely smaller, but still unknown factor.

The fact that different plant species have different sets of secondary metabolites which
we have not completely investigated yet, adds to our lack of knowledge about the local-
ization and activity levels of specific metabolites in cellular compartments. Additionally,
the turnover rates of metabolites are much higher compared to proteins or transcripts
and the fact that the metabolome of a plant is usually affected first by changing envi-
ronmental conditions, increases its flexibility. Despite of all these obstacles, efforts have
been made to measure metabolites on subcellular levels. Several methods were devel-
oped to elucidate subcellular metabolism and are continuously improved by the scientific
community. In the 1960s, several articles were published about a method based on non-
aqueous fractionation (NAF). The authors of these scientific articles reported the isolation
of chloroplasts and their fractionation in density gradients to gain an accurate proxy for
in vivo metabolite pools inside chloroplasts [Behrens and Thalacker, 1957], [Heber and
Santarius, 1970]. The immediate freezing of samples in liquid nitrogen stopped cellular
metabolism and the subsequent freeze drying of the samples removed the water and made
it possible to analyze polar metabolites. The additional use of marker enzymes enabled the
estimation of the subcellular distribution of metabolites. Later, in the early 1980s, [Ger-
hardt and Heldt, 1984] further developed this method and were able to measure several
different fractions. They measured and calculated metabolites of the chloroplast stroma,
the cytosol and the vacuole of spinach leaves based on specific marker enzymes. The
subcellular distributions of Mal and Suc were chosen for investigation and the authors
reported them to be mainly localized to the vacuolar compartment [Gerhardt and Heldt,
1984]. Several groups have reported recent advances, combining the NAF with highly
developed GC- or LC-MS based experimental setups, for example, an optimized NAF
method on the leaf metabolome on Arabidopsis [Krueger et al., 2011]. Apart from vac-
uole, cytosolic and plastidic marker enzymes, the authors also used the citrate synthase as
a specific enzyme for mitochondria and used various statistical methods to assess the ro-
bustness of their data and various collected fractions. They reported that the mitochondrial
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compartment could not be distinguished clearly from the cytosolic fractions and several
unknown and undistinguishable metabolites as well as unconsidered compartments were
noticed. When comparing verifiable metabolic amounts, Krueger and colleagues saw that
amino acids were mainly localized to the cytosol and plastids (in accordance to prior stud-
ies) while the organic acids Mal and fumarate (Fum) accumulated in the cytosol; not in
the vacuole as was described in former reports [Krueger et al., 2011]. Two years later,
an even more developed method based on this one was developed by [Szecowka et al.,
2013]. The authors used the same NAF methodology but coupled it to 13CO2 labelling
experiments. The authors exposed Arabidopsis rosettes with 13CO2 for 5 sec to 60 min
and estimated around 40 metabolites. Metabolites in the CBC were labelled rapidly, while
some of the amino acids and TCA metabolites were labelled later. It is interesting to see
that the majority of the TCA cycle associated metabolites like Mal, Fum, Citr, aconitate
and Isocitr are found in the vacuole instead of the cytosolic fraction. Gln is also mainly
found in the vacuole (89% in the vacuole and 11% in the chloroplast) while Glu dis-
tributes more evenly between chloroplast, cytosol and vacuole fractions (30%, 42% and
28% respectively).

The NAF method was used to analyze metabolites, metabolic pathways and proteins
of various organelles and subcellular fractions in Arabidopsis leaves [Arrivault et al.,
2014]. Metabolons are protein complexes of sequential enzymes of different pathways
that are connected to structural components of the cell and are isolated together, e.g.
TCA- and Calvin-cycle enzymes, the pyruvate dehydrogenase and more [Winkel, 2004].
Arrivault and coauthors aimed to integrate the distribution of proteins and metabolites
or metabolic pathways [Arrivault et al., 2014]. They were able to show the connections
between metabolites and proteins of specific fractions, e.g. proteins that were part of gly-
colysis, starch biosynthesis and the CBC, were found in the same fraction, and metabolites
like Gly and Ser were associated to photorespiration through the mitochondria. One of
the most recent articles about NAF was published at the end of 2016, by [Fürtauer et al.,
2016]. The researchers modified and improved the classical NAF method and developed
it into a suitable on-the-bench experimental setup. By comparing cold acclimated vs.
non-acclimated Arabidopsis plants, the authors could observe metabolic shifts between
compartments and metabolites.

In all of these studies, mitochondria, peroxisomes and nuclei are found in the “cytoso-
lic fraction” and a higher fractionation resolution is needed to distinguish the metabo-
lites within these compartments. Another experimental setup to investigate subcellular
metabolism is the rapid fractionation of protoplasts [Lilley et al., 1982]. The basic prin-
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ciple of this method was the isolation of protoplasts from leaf tissues and performing
membrane filtrations which remove various subcellular fractions. The main advantage
compared to NAF is the ability to separate a mitochondrial fraction. The drawback of this
method is the 1.5 to 3 h incubation time with cell wall degrading enzymes like cellulose
and macerase to obtain protoplasts. However, prior to the actual fractionation procedure,
the isolated protoplasts are incubated in light and with appropriate CO2 conditions to
restore “normal” metabolism, to as much as possible avoid metabolic modifications re-
sulting from protoplasting. [Gardeström and Wigge, 1988] improved this experimental
setup of notably by building a semi-automated apparatus for the fractionation of proto-
plasts. As a result of this improvement, adenine nucleotides in chloroplast, cytosol and
mitochondrial fractions could be measured within 0.1 seconds after quenching metabolic
reactions. This was possible by mixing the filtrates from the fractionation immediately
with acid so that metabolism was quenched as soon as the protoplasts were ruptured. In
summary, the NAF methods developed so far are rather labour intensive processes, data
analysis is highly dependent on the chosen marker enzymes (nothing appropriate for mi-
tochondria or peroxisomes is available yet) while the fractionation methods usually gain
more pure isolated compartments and a mitochondrial fraction can be determined (for
more evaluation of the NAF method see: [Klie et al., 2011]).

We have discussed several different approaches to investigate subcellular metabolism.
What has to be considered as well, is the fact that the analysed samples in these studies
are a heterogenous mixture of various tissues. If a plant organ like a leaf is sampled,
vein and mesophyll tissues are included in the sample preparation as well as epidermis,
vasculature and trichomes. The subcellular metabolism varies in every tissue of the leaf
and therefore a mixture of metabolites is analysed. It is indeed possible to determine
metabolite amounts from single cells only [Outlaw Jr and Zhang, 2001]. The authors
developed a single-cell dissection method coupled to enzyme assays for determining Mal
concentrations in dissected cells. [Tomos and Sharrock, 2001] describe techniques called
single cell sampling and analysis (SiCSA) in which microcapillaries (tip diameter 1-3 µm)
are injected into single cells of plant tissues to gain 10-100 pl of sample volume from the
cell of interest and analyse the collected samples. However, these methods are clearly
rather tedious and the subcellular compartmentation of metabolites cannot be determined.
In addition, no specific procedure is mentioned to quench metabolism, which could be
another drawback of this method.

One idea would be to monitor several metabolites in real-time on a cellular level by
examining leaves while they are still attached to the plant. This type of technology still
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has to be developed, however there are promising techniques that are going into a sim-
ilar direction using the Fluorescence Resonance Energy Transfer (FRET) technology to
monitor single metabolites [Newman et al., 2011], [Okumoto et al., 2012]. Genetically
encoded FRET-based sensors for glutamine have been developed, making it possible
to analyze transport processes across membranes on a cellular level in mammalian cell
lines [Besnard and Okumoto, 2014]. Glc and Suc FRET sensors have been developed
for plants and successfully used on Arabidopsis root tips and epidermis cells [Deuschle
et al., 2006], [Chaudhuri et al., 2008] and ATP FRET sensors were successfully tested
in Arabidopsis seedlings, leaf discs and isolated mitochondria [De Col et al., 2017]. The
methods presented here all have advantages and disadvantages and none can be consid-
ered as optimal. Working on metabolism and specific metabolites is a challenging task
and several different factors need to be considered. Combining several methods, like la-
belling experiments together with fractionation procedures, is a valuable approach and a
specific research question helps to assess which experimental setup is most suitable.

2.3 Metabolism in Light and Darkness

Metabolism in plants is different in light and darkness. As mentioned before, photosyn-
thesis has light-dependent and carbon fixation reactions which produce carbohydrates in
form of starch and Suc for the plant [Taiz and Zeiger, 2002]. Suc is often used as transport
sugar and exported to developing or non-photosynthetic parts of the plant, while starch is
a storage compound generated in the chloroplast and utilized during the night. Starch is
produced during the day from the CBC intermediate glyceraldehyde-3-P. The stroma of
the chloroplast is the site of starch biosynthesis and the intermediate product ADP-Glc is
connected to a growing starch polymer. Two different forms of starch exist, storage starch
which is used in seeds, tubers or roots and is degraded during germination or general
growth, and transitory starch, which is synthesized during the day in the chloroplast. This
transitory starch is catabolized the following night to sustain cellular metabolism when
photosynthesis is not active. The degradation of starch during the night leads to several
different products, including TPs, Glc or maltose (Malt) molecules to either synthesize
Suc that is transported to non-photosynthetic parts of the plant or deliver other carbon
backbones to produce energy [Smith et al., 2005]. At the end of the night plants usu-
ally have used up their starch reserves which can be filled up again as soon as sunlight
is present and photosynthesis restarts. Mutant plants, defective in either the synthesis or
the degradation of starch, have been reported to display characteristic phenotypes, e.g.
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starch excess (sex) mutants remain a high content of starch even after prolonged dark-
ness [Yu et al., 2001] and the phosphoglucomutase (pgm) mutant does not contain starch
at all and displays strongly decreased growth and photosynthetic capacities [Caspar et al.,
1985]. Plants can however adjust their starch synthesis and degradation in accordance
to changing environmental conditions. Graf and coworkers showed that earlier night on-
set leads to a slower degradation of starch to compensate for the shorter day length and
longer night exposure [Graf et al., 2010]. The energy supply during day and night cycles
does not only depend on sugar production and degradation, but also on the generation of
ATP. Both, chloroplasts and mitochondria are capable of producing ATP and the ques-
tion which organelle provides a substantial amount of ATP to the cell is interesting to
ask. Recently, [Gardeström and Igamberdiev, 2016] published a review on the abundance
and origin of cytosolic ATP in plant cells. Fractionation experiments indicate that mito-
chondria are the organelles mainly supplying ATP to the cytosol when chloroplastic ATP
production is sufficient for CO2 fixation. In the case of insufficient CO2 fixation, accumu-
lated chloroplastic ATP can be shuttled into the cytosol. During the night, mitochondria
are the main ATP producing organelles, exporting it from the matrix into the cytosol to
be available for other cellular functions [Millar et al., 2011]. The distribution of energy
in the form of ATP is therefore rather flexible and depends on the current environmental
conditions of the plant. Thus, energy metabolism during the day and night cycle of plants
depend on each other to ensure the proper utilization of stored energy resources for the
development of the plant.

2.4 Metabolism during Senescence

It is known that during senescence in photosynthetic organisms, chlorophyll is degraded,
chloroplasts are dismantled and lose their photosynthetic capacity. The loss of chloro-
plasts and increase in degradation products means that the plant needs to reallocate those
products of chloroplast catabolism and employ alternative energy routes essential for the
survival of the whole plant. For this, the energy metabolism in senescing leaf tissues has
to be rewired and connected differently.

Metabolomic studies have helped in elucidating what happens at the metabolite level
during senescence. In [Masclaux et al., 2000] the authors investigated nitrogen assimi-
lation and remobilization during leaf senescence in tobacco plants. Various metabolites,
enzymes, proteins and transcript levels were measured and combined into a model de-
scribing source/sink relationships in senescing leaves, showing that young tobacco leaves
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are sink organs while older senescing leaves serve as sources for NO3− and NH4+ and
slowly lose carbohydrates and amino acids. General nutrient remobilization from senesc-
ing leaves in Arabidopsis were also reported by [Himelblau and Amasino, 2001] where
the authors observed decreased amounts of several micronutrients in senescing Arabidop-
sis leaves.

Combinations of transcriptomic and metabolomic experimental setups have proved to
be very fruitful approaches to study metabolic changes during leaf senescence. In [Li
et al., 2017], the authors coupled transcriptomic and metabolomic experiments to find
the relation between gene expression changes and metabolite modifications in senescing
tobacco leaves. They reported that the integration of both approaches indicated an upreg-
ulation of the TCA cycle, sugar, amino acid and fatty acid metabolism as well as nitrogen
recycling processes and the transport of various metabolites from senescing leaves to non-
senescing leaves of the tobacco plants. Overall the authors’ results show the importance
of energy metabolism during senescence and demonstrate the successful integration of
experimental setups to gain a better overview of senescence. Senescence processes in
sunflower plants grown in greenhouse and field conditions were challenged with a similar
approach of combining metabolomic with transcriptomic analyses [Moschen et al., 2016].
Amino acids, fatty acids, Suc and nucleotides increased in senescing leaves together with
nutrient remobilization processes, while photosynthesis and cell growth decreased. The
reallocation of nutrients into developing parts of the plants was assessed by measuring
metabolite levels in senescing leaves and siliques containing developing seeds [Watan-
abe et al., 2013]. In addition to that, the authors could show that gradients of specific
metabolites in single leaf blades exist. This analysis of basic metabolites as well as sev-
eral specialized metabolites and lipids in different tissues of the plant provides a great
overview of metabolic rearrangements in senescing Arabidopsis plants. Proteomic stud-
ies have also been performed on senescing organs. The first was carried out by [Wilson
et al., 2002] in which the proteome of early and late senescing clover leaves was an-
alyzed. Declining photosynthetic proteins were detected, e.g. chloroplastic Glutamine
synthetase (GS), PSII proteins and large and small subunits of RubisCO, also support-
ing the author’s microscopic analysis of chloroplast degradation. Several other proteomic
studies in rice, maize and Arabidopsis have been reviewed in detail in [Kim et al., 2016].
The research about metabolic regulations and general metabolism during senescence is
a complex challenge for scientists but with the development of new technologies, more
high-throughput data can be generated to give a general overview about metabolic re-
arrangements during senescence. Nevertheless, the specific involvements of organelles
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and subcellular metabolism still continue to be an unresolved problem and hopefully in
the future the combination of several different experimental approaches will lead to more
knowledge in the field. The summary of all these studies and “omics” approaches shows
that attempts from the research community exist to understand the process of leaf senes-
cence. [Großkinsky et al., 2017] summarize efficiently the need for the integration of
“omics” technologies together with physiological and phenotype data to gain a better un-
derstanding of the complex process of senescence.

In this introduction I have explained how various factors, internal and external, can in-
fluence senescence and make it challenging to investigate. The studies presented here also
display the high interconnectivity of various physiological, genetic and metabolic factors
that play a role during senescence. This thesis focusses on mitochondria during leaf senes-
cence. Chloroplasts, as energy harnessing organelles and vital contributors to the overall
energy metabolism in photosynthetic plant cells are degraded during senescence. The
question therefore, where does the leaf and each cell of the organ gets its energy from?
Reallocation processes are dependent on the energy supply, and the maintenance of basic
cellular metabolism needs to be balanced with the degradation processes occurring in the
leaf. Not much is known about the role of mitochondria during leaf senescence but some
studies point towards their abundance and stable activity during darkening conditions of
plants [Keech et al., 2007]. I have therefore focused on the influence that mitochondria
have during different kinds of leaf senescence and attempted to provide more knowledge
about this topic by using a combination of different experimental approaches to investi-
gate leaf senescence.



3 Aims of Thesis

The general aim of this thesis was to investigate the process of leaf senescence and the
subsequent metabolic rearrangements that occur, with a special focus on the involvement
of mitochondria. We examined several different senescence setups, ranging from devel-
opmental to dark induced leaf senescence and investigated the metabolism and regulation
of plants which do not display classical senescence symptoms. In Paper I, we focused on
developmental leaf senescence and aimed to understand how mitochondria participate in
the last developmental stage of a plants’ life cycle. We followed up by comparing dark in-
duced senescence setups with either single darkened leaves or whole darkened plants and
investigated the transcriptomic and metabolomic reprogramming happening in these two
setups (Paper II). And finally, we studied the response of dark induction on a functional
stay-green (FSG) mutant which displayed a delayed senescence phenotype (Paper III).
The results and discussion part of this thesis focuses on three main points: i) comparing
developmental to dark induced senescence, including the performance of mitochondria,
ii) describing the two systems of dark induction which do not lead to senescence processes
(DP and stay-green mutant), and iii), attempts of investigating the subcellular metabolic
changes in mitochondria during senescence.

Personally, I have some additional aims that I wish to fulfill with this doctoral thesis.
Most of all, I would like to share the knowledge I gained during my doctoral studies with
everybody who is interested in it. I truly hope that any scientist will see the scientific
value of this work, the attempt to fill some of the knowledge gaps that we still have about
senescence, mitochondria and plant metabolism. I also would be immensely happy if
maybe scientists from other fields will get interested in this piece of work and our scien-
tific contributions and perhaps find either parallels or interesting differences to their own
research. I will be honored, if a curious student will see this work as a valuable summary
about some of the knowledge presented here, or even see it as a general inspiration. In
case maybe a teacher will come across this thesis and extract the parts of knowledge that
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she or he needs for her/his class, I will be truly happy to help educating next generations.
And if finally, by any chance a person without scientific education will stumble upon this
thesis, I truly hope that this person will not be scared away from plant science but see it
as the wonderful, amazing and beautiful world that it really is! Enjoy!



Part II

Results & Discussions





4 Overview of the thesis

My doctoral thesis encompasses three scientific articles, of which two are published and
one is a manuscript. The main aspects that I have been investigating in the last five years
can be summarized with these three words: senescence, mitochondria and metabolism
(Fig. 4.1).

Figure. 4.1: Venn diagram representing the content of this thesis. This doctoral thesis is composed

of topics pertaining to senescence, mitochondria and metabolism.

Each one of the printed articles has a different focus, but all are connected with each
other. In this part of my thesis I would like to lead you through some of the interesting
data we generated, surprising outcomes we observed, hypotheses we came up with as
well as challenges we faced; all of this highlighting the remarkable complexity of plants
metabolism.
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5 Physiology of senescing leaves

Throughout the introduction, it became clear that leaf senescence is a complex process
that includes several structural, physiological and metabolic rearrangements. I will first
present and discuss the physiological and structural changes in senescing leaves, specifi-
cally focusing on chloroplast and mitochondria and then go into more detail about some
specific metabolic rearrangements occurring during senescence.

5.1 Degradation of Chloroplasts

The degradation of chlorophyll is the first visible sign of leaf senescence. The pathway
of chlorophyll breakdown, is described in detail in [Christ and Hörtensteiner, 2014], but
in brief, the aim of this process is the remobilization of nutrients like nitrogen, phos-
phorous, various ions, and carbon skeletons; as well as the detoxification of metabolic
intermediates, which are usually phototoxic colored chlorophyll catabolites. The disas-
sembly of chloroplasts and chlorophyll during leaf senescence requires a high level of
coordination to minimize the chance of sudden reactive oxygen species (ROS) accumu-
lation in the cell, leading to uncontrolled oxidative damage prior to successful nutrient
reallocation [Hörtensteiner, 2006]. Chloroplasts contain up to 80% of the total sum of
nitrogen in the plant, mainly distributed in photosynthetic proteins [Makino and Osmond,
1991], [Christ and Hörtensteiner, 2014]. Therefore, during leaf senescence, the realloca-
tion of nitrogen specifically is of crucial importance for the plant.

Leaves undergoing DLS, degraded chlorophyll in a gradual manner (Fig. 2 A+B,
Paper I,Fig. 1.3) and confocal microscopy of those leaves revealed a decrease in chloro-
plast size, but not in chloroplast number (Supplemental Fig. 1A+B, Paper I). Elec-
tron micrographs identified the dismantling of chloroplast membranes and an increase in
plastoglobuli in the later stages of senescence, compared to non-senescing leaves (Fig.
1A+B, Paper I). In contrast to these findings, [Evans et al., 2010] investigated mesophyll
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cell chloroplasts during DLS in Arabidopsis and observed a 17% decrease in chloroplast
number at the end of leaf senescence in yellow leaves, which would correspond to our last
stage of DLS at T3-T4. Despite this, the authors’ EM observations regarding chloroplast
membrane degradation were in agreement with our results. In addition, they reported a
decrease of photosystem II efficiency when measuring Fv/Fm values of senescing leaves.
Taken together, these observations demonstrate that the chlorophyll degradation taking
place during DLS is coupled to the dismantling of chloroplasts and a loss of chloroplastic
functionality. During dark induced senescence in IDLs, [Keech et al., 2007] reported a
decrease in the chlorophyll content, reduced size, and number of chloroplasts, as well as
a loss of photosynthetic capacity upon senescence induction (decreased Fv/Fm). Apart
from the conservation of maintained energy statuses, these observations show yet another
similarity between DLS and IDL senescence programs. As an interesting control for non-
senescing leaves, is the funtional stay-green mutant pif5-621 of Paper III. The pif5-621

mutant shows strongly delayed senescence in response to prolonged darkness under IDL
conditions, and electron micrographs of pif5-621 leaves individually darkened for six days
showed structurally intact chloroplasts, as compared to corresponding WT leaves which
were darkened for the same amount of time (Supplemental Fig. 1A, Paper III). These
data were in agreement with the observation of high Fv/Fm values in the mutant even
after 18 days of darkness, indicating functional photosystem capacities in darkened pif5-

621 leaves (Fig. 1D, Paper III). The results gained from our observation of chloroplasts
during DLS and IDL confirmed that during senescence, chloroplasts are degraded and
the photosystem capacity is compromised, which concurs with other work found in the
literature. As a consequence of chloroplast degradation, the conversion of light energy
to chemical energy is affected. Chloroplasts are known to have a low ATP/ADP ratio
as compared to the cytosol [Gardeström and Wigge, 1988]. Upon chloroplast degrada-
tion a big part of ADP in the cell disappears compared to ATP and leads to an increased
ATP/ADP ratio. We were interested to find out how the overall energy metabolism in
senescing leaves is changing upon the degradation of chloroplasts.

5.2 Cellular energy status in senescing leaves

All living organisms on earth need energy to support life. Plants are quite unique in
the sense that they can convert sunlight into chemical energy, through photosynthesis in
chloroplasts. Mitochondria then use the reduced carbon compounds from the chloroplast
to convert them into energy during oxidative phosphorylation. A regular energy supply is
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necessary for plants to support growth, the development of new organs and, in the case
of Arabidopsis, for reproduction at the end of their life cycle. We wanted to assess how
the energy metabolism in senescing Arabidopsis leaves is modified when chloroplasts are
not present anymore. As mentioned previously, in a green leaf, chloroplasts produce the
majority of the ATP necessary for photosynthesis, while the main cytosolic ATP aggre-
gate is provided by mitochondria. We observed that chlorophyll was degraded similarly
during DLS (Fig. 2A+B, Paper I) as well as in IDLs (Fig. 1B, Paper II, [Weaver and
Amasino, 2001], [Evans et al., 2010], showing that chloroplasts are dismantled and leaf
senescence progresses in both experimental setups. To assess the energy status of senesc-
ing leaves while chloroplasts are degraded, we measured the ATP and ADP amounts in
non-senescing and senescing leaves during DLS (Fig. 2C, Paper I, Fig. 5.1). Until the
stages where ca. 50% of chlorophyll was degraded, the ATP amount remained stable, and
then dropped at the end of the senescence time course. In contrast, ADP amounts steadily
decreased in senescing leaves (Fig. 5.1).

Figure. 5.1: Energy status during DLS. The abundance of ATP and ADP (nmol/g fresh weight,

FW), and the resulting ATP/ADP ratios during the time course of DLS are shown. The chlorophyll

content in sampled leaves is given in %, corresponding to the following classification: T0-T4; T0

= leaf expansion to mature leaf, T1 = mature leaf to early senescence, T2 = early senescence to

middle senescence, T3 = middle senescence to late senescence and T4 = latest senescence stage.

Student’s t-test was performed to estimate significant differences: *, P<0.05; **, P<0.01; and ***,

P<0.001. (From Paper I, c© American Society of Plant Biologists)
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As a consequence, the ATP/ADP ratio increased and demonstrated that the overall
energy status of senescing leaves was maintained. In senescing Vigna radiata (mung
bean) cotyledons the abundance of adenylates was measured and the overall pool of ATP,
ADP and AMP declined in senescing cotyledons [Wen and Liang, 1993]. In senescing
tobacco leaves ATP and ADP abundances both decreased in leaves transitioning from
non-senescing to senescing leaves [Meyer and Wagner, 1986]. I calculated the ATP/ADP
ratios of both studies and saw an increase of the ratio in the late time points of senescence.
The results observed in those two studies showed decreased ATP and ADP amounts but
increased ATP/ADP ratios, which was in agreement with the results that we observed in
senescing Arabidopsis leaves.

In IDLs of Arabidopsis plants the ATP/ADP ratio was also reported to increase com-
pared to light leaves [Keech et al., 2007]. ATP is not the only energy rich compound in
the cell that indicates the energy status of the cell. In plant cells, energy is stored e.g. in
form of starch that can be used for longer-term purposes. During the day when light is
available, plants synthesize starch and store it for remobilization during the night. In our
experimental setup of IDLs, the induction of senescence by darkness led to a change in
the energy balance of the plant at a carbohydrate level. After one day of darkness, the
darkened leaf remobilized its transitory starch reserves to fuel metabolism, followed by
complete depletion of all starch reserves after three days of exposure to darkness (Fig. 1C,
Paper II, Supplemental Fig. 3, Paper III). These observations indicate that metabolism
in IDLs is rearranged to meet the energy demands upon dark exposure. It has been shown
previously that plants exposed to an early onset of darkness immediately started remo-
bilizing their starch reserves [Graf et al., 2010] This also corroborates our observations
regarding stable energy metabolism during DLS, indicating that a constant and stable
energy supply is essential for the successful execution of both developmental and dark
induced senescence (DIS). Based on the increased ATP/ADP ratios in senescing leaves
and the degradation of chloroplasts, we wanted to assess the structural and physiologi-
cal characteristics of mitochondria to elucidate their involvement in energy metabolism
during senescence.

5.3 Viable Mitochondria

Mitochondria are central organelles in cellular energy metabolism. In order to investigate
their involvement in energy metabolism during leaf senescence, we performed micro-
scopic and physiological experiments to assess their structural and functional capacities.
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First, we investigated the abundance and morphology of mitochondria using confocal
and electron microscopy (EM) (Fig. 1A+B, Paper I). A decrease in the number of mi-
tochondria was evident during confocal studies (Fig. 1A, Paper I), however, electron
micrographs revealed mitochondria with high structural integrity. The inner and outer
mitochondrial membranes, as well as the cristae structures of mitochondria were intact,
even at the latest stages of DLS (Fig. 1B, Paper I). These observations concur with
the observations that the energy status of senescing leaves was maintained, even though
chloroplasts were degraded. As mitochondria are central organelles in cellular energy
metabolism (Fig. 2.2) and we observed ultrastructurally intact mitochondria, we investi-
gated the degree to which the energy demand during leaf senescence is met by mitochon-
dria, by performing physiological studies on isolated mitochondria.

We isolated mitochondria from non-senescing and senescing leaves and measured
their respiratory capacities by providing three different substrates: Mal, NADH, and Gly.
We determined the respiratory rates, respiratory control ratio (RCR) and the ADP:O ratio
for each of the provided substrates (Fig. 5.2).

Stable RCRs with all the substrates indicated that the integrity of isolated organelles
was maintained and no damage occurred to the mitochondria during the isolation pro-
cedure (Fig. 5.2). Depending on the substrate, mitochondria displayed variable rates of
oxygen consumption. With Mal as a respiratory substrate, mitochondria isolated from
non-senescing and senescing leaves displayed the same oxygen consumption, while with
Gly and NADH, a transient increase in oxygen consumption was observed. This showed
that mitochondria isolated from senescing leaves were flexible enough to adjust their
metabolism depending on the provided substrate. Together with the high integrity ultra-
structures observed via EM, this indicates that the isolated mitochondria from senescing
leaves were metabolically active and functional. Our results are in agreement with previ-
ously reported observations during IDL [Keech et al., 2007]. A decrease of mitochondrial
numbers, together with morphological changes from small, elongated structures to larger,
almost spherical organelles was observed. The authors measured the respiratory capac-
ities of mitochondria isolated from IDL and showed similar results to those observed
during DLS in Paper I; suggesting a conserved functional response of mitochondria dur-
ing DLS and IDL. Overall, our data suggest that while chloroplasts are actively degraded,
mitochondria transition into the primary organelle responsible for the maintenance of the
overall energy status during DLS.

Based on our morphological and physiological observations of mitochondria, we ex-
amined the expression profiles of genes encoding proteins localized to mitochondria dur-
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Figure. 5.2: Respiratory capacities of mitochondria isolated from various stages of DLS. Mito-

chondria were isolated from senescing leaves during the time course of DLS (chlorophyll content in

%) and respiratory capacities were measured by providing Mal, Gly, or NADH as substrates. The

respiratory rate (nmol O2/min/mg protein) and respiratory control ratio (RCR) were calculated and

are presented in the figure. Student’s t-test was performed to estimate significant differences: *,

P<0.05; **, P<0.01; and ***, P<0.001. (From Paper I, c© American Society of Plant Biologists)

ing DLS. Hierarchical clustering of this mitochondrial set (n=1060) identified six clusters
with average expression profiles characterized by upregulated, downregulated, stable,
or transiently expressed gene profiles (Fig. 3B, Paper I). The biggest cluster (Cluster
5; 44% of the Mitochondrial Set; Fig. 3Bi+ii, Paper I) was characterized by sta-
bly expressed genes over the time course of leaf senescence and most likely included
many housekeeping genes that are essential to maintain general cellular functions run-
ning. Interestingly, the first cluster (Cluster 1; Fig. 3Bi+ii, Paper I) was composed
of genes that had low transcript abundance at the early stages of the time course, be-
fore increasing towards the end of DLS, with their highest transcript abundance peak-
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ing at the penultimate time point. Gene ontology enrichment analysis of this cluster re-
vealed an over-representation of genes involved in the mETC, AA catabolism, carboxylic
acid metabolism and response to nutrient levels (Fig. 3Biii, Paper I). Consequently,
we decided to have a closer look at specific metabolic pathways of mitochondria to get
a better idea about the possible rearrangements taking place during senescence. Start-
ing with genes that are of fundamental importance for mitochondria and cellular energy
metabolism, we examined the TCA cycle and the mETC. Overall, the gene expression
profiles of genes involved in these pathways were stable and even slightly increased
throughout the DLS time course (Fig. 4A, Paper I). Naturally, we also observed nu-
merous examples of differential expression of distinct genes in the same protein class
e.g. for external and internal NADH dehydrogenases or AOX genes. This could be at-
tributed to various gene isoforms behaving differentially or having dedicated specialized
roles under specific developmental circumstances. The observations that the major com-
ponents of mitochondrial primary metabolism are stably expressed, support our earlier
findings that intact and active mitochondria provide energy to fuel DLS. To get a better
understanding of the metabolic adjustments occurring during DLS and the involvement of
mitochondria in these processes, we focused on other metabolic pathways and their tran-
scriptional expression pattern and combined them with metabolic profiling of senescing
and non-senescing leaves.
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6 Reorganization of
Metabolism during DLS

Aiming at getting a better idea about the reorganization of metabolism in senescing leaves,
we analyzed expression profiles of genes with products localized to the mitochondria
and additionally performed metabolic profiling to increase our understanding about these
processes. I will mainly focus on sugar, amino acid and organic acid metabolism and their
connection to the mETC and the generation of energy for senescing tissues.

6.1 Sugar Metabolism

As previously stated, the photosynthetic apparatus is degraded during leaf senescence,
resulting in declined photosynthetic activity. For that reason it could be assumed that the
amount of sugars likewise decreases in senescing leaves. However, gas chromatography-
mass spectrometry (GC-MS) based metabolic analysis revealed an increase in the major-
ity of sugars towards the end of DLS (Fig. 5, Paper I), while some sugars, like Glc-6-P,
Fru-6-P and raffinose (Raf), decreased or displayed transient increase in abundance dur-
ing the time course, e.g. Suc. Several other studies reported an increase of sugars during
senescence [Diaz et al., 2005], [Wingler et al., 2012], [Watanabe et al., 2013]. However,
it is not clear whether accumulated sugars contribute to the induction of leaf senescence
or are a consequence of the degradation and remobilization processes during senescence;
resulting in a rather controversial role for sugars during senescence [van Doorn, 2004].
One explanation for these observations might be that sugars in general serve many differ-
ent purposes: i) as storage compounds they provide energy rich resources that the plant
can remobilize during the night (e.g. starch), ii) they serve as carbon transport molecules
in form of Suc or Raf, iii) they can be transcriptional regulators (e.g. Glc or Suc) or iv)
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signaling molecules (e.g. Tre or Glc) [Wingler et al., 2012]. As sugars and sugar inter-
mediates often represent basic building blocks for the biosynthesis of other metabolites,
it can be difficult to exactly pinpoint their function in metabolism (Fig. 2.2) and (Fig.
2.3). This is most likely also the reason why in our metabolite analysis, sugars display a
variety of abundance patterns. For example, Raf and Suc are usually considered transport
sugars, while Glc-6-P and Fru-6-P are rapidly interconverted into other metabolites in
various pathways, and yet all four sugars display a transient increase in abundance during
DLS. The remaining sugars all increase drastically towards the end of DLS and are either
mono- or disaccharides, most likely being metabolic end products resulting from degra-
dation processes during senescence. In Arabidopsis, Suc and Raf are used as transport
sugars in the vasculature and it would be interesting to distinguish metabolite abundances
on a tissue specific level and investigate which metabolites can be found in which tis-
sues. For non-senescing Brassica napus leaves, Glc and Fru were reported to be highly
abundant in midveins compared to laminae tissues, while Suc was mainly present in the
laminae [Clément et al., 2017]. In contrast, [Lohaus and Schwerdtfeger, 2014] reported
Suc to be mainly found in the phloem sap, compared to the whole leaf. The authors sug-
gested that the synthesis of Suc therefore might be concentrated around the companion
cells, instead of the mesophyll cells of leaf blades. These results show that even within
the same species, metabolic results regarding sugars can vary a lot, making it challenging
to formulate clear conclusions about the role of sugar metabolites in senescence. With
a more targeted research question, it might be valuable to quantify and analyze sugar
profiles, but with having a more general research question of e.g. how are sugars in-
volved in leaf senescence, it is more complicated to define a clear hypothesis. Eventually
with the help of specific mutants in sugar metabolism, transport or signaling, coupled to
a senescence phenotype, one could make better assumptions of the role of single sugar
metabolites during DLS.

6.2 TCA Cycle

The TCA cycle is central for cellular energy metabolism and is interconnected with sev-
eral different metabolic pathways (see 2.1.2 in the Introduction and Fig. 2.2). As men-
tioned previously, we observed rather stable and even slightly increasing transcript abun-
dance profiles of TCA cycle-related genes during DLS (Fig. 4A, Paper I). When mea-
suring the abundance of corresponding metabolites that are part of the TCA cycle, we ob-
served variable patterns for each of them: Suc and Fum decreased, while α-ketoglutarate
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(α-KG), citrate (Citr) and Mal increased. Interestingly, similar abundance patterns for the
intermediates of the TCA cycle have been reported in other senescence studies [Li et al.,
2017], [Watanabe et al., 2013]. When discussing the TCA cycle, we need to consider two
aspects: first, the measured metabolites are not exclusive to the TCA cycle and they can
be found in several other subcellular compartments. For example, Mal has been shown to
not only be important for reactions in the mitochondrion but also in chloroplasts, perox-
isomes, the cytosol, and the vacuole as storage compound (Fig. 2.5, [Pracharoenwattana
et al., 2010]. Interestingly, in [Szecowka et al., 2013], the authors used 13CO2 labelling
experiments to measure the abundance of various metabolites in illuminated Arabidopsis
leaves and reported Mal, Fum, Citr and Isocitr to be mainly found in the vacuole. Fur-
thermore, it was shown that the two organic acids Mal and Fum play a role as transient
carbon-storage metabolites and are crucial during dark-induced senescence [Fahnenstich
et al., 2007], [Zell et al., 2010]. When the C4 Zea mays NADP-Malic enzyme, responsible
for Mal decarboxylation, was introduced into Arabidopsis (hence named: MEm plants),
an accelerated dark-induced senescence phenotype in the homozygous mutant compared
to the WT plants was observed [Fahnenstich et al., 2007]. Interestingly, when the re-
searchers supplemented the mutant with Mal, senescence was delayed. A metabolomic
analyses of the MEm plants revealed that the low amounts of Mal and Fum were respon-
sible for the early DIS phenotype. In [Zell et al., 2010] the authors propose that at the
end of the night, MEm plants are too depleted in Mal and Fum, so that they are unable to
support respiration and therefore fatty acids or proteins are used as alternative substrates.
These examples of the different involvements of Mal and Fum in the plants metabolism
make clear that the categorization of metabolites to specific pathways requires caution.

The second aspect to consider is, that the TCA cycle itself has been reported to have
various modes of action [Sweetlove et al., 2010]. Indeed, depending on the species, devel-
opmental stages and physiological conditions, the TCA cycle flux modes can vary signifi-
cantly, from the traditional cyclic mode routinely depicted in textbooks, to non-cyclic flux
modes, to situations where only some catalyzed reactions occur [Sweetlove et al., 2010].
We have not investigated the different flux modes of the TCA cycle during DLS, but it
would be very interesting to know the preferred mode of action of the TCA cycle during
senescence. At this stage, we therefore cannot claim that the measured organic acids from
senescing leaves and their differential behavior represent solely the TCA cycle. However,
combined with our transcriptomic data and physiological measurements (respiratory rates
and adenylate levels), our metabolite profiling would suggest that the TCA cycle interme-
diates are generally found in higher abundance during leaf senescence and the TCA cycle
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itself is active during DLS. Furthermore, if Mal and Fum are considered transient carbon
storage compounds derived from photosynthetic activity, it is quite unlikely that during
senescence, when the photosynthetic capacity is lost, these two organic acids would not
at least partially originate from the TCA cycle. A similar argument can be used for IDL
conditions, as photosynthesis is impaired and a high abundance of Mal, Fum and Citr is
also measured (Fig. 4C, Paper II). The Glyoxylate cycle, localized to the peroxisomes
is known to be upregulated during senescence and it partially overlaps with the reactions
of the TCA- cycle [Pracharoenwattana and Smith, 2008]. The possibility exists that the
upregulated glyoxylate cycle is also involved in the senescence associated metabolism
around organic acids. Finally, we cannot rule out that Mal and Fum are co-localized
to other compartments besides the mitochondrion (like the peroxisome), imported from
other parts of the senescing plant, or generated through catabolic pathways during the
degradation of cellular structures. Regardless, the abundance of TCA cycle intermediates
throughout leaf senescence strongly suggests that they are playing a crucial role in the
overall energy metabolism during DLS.

6.3 Amino Acid Metabolism and mETC

As the generation and redistribution of N-rich compounds is well established as an essen-
tial outcome of leaf senescence, we were interested to investigate if mitochondria con-
tribute to this process. Our research, and the final model we present in Fig. 6 of Paper I
describes the contribution of mitochondria to the remobilization of nitrogen compounds
during DLS (Fig. 6.1). Several metabolic pathways related to amino acid catabolism
are localized to the mitochondrial matrix and contribute to this remobilization process.
In (Fig. 6.1) we demonstrated that the catabolic pathways of several amino acids are
upregulated during DLS: the degradation of Lys, branched-chain amino acids (BCAA)
catabolism, arginine (Arg) and proline (Pro) metabolism, and transamination reactions
involving α-KG and Gly are all localized to mitochondria; and genes involved in these
pathways display increased expression profiles throughout the senescence time course.
Moreover, each of these pathways includes steps in which glutamate (Glu) is released
into the mitochondrial matrix. (Fig. 6.2).

Glu is known to be a central player in amino acid metabolism in plants and can be
generated from several reactions [Forde and Lea, 2007]. It is essential for transamina-
tion reactions together with α-KG, it forms GABA, and when converted into Gln, cyto-
toxic ammonia can be neutralized. Glu is clearly involved in a wide range of metabolic
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Figure. 6.1: Mitochondrial catabolic pathways occurring during DLS. Metabolic pathways cen-

tering around amino acid catabolism, the TCA cycle, and the production of Glu during DLS. The

transcript profiles of nuclear genes encoding proteins targeted to mitochondria are depicted next

to the following pathways: (I) Lys degradation, (II) BCAA degradation, (III) 2-hydroxyglutarate

(D-2HG) metabolism, (IV) Gly and Ala metabolism, (V) urea cycle, and (VI) Pro metabolism. See

list of abbreviations. (From Paper I, c©American Society of Plant Biologists)

reactions suggesting that during DLS, Glu produced in the matrix is transported out
of the mitochondria into the cytosol, where it further serves as a substrate for the cy-
tosolic Glutamine Synthetase (GS1 At1g66200), to produce Gln. It was shown previ-
ously that GS1 is strongly accumulated during leaf senescence [Kawakami and Watan-
abe, 1988], [Masclaux-Daubresse et al., 2005] and that the most transported amino acids
in plants are those with the highest N:C ratios, i.e. aspartate (Asp), asparagine (Asn), Glu
and Gln [Forde and Lea, 2007], [Riens et al., 1991]. It is likely that Gln is transported
out of the cell through one (or more) of the seven “Gln dumpers” (GDU1-7), which are
localized to the plasma membrane [Pratelli et al., 2010], (Fig. 6.2). Interestingly, two of
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the seven GDUs (GDU3, At5g57685 and GDU4, At2g24762) show a very similar expres-
sion profile observed in mitochondria during DLS: with the highest transcript abundance
peaking at the penultimate time point of DLS. A potential specialized role of these two
transporters during leaf senescence could be to facilitate N reallocation from senescing
leaf tissues to other developing parts of the plant; such as flowers, siliques and seeds.
Neither GDU3 nor GDU4 are characterized yet, but GDU1 (At4g31730) has been identi-
fied to be related to amino acid metabolism in Arabidopsis [Pilot et al., 2004]. GDU1 is
expressed in vascular tissues and hydathodes and the overexpression of GDU1 lead to the
hypersecretion of mainly Gln through the hydathodes of Arabidopsis leaves. In our tran-
scriptomic data, GDU1 did not show an increased gene expression profile during DLS, but
this gene family remains an important lead for further investigation and characterization
of Gln metabolism in relation to leaf senescence.

Figure. 6.2: Expression profiles of genes involved in the GABA shunt and the export of Gln

during DLS. Genes involved in GABA metabolism and transport during senescence are shown

together with the transporter family of Gln dumpers (GDUs). Abbreviations: Ala, alanine; At-

GABP, Arabidopsis thaliana GABA permease; AtGAT1, gamma-aminobutyric acid transporter;

GABA, gamma-aminobutyric acid; GABA-T/POP2; GAD, glutamate decarboxylase; GDU, glu-

tamine dumpers; Gln, glutamine; Glu, glutamate; Pyr, pyruvate; SSA, succinic semi-aldehyde;

SSADH, succinic semi-aldehyde dehydrogenase.

Transport processes within tissues and organelles are essential for sustaining cel-
lular metabolite fluxes as well as ensure long distance transport, however most trans-
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port proteins still remain unidentified. A specific mitochondrial Glu transporter has not
been identified so far in plants. However, mitochondria have a specific family of trans-
porter proteins, called Mitochondrial Carrier Family (MCF) as defined by [Kuan and
Saier, 1993], which encompasses around 60 members [Picault et al., 2004]. Only re-
cently, a biochemical characterization of the mitochondrial uncoupling proteins UCP1

(At3g54110) and UCP2 (At5g58970) of Arabidopsis was published, both of which belong
to the MCF [Monné et al., 2018]. The authors expressed the UCP proteins, reconstituted
them into liposomes to measure their transport capacities for different substrates, and pro-
posed an Aspout/Gluin transport mode. This Aspout/Gluin transport mode of the UCPs

is the closest result that has been reported for a potential mitochondrial Glu transporter.
These experiments were done with reconstituted proteins and a reversed, in vivo transport
mode of the UCPs can therefore not be excluded. However, the data from [Breeze et al.,
2011] showed that UCP1 and UCP2 are not particularly upregulated during DLS or IDL
(Supplemental Table 1, Paper II). Without corresponding proteomic data and testing of
the UCP mutant lines, it is difficult to conclude anything specific, and at this stage, we
cannot rule out the presence of another carrier that could be responsible for Glu export.
Not all the MCF members are characterized yet (Fig. 4B. Paper I), so the possibility of
an yet unidentified MCF with a higher affinity for Glu export from the mitochondria still
exists, giving room for more investigation of this particular part of our hypothesis.

Glu is not the only amino acid that plays an important role during leaf senescence.
By using various respiratory substrates (Mal, Gly and NADH, Fig. 2D-F, Paper I) we
found out that mitochondria were physiologically active and flexible in their metabolism.
It has been previously published that under stress conditions and during leaf senescence,
alternative substrates like branched chain amino acids (BCAA) and aromatic amino acids
(AAA) can fuel mitochondrial respiration [Araújo et al., 2010]. We observed that in our
metabolite analysis during DLS, some of these amino acids (leucine (Leu) and tryptophan
(Trp)) stay highly abundant throughout the time course, while valine (Val), isoleucine
(Ile) and phenylalanine (Phe) abundances decreased. The decrease of Phe, Ile and Val
could indicate that these amino acids are used as alternative sources for mitochondrial
respiration. During the degradation of BCAAs, electrons are released, fueling the mETC
and the final breakdown product, Acetyl CoA, can then enter the TCA cycle and increase
the production of reducing equivalents.

The connecting point of alternative substrates that provide electrons to support ox-
idative phosphorylation is the ETF/ETFQO complex, which is closely associated to the
mETC. As mentioned in the introduction, the ETF/ETFQO in plants accepts electrons
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from two electron donors, isovaleryl-CoA dehydrogenase (IVDH, At3g45300) and 2-
Hydroxyglutarate dehydrogenase (2-HGDH, AT4G36400). The substrates for both of
these enzymes are derived from the degradation of phytol chains and BCAA/AAA catabo-
lism. During the degradation of phytol chains, BCAA and AAA, isovaleryl-CoA is re-
leased, which can then be oxidized via the IVDH and the released electrons are transferred
via the ETF/ETFQO protein complex to the mETC [Araújo et al., 2010]. The 2-HGDH

converts 2-hydroxyglutarate produced in the peroxisomes, during AAA or Lys catabo-
lism into α-KG, and releases electrons that can also be transferred to the mETC via the
ETF/ETFQO complex. In our data, we observed that IVDH and the 2-HGDH are both up-
regulated during DLS, indicating that various kinds of amino acids, as well as potentially
lipids from the peroxisome, serve as alternative energy sources during leaf senescence,
releasing electrons that fuel the mETC and generate ATP.

The GABA shunt is closely related to the amino acid metabolism, N reallocation
and the TCA cycle. For that reason, it is interesting to investigate its role during senes-
cence. The GABA shunt was reported more than 50 years ago and its physiological role
is still not fully understood [Fait et al., 2008]. It is known for its involvement in C and N
metabolism, N reallocation, oxidative stress, signaling and defense mechanisms, amino
acid metabolism and the TCA cycle [Bouche and Fromm, 2004], [Fait et al., 2008]. The
fact that the GABA shunt is closely connected to the TCA cycle via the interconversion
of Glu to GABA, succinic semi-aldehyde (SSA) and finally Succ, makes it an interesting
pathway to discuss in the context of leaf senescence. We examined the genes involved
in the GABA shunt during DLS and observed that some of those genes showed an in-
creased gene expression profile towards the end of DLS (Fig. 6.2). It is worth mentioning
the GAD1 gene (At5g17330), which encodes a protein that converts Glu to GABA in the
cytosol, displays the highest expression at the penultimate time point of senescence. In
our final model of Paper I (Fig. 6.1), we hypothesized that Glu is released from catabolic
reactions in the matrix and exported from the mitochondria into the cytosol. It is then
converted to Gln via the cytosolic GS1 and the Gln is further translocated to newly de-
veloping parts of the plant. With the observation of the upregulated GAD1 gene, another
possibility for the exported Glu would be its conversion to GABA and the support of the
TCA cycle.

The GABA shunt is also involved in Asp and Ala metabolism, fatty acid metabolism,
and connected to stress and Pro catabolism. Our final model in (Fig. 6.1) also suggests
an increased Pro catabolism which would lead to the final release of Glu. Pro metabolism
has been reported to be associated to leaf senescence through the upregulation of ProDH2
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(At5g38710) and P5CDH (At5g62530) [Funck et al., 2010], [Faes et al., 2015]. The
Glu released through Pro degradation, could eventually fuel the GABA shunt and lead
to Succ production for the TCA cycle. The interconnection of the GABA shunt and Pro
catabolism during senescence could be a possibility for the plant to add another mode
of flexibility to its metabolism during leaf senescence and its ability to adjust metabolic
fluxes even better. Our metabolite analysis of leaves during DLS, showed a decrease of
Pro as well as GABA. Additionally related amino acids like Ala and β-Ala also decreased
in our experimental setups. This could indicate that the GABA shunt and Pro catabolism
are active during DLS as their metabolic intermediates are declining.

Figure. 6.3: Illustration summarizing the role of mitochondria during DLS.

However, other studies reported an accumulation of Pro, GABA and β-Ala during
senescence [Diaz et al., 2005] [Watanabe et al., 2013]. Moreover, Pro accumulation
is known to be a marker for stress and senescence in some plant species [Wang et al.,
1982] [Verbruggen and Hermans, 2008]. It is challenging to compare and interpret results
that oppose each other, however it should be clear until now, that the plants’ metabolism is
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highly flexible and seemingly endless possibilities exist for it to adjust to various external
and internal factors influencing it. As such, we might not yet be aware of important con-
necting aspects or internal modifications under specific growth conditions that result in
different metabolic results. In addition, it should be considered that the variability in the
choice of experimental materials will also lead to different results, e.g. different genetic
backgrounds of plants, growth conditions, the plant material harvested or the develop-
mental stage of plants.

In the first part of my thesis I investigated the metabolic rearrangements during DLS
and more specifically, the involvement of mitochondria during senescence. A simplified
summary of the role of mitochondria during DLS can be seen in (Fig. 6.3). The second
part of my work dealt with induced leaf senescence. The following chapter of my results
and discussion part will focus on the comparison of DLS with other experimental setups
and the role of mitochondria under different types of senescence conditions.



7 Comparison of DLS with
other experimental setups

I have introduced several different types of leaf senescence and the various experimental
setups that I used in this thesis (see: Introduction 2.1). The following chapter will present
and discuss the comparison of DLS to individually darkened leaves (IDL), as well as
metabolic rearrangements in plants which exhibit a delay in the onset of senescence, such
as in whole darkened plants (DP) and the stay-green mutant pif5-621.

7.1 DLS vs IDL

At a molecular level, one of the common parameters that are often checked in plant senes-
cence research, is the gene expression level of so called senescence-associated genes
(SAGs). SAGs can encode for a variety of different protein types, such as proteases, li-
pases, transport proteins or transcription factors [Gepstein et al., 2003].They are often
used as standard senescence markers as several of them display increased transcript levels
during senescence processes. We checked the expression profiles for several SAGs (SAG2

(At5g60360), SAG12, (At5g45890) and SAG21 (At4g02380)) in DLS and IDL condi-
tions. We observed that they are induced in both setups, adding to our morphological and
physiological senescence related observations of chlorophyll degradation, chloroplast dis-
mantling and decreased Fv/Fm values, confirming that senescence progresses in leaves of
DLS and IDLs (Supplemental Fig. 6, Paper I; Supplemental Fig. 3, Paper II). The in-
duction of SAGs is not always occurring at the same stages of leaf senescence, e.g. SAG12

is a late expressed SAG, while SAG2 is induced in early stages and SAG21 in the middle
stages of senescence. A recent publication by [Pružinská et al., 2017] claims that major
Cys proteases, which SAG2 and SAG12 belong to, are not essential for DLS and dark

59



60 7. Comparison of DLS with other experimental setups

induced senescence. One should keep in mind that senescence is a process that includes
many degradative processes, metabolic adjustments and the interplay of several cellular
organelles. Specific SAGs can be used as a marker for senescence, even though the spe-
cific mutant plants of those SAG genes do not show a clear phenotype. Together with
our physiological, structural, transcriptomic and metabolomic results and the induction of
SAGs, we can conclude that senescence processes are induced in DLS and IDL.

Both experimental setups (DLS and IDL) have advantages and disadvantages. Inves-
tigating DLS implies the advantage of working with fully developed plants that allows us
to consider the whole life cycle of the plant in our interpretations. Plants germinate, grow
and undergo “natural” aging according to their encoded genetic program. The drawbacks
of DLS, however, are i) the time it takes for the plant to reach the stage of having senesc-
ing leaves, which might take months; and ii) the chance that developmentally senescing
leaves could shade each other and senesce in a very heterogeneous way (Fig. 1.3, Supple-
mental Fig.1 in [Keech et al., 2010]). To avoid these drawbacks, dark-induced senescence,
and more specifically the darkening of individual leaves (IDL) is a common experimental
setup used by scientists to induce a coordinated and rapid form of senescence. Several
transcriptomic comparisons have already been done in the past, and have identified main
overlaps and differences between these experimental setups [Buchanan-Wollaston et al.,
2005], [van der Graaff et al., 2006], [Guo and Gan, 2012]. These studies compared DLS,
IDL and starved cell suspension cultures and analyzed the transcriptomic outputs dur-
ing these three senescence setups regarding hormones, transport proteins, environmental
and the influence of pathogen infection. Here, I have focused on the transcriptomic and
metabolic adjustments regarding the plants metabolism that occur during the different
types of leaf senescence, specifically keeping mitochondria in the center of interest.

In Paper II, we performed a transcriptomic and metabolomic analysis on IDLs to un-
derstand better the metabolic adjustments upon dark induced senescence. In the following
part, I will discuss similarities and differences between the DLS setup (Paper I) and IDL
(Paper II) to investigate in what way these two senescence inducing systems are compa-
rable. During DLS, we reported an increase of several sugars, however it is still not well
understood what role sugars play during senescence. In our metabolite profiling of IDLs
for one, three, and six days, we observed that the amount of Glc, Fru, xylose and threose
decreased. For other sugars like Raf, Maltose or Suc the metabolic profiling in Fig. 4, or
Supplemental Fig. 6 in Paper II were not so clear. Overall we observed that the majority
of sugars during DLS increased, while in IDLs many sugars decreased. One possible ex-
planation can be that transport processes from the remaining part of the plant into the IDL
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could take place. To test this hypothesis, we performed 13CO2 labelling experiments on
IDLs and used leaves remaining in the light as controls (Fig. 5A for experimental setup,
Paper II). We detected labeled sugars like Malt, Glc-6-P and Fru-6-P in three days dark-
ened IDL after the 13CO2 labelling period. At this stage, we are not able to conclude if
the labelled sugars were transported immediately into the darkened leaf or are a catabolic
byproduct of metabolism in light leaves, which then get imported into the IDL. Glc and
Fru for example are both precursors of Glc-6-P and Fru-6-P and less labeled in the IDL
leaf compared to their phosphorylated sugar forms. Our results indicated that 13C labelled
molecules might have been imported into the IDL leaf during the night. As mentioned
before, it is rather difficult to interpret data regarding the relationship between sugars
and senescence. However, we can say that a communication between illuminated leaves
and IDLs exist and that darkened leaves are not solely reallocating metabolic breakdown
products to the remaining parts of the plant, but possibly also receive compounds from
leaves in the light. It could be very interesting to investigate whether senescing leaves of
DLS receive nutrients from non-senescing leaves. However, an experimental setup might
need to be developed to exclusively fumigate non-senescing leaves for short periods of
time, similar to the sampled timepoitns published in [Szecowka et al., 2013]. Despite
that sugars are important metabolites for the plants energy metabolism, the main focus of
our research was on the role of mitochondria and the stable energy status during DLS and
IDL generated by those organelles. We focused on the analysis of mitochondrial pathways
during senescence and our transcriptomic analyses in Paper I focused on the gene expres-
sion profiles of genes encoding proteins localized to the mitochondria. We observed that
the genes related to the energy producing pathways TCA cycle and mETC showed stable,
even slightly increasing expression profiles towards the end of DLS. In addition to that,
genes encoding for proteins involved in several amino acid catabolism pathways were also
induced in DLS (Fig. 6.1). When analyzing the transcriptome of IDL and DP (Paper II),
functional categories like respiration, lipid and amino acid catabolism, stress response,
sugar catabolism, TCA cycle and mETC were associated to IDL (Fig. 2C and Fig. 3A,
Paper II). I extracted the genes that belong to the TCA cycle and the mETC and saw
that over the time course of IDL treatment, the expression profiles of those genes were
stable as well. These stable gene expression profiles are supporting the fact that isolated
mitochondria from IDL leaves were physiologically intact and displayed active respira-
tion [Keech et al., 2007]. We can therefore confirm our hypothesis that mitochondria stay
viable during dark induced senescence, just like in DLS.

Besides sugars, organic and amino acids play important roles during leaf senescence
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and I discussed their abundance in DLS conditions in section 5.2 and 5.3. We could
observe a differential abundance pattern of Mal, Citr, Fum, Succ and α-KG in both DLS
and IDL conditions (Fig. 7.1).

Figure. 7.1: Abundance of organic acids during DLS and IDL. Results of organic acid mea-

surements by GC-MS metabolite profiling of leaves during DLS and IDL. Data are normalized to

the maximum within each experimental setup. T0-T4 = senescence stages during DLS: T0 = leaf

expansion to mature leaf, T1 = mature leaf to early senescence, T2 = early senescence to middle

senescence, T3 = middle senescence to late senescence and T4 = latest senescence stage. D1-D3 =

1-3 days of IDL. Abbreviations: Citr, citrate; Fum, fumarate; Mal, malate; Succ, succinate; alpha-

KG, alpha-ketoglutarate. (Extracted from Paper I and II, c©American Society of Plant Biologists)

I discussed earlier that the TCA cycle is known to have various flux modes. In addi-
tion to that, these organic acids cannot only be accounted to the TCA cycle, but they also
play a role in many different organelles and pathways. The observation that they accumu-
late or decrease in a different manner in IDL as compared to DLS shows that even if IDL
and DLS both undergo senescence, they employ slightly different metabolic strategies to
cope with it. Apart from organic acids, we also had a look at amino acids. The abundance
of amino acids after six days of dark treatment in IDL was slightly lower when compared
to leaves in the light (Table 1, Paper II). In our overall metabolite profiling we could
observe that amino acids accumulated slightly at day 1 and 3 of IDL compared to illumi-
nated leaves and then indeed decreased at 6 days of IDL (Supplemental Fig. 6, Paper
II). During senescence, degradation processes and the remobilization of nutrients occur
until the stage where either few nutrients are left or the senescing tissue has completely
collapsed and died.

We made an interesting observation regarding amino acids in our 13CO2 labeling ex-
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Figure. 7.2: Biosynthesis of amino acids in Arabidopsis. Glycolysis and TCA cycle deliver the

precursors for amino acid biosynthesis in Arabidopsis. Abbreviations: Ala, alanine; Arg, arginine;

Asn, asparagine; Asp, aspartate; Citr, citrate; Citru, citrulline; Cys, cysteine; Fum, fumarate; Glc,

glucose; Gln, glutamine; Glu, glutamate; Gly, glycine; His, histidine; Ile, isoleucine; Isocitr, isoci-

trate; Leu, leucine; Lys, lysine; Mal, malate; Met, methionine; OAA, oxaloacetate; Orn, ornithine;

PEP, phosphoenolpyruvate; Phe, phenylalanine; Pro, proline; Ser, serine; Succ, succinate; TCA

cycle, tricarboxylicacid cycle; Thr, threonine; Trp, tryptophane; Tyr, tyrosine; Val, valine; 3-PG,

3-phosphoglycerate; 2-PG, 2-phosphoglycerate; alpha-KG, alpha-ketoglutarate.

periments (Fig. 5, Paper II). Labelled carbon was detected at day 6 in IDL in several
amino acids, e.g Trp, Val, Arg and Phe. This observation raises the question where the
labelled carbon in the amino acids at 6 days of IDL is coming from. CO2 is fixed by
RubisCO in the chloroplasts of the leaves in light (Fig. 5A, Paper II) and then used for
either starch synthesis or export as triosephosphate into the cytosol. Amino acids derived
from precursors of the glycolysis or the TCA cycle (Fig. 7.2). Either 3-phosphoglycerate,
PEP, pyruvate, α-KG or OAA serve as backbones for amino acid production. The labeled
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amino acids detected in IDLs could have gained their carbon backbones from 13C labeled
molecules transported from illuminated leaves. We have already hypothesized that the
TCA cycle stays rather stable and active during senescence, even though we cannot ex-
actly specify its flux mode. The accumulation of labelled amino acids in IDL could be a
result of labelled amino acids in light leaves and the export of those into the IDL. Another
possible source of labelled amino acids is the support through labelled carbohydrates and
their import into the IDL. Those carbohydrates would then be metabolized in the gly-
colysis and TCA cycle of the IDL, leading to labelled amino acids. During senescence,
one of the major aims of the plant is to reallocate nutrients from the senescing leaf to the
remaining parts of the plant. Thus the question remains to which extend do the leaves
in light reallocate nutrients into the IDL as we observed 13C labeled metabolites in IDL.
One reason of transporting amino acids like Trp, Val, and Phe into the IDL or synthesiz-
ing them in the darkened leaf, could be the fact that aromatic amino acids are precursors
for secondary metabolites like alkaloids. These secondary compounds are often synthe-
sized as defense compounds upon stress conditions in plants. The darkened leaf would be
protected through secondary metabolites as long as the nutrient reallocation occurs.

Of special interest for us was the question whether our final model proposed in Paper I,
about the role of mitochondria in DLS, would also be supported under IDL conditions. In
this model we proposed that the upregulated catabolic pathways localized to mitochondria
would lead to an accumulation of Glu in the mitochondrial matrix. The Glu would be
exported into the cytosol where the cytosolic GS1 would convert it to Gln. The Gln could
then be reallocated to newly developing parts of the plant. To answer this question, I
extracted the genes involved in those pathways seen in (Fig. 7.3) from the IDL dataset.

I arranged the graphs for each gene in DLS and IDL next to each other in (Fig. 7.3)
to be able to see the similarities or differences in the gene expression profiles. We can
observe that the majority of the genes upregulated during DLS were also induced under
IDL conditions and those genes that are downregulated in DLS showed the same trend in
IDL. Not only are the transcriptomic data of DLS and IDL in agreement with each other,
but our microscopic and physiological data regarding mitochondrial activity in DLS were
also highly similar to the IDL conditions [Keech et al., 2007]. Altogether, this strengthens
our hypothesis that mitochondria are central to the catabolic processes occurring during
leaf senescence in both DLS and IDL conditions.
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Figure. 7.3: Comparison during DLS and IDL of gene expression profiles of genes encod-

ing several proteins targeted to the mitochondria. Genes involved in amino acid catabo-

lism and electron release to support energy supply during developmental and dark induced

senescence. Abbreviations: AcCoA, Acetyl-CoA; AlaAT, Alanine aminotransferase; Ala/GlxAT,

Ala/glyoxylate aminotransferase; ARG, Arginase; AspAT, Aspartate aminotransferase; BCAT,

branched-chain amino acid transaminase; Citru, citrulline; FAA, fumarylacetoacetase; FAD-

GPDH, FAD-dependent glycerol-3-phosphate dehydrogenase; Fum, fumarate; Glx, glyoxylate;

GS, Gln synthase; D-2HGDH, D-2-hydroxyglutarate dehydrogenase; IVDH, isovalerate dehydro-

genase; LKR/SDH, Lysine-ketoglutrarate reductase/saccharopine dehydrogenase; NAD-GPDH,

NAD-dependent glycerol-3-phosphate dehydrogenase; NO, nitric oxide; NOS1, nitric oxide syn-

thase; OAT, Ornithine-D-aminotransferase; ProDH, proline dehydrogenase; Pyr, pyruvate; P5C,

pyrroline-5-carboxylate; P5CDH, pyrroline-5-carboxylate dehydrogenase.
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7.2 Delayed Senescence in DP and the Functional Stay-
Green mutant pif5-621

After having discussed different senescence conditions, I would now like to present some
of our results with plants that have been subjected to prolonged darkness, but have not un-
dergone senescence as described in DLS and IDL. In particular, I will address the question
how the metabolism in these plants is differentially adjusted as compared to those from
senescing leaves. Two different experimental setups leading to a delayed senescence phe-
notype have been part of my thesis: the darkening of whole plants (DP)(Paper II) and the
investigation of a FSG mutant that does not senesce, even when single leaves are darkened
for more than two weeks (Paper III).

7.2.1 Metabolic adjustments in leaves from DP

In Paper II, we showed that leaves from Arabidopsis plants completely darkened for six
days undergo different metabolic changes compared to those of IDL under the same time
course. Leaves of DPs lost only ca. 30% of their chlorophyll content compared to control
leaves in the light, while IDL leaves lost 70% of their chlorophyll content. The photosyn-
thetic capacity was partially retained in DP leaves compared to those in IDL, even after
6 days of dark treatment (Fig. 1D, Paper II). When looking at the expression levels of
a few SAGs in DP leaves, we observed that SAG2 and SAG12 at three and six days of
dark treatment had similar transcript abundance to leaves under light conditions, while
the expression of SAG21 increased. SAG21 belongs to the family of late embryogenesis
genes and is localized to mitochondria and, apart from affecting leaf senescence, also has
a role in root development and in biotic stress responses [Salleh et al., 2012]. Therefore,
it is likely that the increased expression of SAG21 is a general stress response reaction
rather than a typical response to the induction of senescence. Together with our results
about maintained photosynthetic capacities, the SAG levels support the fact that even after
6 days of darkness, senescence is not induced in DP leaves as it is in IDL.

It is interesting to examine the energy metabolism in DP as the plants are completely
in the dark and have no possibility to get support from other parts of the rosette. We
observed that already after one day of darkness, the leaves have entirely degraded their
starch reserves (Fig. 1B+C, Paper II). When analyzing sugars in leaves of DPs by GC-
MS ToF (Supplemental Fig. 6, Paper II), most of the sugars stayed low in abundance
as compared to the light samples, apart from Glc-6-P, which showed a slight increase in
abundance. Leaves from DPs demonstrated signs of hyponasty, including petiole elon-
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gation (Fig. 1A, Paper II). The potential necessary loosening and remodeling of the
cell wall that is needed for this morphological change of the darkened plant, could lead
to the release of hexose-phosphates from the cell wall. Such mechanisms have already
been discussed previously [Roulin et al., 2002]. At this stage, we cannot conclude in
which way carbon released from the cell wall remodeling could fuel metabolism. More
research is needed to further investigate this process. When we had a closer look at the
transcriptomic modifications in DP, we saw that metabolic functions like light reaction,
Calvin-Cycle and cell wall remodeling were associated to DP as compared to IDL con-
ditions (Fig. 3A, Paper II). These observations are in line with our results about the
partly retained photosynthetic capacity in DPs, showing that senescence has not yet been
induced.

Regarding amino acids, another interesting observation was made. Almost four times
more amino acids accumulated in leaves of DPs compared to control leaves in light condi-
tions (Fig. 4C, Table 1, Paper II). Almost all amino acids were found in higher amounts
than in control leaves, with the exception of Asp, Gly and Pro (Table 1, Paper II). Two
high N:C ratio amino acids, Asn and Arg, were highly accumulated in DP leaves after 6
days of treatment. We therefore assume that the ammonium released from the metabolic
activity in DP is stored in the form of amino acids, to avoid cytotoxic effects. Indeed,
each leaf of the DP is in the same metabolic situation and transporting metabolites from
one leaf to another will not be of metabolic advantage for the plant. Thus, accumulating
Asn and Arg would provide the plant with a safety mechanism to store nitrogen while
preparing for the return of light (as prolonged darkness does not appear as a natural con-
dition). Then, upon the return of light, these same metabolites could be processed or
exported to other growing tissues, more likely to reach light. Amino acids however are
known to be additional substrates for energy metabolism in the mitochondria through the
IVDH and 2-HGDH [Araújo et al., 2010], [Pedrotti et al., 2018]. Especially the degrada-
tion of BCAA and Lys deliver electrons to the mETC and fuel energy production in the
mitochondria. The genes related to BCAA degradation were upregulated during DP con-
ditions, supporting an eventual role of amino acid catabolism in connection to the mETC
in DP. As the plant itself is in a metabolic stand-by mode, the production of energy would
be at a very low level. However, as soon as the plant would receive light, these accumu-
lated amino acids could fuel mitochondrial respiration in a higher rate and ensure proper
energy supply for continuous growth and development. Taken together, these metabolic
adjustments provide the cells with alternative substrates and safety mechanisms to survive
this prolonged darkness, and thus repress the induction of senescence as long as possible.
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7.2.2 Metabolic adjustments in IDL of pif5-621

We performed an EMS mutagenesis screen to identify plants with a stay-green pheno-
type. We aimed to characterize genes involved in the response to senescence delay and
one of the isolated mutants that we identified was the pif5-621 mutant. The pif5-621

mutant has a point mutation in the bHLH binding domain leading to a stop codon in
the PHYTOCHROME INTERACTING FACTOR 5 (PIF5, At3g59060) gene. PIF5 is a
transcription factor downstream of the phytochromes. It is degraded upon interaction with
active phytochrome B (PHYB, At2g18790) and accumulates under condition where PHYB

activity is reduced, e.g. under low R:FR light conditions or in darkness. It thus regulates
gene expression associated with absence of the red light transduction pathway [Leivar and
Quail, 2011]. The pif5-621 mutant continues to “think” that it is in light as the absence
of PIF5 suggests active PhyB, while conflicting information come from the other active
PIFs. In connection to that, the EMS mutant pif5-621 maintains its chlorophyll content
and the integrity of photosystem II to a high level, even after its leaves are darkened for
more than two weeks (Fig. 1D, Paper III). The chloroplast ultrastructure of pif5-621 mu-
tants was intact compared to WT leaves exposed to darkness, which is in line with the high
Fv/Fm values observed in (Fig. 1D, Paper III) In addition to the EMS pif5-621 mutant,
we also analyzed the respective T-DNA line and observed a similar stay-green phenotype,
with high chlorophyll content and Fv/Fm values following IDL treatment (Fig. 1D, Paper
III). Complementation studies with the WT gDNA of the PIF5 gene showed a restoration
of the senescence phenotype (Fig. 1F+G, Paper III). Even though pif5-621 continues to
“think” it could be in light, it is actually darkened and might need resources to survive
these darkening conditions. The interesting question here is, what exactly makes the pif5-

621 leaf survive for such long time in darkness and which metabolic rearrangements can
ultimately explain the “prolonged life” of the leaf. As a darkened leaf cannot fix carbon
via photosynthesis and basically turns into an energy sink, the first idea could be that the
rest of the plant supports the darkened leaf with carbon intermediates. We measured Suc
amounts in IDL of WT and pif5-621 plants and observed slightly higher levels of Suc in 3,
6 and 9 days darkened IDL of pif5-621 plants compared to the WT IDLs (Fig. 2A, Paper
III). Although a general metabolic profiling confirmed the Suc pattern, the T-DNA pif5-3

mutant did not show the same consistent results, making it difficult to draw a clear con-
clusion. To test whether any Suc labelling could be observed in the IDL of pif5-621, we
performed a 13CO2 labelling experiments similar to the one described in Paper II. After 3
and 6 days IDL, labelling of the Suc pool was noticed, indicating that an import of sugars
from the rest of the plant could occur. However, the pools determined were not consistent
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within our replicates, which again makes it difficult to conclude whether a significant Suc
import into the darkened leaf occurs systematically in pif5-621 IDLs and contributes to
its survival. Nevertheless, pif5-621 leaves placed on to water in petri dishes and left in
darkness for 6 days also remained green, while WT leaves in similar conditions became
yellow. In such a setup, it is obvious that no sugar was imported from the rest of the plant,
therefore we can assume that sugar itself is not the only reason for the delayed senescence
phenotype and prolonged survival of pif5-621 mutants in darkness. Nevertheless, we can-
not rule out that under IDL conditions when attached to the plant, this phenomenon could
play a role.

Which other metabolic rearrangements in the pif5-621 mutant could possibly allow
this extended survival? Intriguingly, in IDL of pif5-621, we could measure an accumu-
lation of amino acids similar to the one observed in leaves of DP (Fig. 3, Paper III).
Although, the total protein content decreased in both WT and pif5-621 under IDL condi-
tions, pif5-621 plants still had significantly more protein left compared to the WT plants.
This indicated that protein degradation in pif5-621 IDLs is not as advanced as in WT.
Thus, the source of accumulating amino acids in pif5-621 can be due to the breakdown
of proteins. However, why amino acids are accumulating in pif5-621 as compared to WT,
which displays higher protein degradation, is not as easy to explain. Protein degradation
in WT IDLs leads to a transient increase in amino acids at 3 days of darkness and maybe
the WT IDL leaf later exports those amino acids out of the darkened leaf, resulting in a
decreased abundance of amino acids at day 6 and 9 of dark treatment. For instance, the
expression patterns of Amino Acid Permeases 1 and 4 (AAP1, AAP4) showed a strong
increase in WT IDLs, while they were much less induced in pif5-621 IDLs. This could
be one explanation for the accumulation of amino acids in pif5-621 as potentially the
export of those metabolites is impaired in the mutant. Impaired export of amino acids
does not only include the export of the metabolites from the IDL to leaves in the light,
but also includes the leaf internal transport processes. It could be possible that the ac-
cumulation of amino acids is tissue specific and e.g. accumulated amino acids in the
mesophyll cells cannot get loaded into the leaf vasculature. Another stay-green mutant
that has been characterized is the ore1 mutant [Kim et al., 2009]. ORE1 (At5g39610) is a
NAC transcription factor that positively regulates and thereby induces leaf senescence and
its mutant displays a delayed senescence phenotype. We performed a metabolic profiling
of the ore1 mutants and observed an accumulation of amino acids in the ore1 IDLs, com-
parable to the pif5-621 plants. It is known that ORE1 acts downstream of PIFs and maybe
regulates senescence together with PIF5 (reviewed in [Liebsch and Keech, 2016]). AAP1
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and AAP4 were also less induced in ore1 mutants, indicating that maybe either ORE1 or
another factor more downstream could regulate those transporters and play a role in their
induction and the positive regulation of leaf senescence.

When measuring respiratory capacities in pif5-621 plants to see whether the accumu-
lated amino acids could potentially be used as alternative substrates, we observed stable
respiratory capacities of pif5-621 leaves until at least 15 days of darkening treatment.
The accumulation of amino acids did not have an obvious stimulation effect on the res-
piratory capacities of pif5-621 leaves, which is in agreement with observations reported
by [Cavalcanti et al., 2017]. The authors used Arabidopsis cell cultures, starved them
from carbohydrates and supplied those starved cell cultures with either Suc, BCAA or
Lys. As a result, they were not able to detect an increased respiratory rate in those cell
cultures even though it is known that amino acids do enhance survival under starvation
conditions. These results are in line with our observations of stable respiratory rates of
pif5-621 IDL leaves even though amino acids are highly present in the tissue.

To summarize, our transcriptomic data showed that leaves from DP did not have the
typical induction of expression of SAGs and did not undergo the typical senescence pro-
cess after 6 days of darkness yet. Leaves of DPs had very low sugar contents and despite
we hypothesized that the cell wall remodeling associated with leaf hyponasty could also
contribute to a small release of carbohydrates, it needs further investigation to explore in
which way metabolism would be supported in order to maintain minimal activity. The
main energy source during DP could come from the accumulated amino acids that we
measured. Amino acids were reported to be important for energy metabolism under star-
vation conditions and we observed an induction of genes involved in amino acid catabo-
lism. Interestingly, pif5-621 IDLs exhibited similar metabolic adjustments as leaves ob-
served in DP, with low sugar contents and high amino acid accumulation. However, the
fact that pif5-621 was under IDL conditions increases the complexity of the comparison
with DP. Indeed, the signals between the IDL and the rest of the plant are undoubtedly
different than those between the leaves of a DP. The accumulation of amino acids in DP
and IDL conditions might play a central role for the plants metabolism. During IDL in
the WT, the accumulation of amino acids in the darkened leaf would not be sustained as
an active communication between the IDL and the rest of the plant is maintained, and
accumulated amino acids would be exported out of the leaf into other parts of the plant.
Under the condition of DP, all leaves are in the same metabolic “stand-by mode” [Keech
et al., 2007] and transport processes would not occur within the leaves, as no clear source
or sink tissues are available. For the accumulation of amino acids in IDL of pif5-621 and
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ore1 mutants the regulation is still not clear. Even though the export of amino acids from
the IDL into the rest of the plant cannot be excluded, it does not occur since possible
transporters are not induced and amino acids accumulate. With all that being said, other
so far unknown factors must play a role in the signaling or the communication between
source and sink tissues to lead to this metabolic phenotype.

The following table summarizes the results of my thesis that I have discussed until
now (Fig. 7.4). It includes physiological, microscopic, transcriptomic and metabolomic
parameters of different types of leaf senescence and serves as a general overview on this
thesis.

Figure. 7.4: Summarizing table of results presented and discussed in this thesis. Abbreviations:

Fv/Fm, maximum quantum efficiency of Photosystem II; mETC, mitochondrial electron transport

chain; n/a, not available; TCA cycle, tricarboxylic acid cycle; ΦPSII, efficiency of Photosystem II
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8 Challenges working with
Metabolism

The previous chapters focused on the metabolic rearrangements of senescing leaves in
DLS and IDL and delayed senescence of DPs and a functional stay-green mutant (pif5-

621) in Arabidopsis. Essential physiological, morphological, transcriptional and metabolic
differences exist between all these experimental setups. At the same time, we have also
observed several interesting metabolic similarities and overlaps between DLS and IDL as
well as in the senescence delaying systems studied here. The observations made in this
thesis, show an extreme flexibility of plant metabolism, which makes it a challenging task
to decipher what exactly happens on a metabolic level.

As I have mentioned previously, the estimation of the temporal factor of metabolic
interconversions is an additional challenge to the flexibility of metabolism. Depending
on the metabolites of interest and their rate of synthesis, degradation or transformation,
changes occur within minutes, seconds or even milliseconds [Gardeström and Wigge,
1988], [Szecowka et al., 2013]. Plants are highly adapted to their surrounding in a quick
and efficient manner, to avoid detrimental and life threatening influences from the environ-
ment. This leads to a highly interconnected metabolic network, which brings flexibility
and the possibility to switch efficiently from one metabolic flux mode to the other. In the
following part of my thesis I will summarize the challenges that we faced while work-
ing with leaf senescence and metabolism and present some approaches to tackle these
difficulties around tissue specificity and subcellular localization of metabolites.
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8.1 Tissue Specificity

The variability of tissues and cell types in plants is an important factor to keep in mind
when analyzing metabolism. Investigating metabolic rearrangements in senescing leaves
reveals the challenge around handling various tissues and cell types within the leaf blade:
the petiole, vasculature with xylem, phloem, the epidermis, mesophyll and spongy paren-
chyma to name just a few (Fig. 2.6). During DLS, rosette leaves are senescing in a rather
heterogeneous manner (Fig. 1.3). When looking at the leaf blade, part of it will be light
green, part of it already yellow, all of it in very subtle gradients. Upon zooming in on a
cellular level, cells will differ dramatically from one another in their senescence stages
during DLS [Keech et al., 2010]. When performing EM experiments, we made sure to
take samples from the same part of the lamina in each leaf that we sampled and ensured
enough biological and technical replicates. Sample sites were picked between the main
vein and a side vein towards the tip of the leaf blade to avoid vein tissues. Apart from the
fact that different tissues in the plant undergo senescence at different pace during DLS,
cellular heterogeneity might be an additional problem during analysis. This can be partly
circumvented by inducing senescence via IDL. In IDLs the induction of senescence is
much more synchronous for all cells of the leaf blade. Even though the cells will still
behave in a tissue specific manner, at least all of them will be exposed to the same darken-
ing treatment at the same time and senesce more homogenously. Attempts to specifically
separate vein from laminae tissues and analyze metabolite levels have been reported for
Brassica napus leaves by manually cutting the tissues of leaves [Clément et al., 2017].
The authors observed different specializations of tissues regarding the loading of the vas-
culature and the synthesis and degradation of metabolites in the laminae. For example,
Mal was more abundant in midvein compared to laminae tissues and Gln was more abun-
dant in vein tissues while Glu accumulated in laminae.

It is very likely that the role of specific metabolites varies in different tissues and
therefore also the fluxes of metabolic pathways vary between tissues. A method to analyze
metabolites from single cells would be of interest to exactly pinpoint the abundances of
specific metabolites in cells of the same tissue [Outlaw Jr and Zhang, 2001], [Tomos and
Sharrock, 2001]. However, these published methods are rather tedious, in addition to the
fact that metabolism is not quenched quickly enough to avoid metabolic changes during
the procedure. We wanted to measure metabolites of specific organelles within the cell
and investigate their subcellular metabolism, and of specific interest would e.g. be the
amino acid metabolism of mitochondria during leaf senescence. It is indeed challenging
to analyze metabolites from specific cell types only, because the abundance of e.g. organic
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acids like Mal is distributed between several subcellular compartments in the cell: the
mitochondria, peroxisomes, vacuole and the cytosol.

8.2 Subcellular Metabolism

Several obstacles come across the way of measuring metabolites on subcellular levels.
Firstly, working with isolated intact organelles can be challenging due to the size and
abundance of mitochondria (1-2µm long and 0.25-0.7µm in diameter) [Bowsher and To-
bin, 2001], [Cayla et al., 2015]; secondly, different populations of mitochondria have
been reported, which raises the question about selectivity during isolation procedures, in
the sense that maybe only a specific sub-fraction of mitochondria is favoured during the
isolation procedure [Logan, 2010]; and thirdly, mitochondria are such essential metabolic
hubs with extremely high metabolic fluxes across their membranes, that this factor makes
it very challenging to get an exact snapshot of mitochondrial metabolism at a given time
point. I will discuss our strategy to challenge the subcellular metabolism in mitochondria
during leaf senescence in the following paragraphs.

8.3 Further Studies of Mitochondria during DLS

We attempted to follow up two ideas to confirm our hypothesis of mitochondrial functions
during DLS in Paper I (Fig. 5.1). We hypothesized that the upregulation of amino acid
catabolism in mitochondria releases Glu into the matrix. Glu is exported into the cytosol,
converted to Gln and reallocated to newly developing parts of the plant. The first line of
thoughts was to investigate whether a tissue specific expression of the upregulated genes
localized to the mitochondria exist. The second idea was to develop a method to measure
metabolites on isolated mitochondria.

8.3.1 Promoter GUS studies

As mentioned before, a leaf consists of several different tissue types and we hypothesized
that mitochondria accumulate Glu, export it into the cytosol where it gets converted into
Gln to get further reallocated to developing parts of the plant through the vasculature.
Metabolic processes aimed at reallocation of nutrients might be concentrated around the
vascular tissues of leaves. I searched for promoter GUS lines of genes involved in the
catabolic processes during DLS. The following seeds of promoter GUS lines were kindly
provided to me by the corresponding authors of the respective studies: BAC2 (basic amino
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acid carrier 2, At1g79900, [Toka et al., 2010]), ProDH1 and ProDH2 (Pro dehydrogenase
1+2, At3g30775, At5g38710, [Funck et al., 2010], [Sharma et al., 2011]), IVDH (Iso-
valerate dehydrogenase, At3g45300, [Daschner et al., 2001]), BCAT4 (branched chain
amino acid transferase 4, At3g19710, localized to the cytosol, [Schuster et al., 2006]).
35S:GUS lines and WT plant were used as controls. The BCAT4:GUS construct served
as an additional control as BCAT4 has been reported to be expressed in the vasculature
of Arabidopsis leaves [Schuster et al., 2006]. The overall idea was to see whether we
can observe consistent tissue specific GUS expression patterns for the promoters of those
genes that were upregulated during DLS. We grew the plants under short day and long
day conditions and examined the oldest true leaves of each plant and also sampled leaf
discs from leaves of Arabidopsis rosettes 8-10. In general, we did not see differences
between small rosette leaves or leaf discs, as well as no differences between long and
short day conditions, indicating that a potential role during senescence is conserved under
various day length conditions (Supplemental Fig. 5, paper I). Our controls generally
displayed expected expression patterns in our samples: the WT plants did not display
GUS expression, the 35S:GUS plants expressed GUS in all tissues of the leaf blades, and
the BCAT4:GUS constructs were clearly specific for the vasculature (Fig. 8.1).

We never obtained GUS signals for the IVDH:GUS lines which could mean that un-
der our conditions, the IVDH is not expressed in mitochondria during leaf senescence,
even though the transcript abundance of the IVDH increases towards the end of DLS. The
activity and protein abundance of the IVDH was reported to increase upon carbon starva-
tion [Araújo et al., 2010], [Cavalcanti et al., 2017]. The availability of Suc was observed
to lead to the exclusive expression of IVDH in the roots of Arabidopsis plants, Suc starved
plants on the other hand expressed IVDH in leaves as well as root tissues [Daschner et al.,
2001]. We observed a high abundance of Suc during DLS at the time points T1-T3, which
could lead to the suppression of IVDH expression and therefore explain our IVDH:GUS
observations.

ProDH1 and ProDH2 displayed an increased gene expression profile upon DLS in
our model of mitochondria during DLS (Fig. 8.1). The ProDH1 was characterized to
be involved in stress responses in plants and connected to mitochondrial electron trans-
port [Schertl et al., 2014] [Cabassa-Hourton et al., 2016]. The ProDH2 was reported to
be expressed in vascular tissues of Arabidopsis and induced under stress conditions and
its transcript levels were increased in senescing leaves [Funck et al., 2010]. When ana-
lyzing ProDH1:GUS and ProDH2:GUS lines, we observed a differential behavior of the
two dehydrogenases. ProDH1:GUS samples did not show any expression in senescing
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Figure. 8.1: Expression patterns of promoter GUS lines during DLS. The GUS expression of

promoters of gene-products localized to the mitochondria was tested during DLS. Abbreviations:

BAC2, basic amino acid carrier 2; BCAT4, branched chain amino acid transferase 4; Col-0,

Colombia-0 wild type; ProDH2, proline dehydrogenase 2; 35S, constitutive 35S promoter.

or non-senescing tissues, while the promoter of ProDH2:GUS lines was expressed in the
vasculature tissue of all collected samples. As it has been described that both of these en-
zymes have different functions and are not redundant, our results are in line with these ob-
servations. The expression of ProDH2 in vascular tissues of mature non-senescing leaves
confirms the observations of [Funck et al., 2010]. The increased gene expression profiles
of both genes are not representing their promoter activity and our results rather suggest
that ProDH1 and ProDH2 might not play a role in the induction of Pro metabolism during
leaf senescence in Arabidopsis.

The last gene investigated was the BAC2 gene, which shows a strong increase of gene
expression upon the onset of DLS (Fig. 6.1). BAC2 is a member of the mitochondrial
carrier family (MCF) and has been reported to transport Arg, Lys, Orn and His across the
inner mitochondrial membrane, with an additional broader spectrum of various D- and L-
forms of amino acids compared to the other basic amino acid transporter BAC1 [Palmieri
et al., 2006]. It has been shown earlier that BAC2 is needed for Arabidopsis to utilize
Arg. In addition, BAC2 is induced by stress and dark-induced senescence, whereas
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bac2 mutants accumulate proline and overexpressor lines accumulate Arg [Toka et al.,
2010] [Planchais et al., 2014]. Therefore the BAC2 gene seems to be important for amino
acid metabolism and stress responses in plants. An observed increase in BAC2:GUS ex-
pression in the vascular tissues in later stages of during DLS (Fig. 8.1), confirms that
BAC2 plays a role during DLS in Arabidopsis plants and potentially a specialized role of
mitochondria in the vasculature during DLS could occur.

BAC2 and ProDH1 and ProDH2 are all mitochondrially localized proteins, connected
via Arg and Pro metabolism and the catabolic byproducts in this pathways release Glu
molecules (Fig. 6.1). We only observed that the BAC2:GUS is induced in the vasculature
during DLS while ProDH1:GUS and ProDH2:GUS did not show a senescence specific
GUS expression profile in our conditions. The production of Glu and the subsequent
conversion into Gln by the GS1 could still be increased in vascular tissues. It is known that
the cytosolic GS1 is increased during senescence and localizes to the phloem tissue of the
vasculature, which is important for the remobilization of nitrogen [Ishiyama et al., 2004].
We observed that Glu was significantly decreasing during DLS up to the point where
Gln was more abundant, resulting in an increased Gln/Glu ratio in senescing Arabidopsis
leaves at the end of DLS (Fig. 8.2).

The depletion of Glu and conversion to Gln therefore seems to be important during
DLS. Gln was reported to accumulate with increasing leaf age and the Gln/Glu ratio in
senescing Arabidopsis leaf tips increased as well, supporting our observations [Watanabe
et al., 2013].

Clément and coworkers however reported an overall decrease of Glu and Gln in
senescing leaves in the midvein as well as the laminae tissues of Brassica napus leaves
[Clément et al., 2017]. The Gln/Glu ratios increased in laminae and decreased in midvein
tissues with progressing senescence. The authors argued, that if Glu is converted to Gln
in the vein tissues, the subsequent reallocation of Gln to other tissues of the plant through
the phloem could explain the higher decrease of the Gln midvein contents compared to
Glu.

Amino acid catabolism in mitochondria and specifically the connected cytosolic inter-
conversion of Glu to Gln during senescence are interesting metabolic pathways to further
investigate. We therefore started to develop a method to measure Glu and Gln amounts
from isolated mitochondria during different stages of leaf senescence to improve our un-
derstanding the potential subcellular distribution of these metabolites.
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Figure. 8.2: Glu and Gln abundance and ratio during DLS. In A GC-MS metabolic profiling

during DLS revealing the decrease of Glu and Gln, yet an increased Gln/Glu ratio. B Ratio of Glu

and Gln to total AA pool. Abbreviations: aa, amino acid; Gln, glutamine; Glu, glutamate. T0-T3;

T0 = leaf expansion to mature leaf, T1 = mature leaf to early senescence, T2 = early senescence

to middle senescence and T3 = middle senescence to late senescence. (From Paper I, c© American

Society of Plant Biologists)

8.3.2 Solid Phase Extraction (SPE)

Our second idea was to gain knowledge about mitochondrial subcellular metabolism dur-
ing senescence by developing a method to measure metabolites of isolated mitochondria
or mitochondrial fractions from the rapid fractionation method presented in the introduc-
tion. In paper I, we isolated mitochondria from senescing and non-senescing leaves and
measured their respiratory capacities (based on [Keech et al., 2005]) to confirm their ac-
tivity during DLS (Fig. 2, Paper I,). We observed physiologically active and functional
mitochondria from a crude extract, according to this isolation procedure. The drawback of
using isolated mitochondria is the fact that the isolation procedure takes ca. 1.5 hours, the
mitochondria are disconnected from their cellular surrounding and changes in their sub-
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cellular metabolic pools can occur during this time span. The rapid fractionation method
developed by [Gardeström and Wigge, 1988] ensures the quenching of metabolism within
0.1 seconds and is therefore a more suitable method to utilize when one wants to inves-
tigate metabolic pools. Protoplasts from different types of leaf tissues could be collected
and fractionated to get a total, chloroplastic and mitochondrial fraction to analyze. The
resulting protoplasts are kept in a high osmolarity solution of 0.25 M Suc to maintain
ideal osmolarity and ensure that they will not burst. This high concentration of Suc has
the risk of interfering with metabolite analysis by using GC- or LC-MS. Such a high con-
centration of Suc would lead to enormous mass peaks, overlapping with other metabo-
lites which make it impossible to analyze the data. Therefore, we choose to combine the
rapid fractionation with a solid phase extraction (SPE) procedure. The advantage of the
SPE methodology is that it allows to separate the metabolites of interest from interfering
metabolites via chemical and/or physical properties (Fig. 8.3A).

Figure. 8.3: Principle of the solid phase extraction (SPE) method. (A) General principle of

metabolite of interest and other interfering metabolites using SPE. (B) Plant samples used to extract

metabolites of interest from interfering compounds like chlorophylls, sugars, lipids or proteins.
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In our case, as we would receive a fraction of mitochondria from plant tissues, the
mixture of metabolites of interest would be part of the high molarity Suc buffer and ad-
ditional disturbing plant specific metabolites, e.g. catabolic byproducts and remaining
chlorophylls (Fig. 8.3B). By using the correct SPE columns, we attempted to remove the
Suc and ensure efficient analyses of our metabolites of interest.

Our first priority metabolites were Glu, Gln, α-KG, Arg and Pro. As a second pri-
ority, we were also interested in knowing the abundance of ornithine, citrulline, urea,
2-hydroxyglutarate, Lys, and saccharopine Fig. 6.1). We decided to focus the method
development on the first priority metabolites. I prepared a standard mixture of our first
priority substrates together with Mal to be able to see how organic acids behave on the
columns. We applied the standard mixture on several SPE columns and tested different
washing as well as elution solutions. Our aim was to determine which columns would
keep our substrates most efficiently and remove interfering metabolites. We determined
that mixed-mode SPE columns are the most efficient columns that keep our metabolites
and elute them in the expected elution fractions (Fig. 8.4A+B).

Organic acids were eluted in the MeOH fraction and amino acids were detected in the
NH4OH:MeOH fraction. We further continued to optimize the protocol to get a higher
recovery of metabolites and improve the reproducibility of the method (Fig. 8.4B).

Our plan was to fractionate protoplasts from senescing tissues of Arabidopsis leaves
to investigate the mitochondrial fractions and detect metabolites of interest from these
samples. Therefore the next step was to test our standard mixture of metabolites of interest
with a high osmolarity Suc buffer. In addition, a potential KCl buffer as an alternative to
the Suc buffer was tested and evaluated in this work. The results of the detection of amino
acid in the NH4OH:MEOH fraction are presented in (Fig. 8.4C). The first bars marked
with “10µl” represent aliquots of 10µl standard mixture which were derivatized and run
on the LC-MS without being loaded on the SPE columns. These samples are controls
and should display how accurate the standard mixture was pipetted and how much of
each metabolite is recovered after the derivatization procedure. We can see that the same
amount of Glu, Gln, and Pro was recovered after derivatization, whereas the amount of
Arg was significantly lower compared to the initial amount added to the sample. Losses of
Arg can be explained with partial adherence of the compound to the walls of the column,
elution with the washing fraction or conversion to another metabolite. It is also known
from the literature that the derivatization method for amino acids leads to interconversions
of Arg to Orn. We were able to detect Orn in all our samples (not shown). This fact
needs to be kept in mind during future analyses, especially when being interested in the
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Figure. 8.4: Amino acids and organic acids abundance using SPE. (A+B) Application of a stan-

dard mixture of amino acids and organic acids and elution fractions from SPE columns determined

by LC-MS. (C) Extraction of leaf metabolites with a Suc or KCl buffer using SPE to elute amino

and organic acids of interest with a subsequent analysis of their abundance by LC-MS. (D) Analysis

of the standard mixture of amino and organic acids and subsequent analysis via GC-MS. Abbrevi-

ations: Arg, arginine; FA, formic acid; Gln, glutamine, Glu, glutamate; Mal, malate; Pro, proline;

α-KG, alpha-ketoglutarate.

abundance of Orn in the samples. Several methods exist to calculate the conversion rate
of Arg to Orn and ensure the determination of both metabolites from samples of interest.

The second group of bars marked with “50µl” were 50µl aliquots of the standard
mixture that were applied to the SPE columns to test the recovery of the SPE columns. We
observed that Glu and Pro indeed were present in much higher concentration compared
to the 10µl control, not exactly a fivefold increase, but some loss is always expected. We
detected almost fivefold less Gln in 50uL samples compared to the 10µl samples which
could indicate an error in handling this specific sample, as we were able to detect Gln in
plant extracts further on. We also extracted metabolites from leaves with either the Suc
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or the KCl buffer. The buffers display slightly different amino acid appearance patterns,
especially Gln. Therefore, at this stage we decided to discard the KCl buffer as it was only
an alternative in case Suc could not be separated from the other metabolites using SPE
columns. It is interesting to see that we were able to measure higher Gln amounts when
analyzing Gln from plant extracts, which was not possible in the 50µl fraction. In case
that some of the Gln was bound in the column from the 50µl fraction, this could mean that
the actual Gln amount in total plant extracts is even higher than what we detected. Our
controls containing solely extraction buffers were positive in the sense that no interference
with the column matrix was measured. The spiking controls were not sufficient and need
repetition to be able to calculate absolute abundances of metabolites.

Overall, we can say that the analysis of amino acids from total plant extracts looks
promising when using the LC-MS method. For future studies focusing on method opti-
mization, special attention should be paid to Arg and Gln to make sure that reproducible
results can be achieved. The analysis of organic acid appeared to be more difficult than
the analysis of amino acids, and we were not able to measure consistent recoveries for
neither organic nor amino acids by GC-MS (Fig. 8.4D).

In conclusion, our first attempts to develop an SPE method for analysing metabolites
from isolated mitochondria show that the initial steps for the analysis of amino acids
via LC-MS look promising. More work and optimization steps need to be done to be
able to analyse organic acids. In parallel to my attempts to develop an SPE method, a
colleague of mine works on a method to isolate mitochondria and chloroplasts in a tissue
specific manner, e.g. from phloem companion cells and mesophyll cells. This is a very
interesting approach for our hypothesis that mitochondria from vasculature could have a
slightly different role from the one located in mesophyll cells during leaf senescence. The
challenge of addressing tissue specificity via this method could eventually be combined
with an improved SPE setup.
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9 Is Senescence a stressful
process?

As previously presented, senescence can either occur in the form of developmental leaf
senescence or as a reaction upon an environmental cue and be stress induced by e.g. dark-
ness. Therefore, it is generally interesting to ask how stressful the senescence process
is for the plant. Stress can be loosely defined as a condition having a negative impact
on the general growth and development of the plant [Van Aken et al., 2009]. This def-
inition covers both abiotic and biotic factors and their influence on plant growth, which
have been discussed in the Introduction. Depending on which of these factors is acting
upon the plant, specific genes will be induced to trigger a nuanced stress response that
will protect the plant from stresses ranging from drought to an insect infestation. This
requires a high level of sensitivity so that the plant can tailor a specific response to certain
kinds of stresses, which will induce a specific set of genes, proteins and lead to a final
metabolic response. However, the general developmental plan of the plant might also in-
duce those genes categorized as stress responsive genes, independent of the application
of an abiotic or biotic stress. Meaning that internal programs like senescence could also
“developmentally induce” stress responses in the plant for a possible protection response.
For instance, a senescing leaf is rather vulnerable towards attacks from the outside, so the
plant might invest in secondary metabolites to protect it until it finally dies. I have also
mentioned previously, that some SAGs which are induced during senescence, also play a
role during abiotic stress conditions. These occurrences lead to difficulties in differenti-
ating between a senescence and a stress reaction of the plant. Keeping in mind potential
overlaps, we attempted to have a look at just how “stressful” senescence is in Arabidopsis.
During DLS some of the main stress-induced genes like NDB2 (At4g05020) or AOX1a

(At3g22370) and AOX1d (At1g32350) are clearly upregulated towards the end of senes-
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cence (Supplemental Fig. 6, Paper I, [Van Aken et al., 2009]). NDB2 is one of the
additional external plant NAD(P)H dehydrogenases and together with the AOX localized
to the inner mitochondrial membrane. AOX is known to be responsible for preventing
an overreduction of the mETC by efficiently dissipating excess reducing equivalents and
together with NDB2 participates in the alternative respiratory pathway in mitochondria.
As senescence related catabolic processes increase during DLS, these proteins might need
to increase their activity to avoid an overreduction as well as uncontrollable increase of
ROS. Interestingly, not all the isoforms of these stress related genes are increased during
senescence, indicating that different isoforms of the same genes may have gained spe-
cialized functions that are senescence and/or stress specific. As one of our main interest
was the role of mitochondria during senescence, we were interested in how stress respon-
sive mitochondrial proteins are. Using a list of stress-responsive genes encoding proteins
targeted to mitochondria, defined by [Van Aken et al., 2009], we cross-referenced these
genes with the transcriptomic dataset of DLS published by [Breeze et al., 2011]. A heat
map showing the gene expression profiles of these genes during DLS is shown in (Fig.
9.1).

Mitochondrially targeted genes that are confirmed by GFP localization studies are
shaded in grey and the remaining genes are predicted to be targeted to mitochondria. We
can see that towards the end of DLS, the majority of stress responsive genes increase
in their expression profile, e.g. AOX1a, AOX1d, DIC1, AtOM66, PiC; while others stay
reasonably stable or even decrease, e.g. AAA ATPase or an unknown mitochondrial
carrier.

Regarding IDL, in Supplemental Fig. 5 of Paper II, hierarchical clusters of stress-
related genes from [Sham et al., 2015] and [Van Aken et al., 2009] show that towards the
end of IDL, several genes display increases in their transcript abundance, which is indica-
tive of a potential stress response. Additionally, when looking at the data collected during
IDL conditions, we observed an induction of the cytosolic shikimic acid pathway and
subsequent AAA biosynthesis (Fig. 3A, Paper II). The production of secondary metabo-
lites is often a sign for increased protective mechanisms of the plant [Akula and Ravis-
hankar, 2011]. This could be an additional hint for a stress response of the darkened leaf.
Watanabe and colelagues reported an increased amount of AAA (Trp, Tyr, Phe) during
senescence in Arabidopsis rosette leaves, which are the precursors for a wide variety of
aromatic secondary metabolites, such as alkaloids, glucosinolates and flavonoids [Watan-
abe et al., 2013]. Using GC-MS metabolite analysis of DLS, we could observe a transient
increase of Trp, while Phe stayed rather highly abundant throughout the time course (Fig.
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Figure. 9.1: Gene expression profiles of mitochondrial stress-responsive genes during DLS. A list

of mitochondrial stress-responsive genes defined by [Van Aken et al., 2009] was cross-referenced

with the transcriptomic analysis of DLS performed by [Breeze et al., 2011]. Genes with a grey

background were confirmed to be mitochondrially localized by GFP experiments. Black asterisk

indicate dual targeting between mitochondria and chloroplast and red asterisk indicates dual tar-

geting between mitochondria and nucleus.

5B, Paper I), while during IDL, Tyr and Trp were also significantly higher in abundance
than in light samples (Table 1, Paper II). The increased production of those metabolites
could be a preventive measure to avoid potential pathogen attack on the weakened leaf.
The combination of these data suggests that, senescence is a stressful process for the plant,
as a variety of highly specific genes and pathways are activated, which could balance a
potential stress reaction. It is also interesting to see that during DLS, the transcripts of
stress-responsive genes increase at the latest stages of the time course. Before this in-
duction occurs, one could interpret that DLS is not perceived as a particularly stressful
process. When looking at the stress responsive genes expressed during IDL, it is clearly
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visible that the majority of genes are already induced at 3 days of IDL treatment (Sup-
plemental Fig. 5, Paper II). Surely IDLs have less time to proceed with their senescence
program, but IDL is also a rather artificial setup of senescence induction, while in DLS
the normal developmental plan of the plant is executed to finalize the last developmental
stage of the plant.



10 Conclusions

I have presented and discussed results on the metabolic adjustments taking place during
different senescence setups and the involvement of mitochondria in these processes. Mi-
tochondria are not only essential for the cellular energy status of senescing leaves but also
supply the carbon backbones for the retrieval of nitrogen during senescence. My work
revealed details on the metabolic mechanism behind nitrogen reallocation, particularly
pointing out that Glu is a very important metabolic intermediate in this process. From our
analysis of DLS with the unique role of mitochondria, we developed a model describing
the catabolism of amino acids and its involvement in nitrogen remobilization. This model
describes how during leaf senescence, Glu is released into the mitochondrial matrix, ex-
ported into the cytosol and converted to Gln. This growing pool of Gln could then be
further used for N reallocation into newly developing organs of the plant. We further ob-
served that this model could describe the processes occurring not only for developmental
leaf senescence, but also under dark induced leaf senescence. To be able to analyze the
subcellular metabolism of mitochondria during leaf senescence and investigate the Glu
and Gln hypothesis, first attempts of a method combining rapid fractionation and SPE
were discussed. I also presented our results on the darkening treatment of whole plants
which does not cause the immediate induction of senescence. These darkened plants
were compared to darkened leaves of functional stay-green plants, which show a delayed
senescence phenotype. We observed interesting similarities, especially linked to the high
accumulation of amino acids even though the darkened leaves were in different darkening
situations: in one scenario the whole plant was entirely darkened and metabolism was put
into “stand-by mode”, while in the other scenario, the darkened leaf from pif5-621 was
still connected to fully photosynthetically active leaves. The accumulation of amino acids
indicates a potential role as alternative energy sources under darkening conditions and
might be an important indicator for metabolic processes occurring before the induction of
leaf senescence.
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11 Future Perspectives

I will treat this part of my thesis as a forum for more speculative ideas on how to continue
with the work that I have presented here and share my thoughts of what I think could be
interesting to develope further. I definitely believe that our attempts around resolving sub-
cellular metabolism should be pursued with continued effort in the future. Investigating
subcellular metabolism is generally a challenging task and most of the methods developed
so far, all have the disadvantage of not being able to extract a mitochondrial fraction. The
fact that the method developed by [Gardeström and Wigge, 1988] allows to identify a mi-
tochondrial fraction and measure adenylate abundances within less than a second, makes
it a great tool to utilize and investigate for the subcellular metabolism of mitochondria
from senescing leaves. I think that potential exist to combine the fractionation method
with SPE and investigate the role of Glu and Gln in mitochondria during senescence. I
also really like the idea of the mass-spectrometry imaging (MSI) that I presented in the
Introduction, which could be performed on senescing and non-senescing leaves to see
if clear tissue specific differences regarding metabolites of interest exist. Here, Glu and
Gln would be obvious candidates, and possibly also sugar intermediates could be ana-
lyzed to increase our understanding of their role during senescence. When talking about
metabolic pathways, I think that the different flux-modes of the TCA cycle are very inter-
esting and at the same time challenging to investigate. In particular it would be interesting
to investigate what exactly occurs during senescence and which version of the TCA cycle
flux-mode takes over when plants are aging. The same counts for the GABA shunt and
its influence during leaf senescence and in which way it connects to the TCA cycle. I am
convinced that more attention should be paid to transmembrane transporters which still
need to be identified, characterized and put into a metabolic context. This is especially
important for the investigation of subcellular metabolism and the interconnection of all
organelles in the cell. Finally, I think that using plants with mutations in important mito-
chondrial genes and observe how senescence is altered is another interesting approach to

91



92 11. Future Perspectives

investigate leaf senescence. In the literature, negative consequences have been reported
for several plants with dysfunctional mitochondria. The authors of [Busi et al., 2011a]
and [Busi et al., 2011b] reported that Arabidopsis plants with mitochondrial dysfunction
related to one of the ATPase subunits have a negative effect on photosynthesis, oxygen
uptake and increased ROS accumulation. Reduced chlorophyll levels were measured,
photosynthesis-related genes showed increased transcript abundance in the mutant lines,
the oxidative stress response was decreased and expression levels of genes involved in
lipid and carbon metabolism were altered. It is rather obvious that mitochondrial dysfunc-
tion has a huge impact on the cellular metabolism and thus the physiology of the plant. A
very thorough comparative transcriptomic study was performed by [Schwarzländer et al.,
2011] in which the authors compared 11 transcriptomic data sets of plants with mito-
chondrial dysfunction. The studies included mutant lines as well as chemical treatments
to address the retrograde signaling between mitochondria and the nucleus. Three major
targets (either severely or mildly affected) were identified as important in mitochondrial
retrograde signaling: protein biosynthesis, light reactions, and interactions between plant
and pathogens. This shows that malfunctioning mitochondria do not only have an effect
on energy metabolism and oxidative stress response, but also on general protein home-
ostasis and the interaction with the environment. In fact, in the beginning of my PhD, I
investigated a set of T-DNA insertion lines with mutations in different genes localized to
mitochondria, but I could not observe any interesting DLS related phenotype under short
day growth conditions. It is plausible that these plants found an appropriate alternative
metabolic route to avoid a potential developmental impairment and that was the reason
why I could not observe any senescence specific phenotype. I did not test enough dif-
ferent growth conditions to surely exclude a potential effect on the plant. Additionally,
investigating in more detail some of the proteins encoded by the genes upregulated during
DLS in our model of Paper I would also be another way to challenge our understanding
of the role of mitochondria during leaf senescence. I used to ask for another “PhD-friend”
in the group and I believe that there is definitely still some work left for at least one more
PhD-candidate . . .
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moments and a lot of memorable parties that we organized together! I would like to especially

thank the people that were always up to for planning some party, event, karneval-fika, get together

or innebandy games: Dani L., Thomas D., Kerstin R., Anastasia M., Zsofia S., Stefano P.,
Bernard W., Gosia W., Anne H., Adeline R., Hardy H., Nico D., Verena F., Bernadette S.,
Bing B., Domenique A., Noemi S., Ruben C., Carolina A.G., Mateusz M., Carole D., Simon
L., Sacha E., Clement B.! I am truly sorry in case I forgot somebody and I hope you know that I

really appreciated you in any way!

Anastasia M., thank you for being such an amazing friend! I cannot tell you enough how happy

I am to have you and how much I enjoy talking and hanging out with you! Especially the endless

hours that we spend talking until the earliest morning hours after being out, because somehow we

always seem to forget the time . . . or maybe there is just never enough time to talk with you :D. Lets

hope there will be much more of these moments! You are a very special person to me! Sabine K., I

still remember you from when I came here during my master studies! Now, almost seven years later

I can truly call you one of my closest friends! I really love all our discussions, Buffy-rounds, lunches

or excursions into nature! I really appreciate your care, your way of thinking, your pragmatic way

of looking at things, being very direct and outspoken! Let’s hope for many more of memories that

we will create and maybe some new adventures as well ;)! Kerstin R., meine liebste Schneckiii,

I thank you for everything we experienced together! Thank you for your craziness, dog walks,

dinners, gaming evenings and simply to just always be there and even for conspiring against me

together with my family so I can be surprised! I will miss you a lot and whenever I can, I will come

and occupy you, you can be sure about that! Anne H. and Martin W., well, what should I say? I

am deeply happy I got to know both of you because you are simply amazing! Thank you for all the

canoeing, kayaking, lake-sauna-ing, partying, hanging out and of course for taking care of crazy-



97

Buffy and an extra thank-you especially for the time at the end of all this craziness, when I could

enjoy and spend some time at your place, just reading my thesis in the sun or having nice distractions

at your place! I cannot tell you enough on how much I appreciate that and both of you! Zsofia S.,
thank you for being a great friend and always surprise me with your way of being. I admire your

calmness and your relaxed energy, it seems that nothing in the world could ever unbalance you and I

truly look up to that! I wish I will be able to one day reach at least a bit of your state of mind! While

teaching, I had many students, but one of them deserves to be mentioned here: Guillermo B. I got

to know you in the first course that I taught and we became close friends! Thank you Guillermo

for all the philosophical, psychological, personal discussions and talks; thanks for hanging out and

walking around; thanks for being such a great person, friendly, smart, open, sensitive and caring!

I am really happy that we got to know each other and we still keep in contact! Hopefully it will

stay like this for a long time! Barbara T., I would like to thank you for all the moments we shared

at work and outside of it! I really enjoy to spend time with you and I am truly impressed by how

you do everything that you do! I like your humbleness, the way you manage just everything and

the fact that you simply stay strong no matter what is happening! Regina G., five years ago, we

only met shortly here, but that doesn’t really matter, because we somehow managed to stay friends

until you finally came back here again :D! Meeting with you either here or in Germany made it

possible to stay close and I am looking forward to all the new adventures that we will experience

here! Carolina A. G. it was a blast having you here and I am happy I got to know you! I loved

our gympa sessions and when you left, it was not the same anymore. I also would like to thank

Carole D. for all our extra science-creative activities that we did together! Thank you for letting

me illustrate your amazing book for your niece, it was an incredible experience! Yeuvgen C., I am

happy I got to know you in the protein course and we became friends! I really enjoyed our lunches

and walks! Your inner drive to travel around and keep up with meeting everybody you ever got to

know, might make it easy to keep in touch and I hope we will see each other soon again!

I would like to thank Darya K. and Oleksii I. (or Alexey ;)) for their friendship and always

being there whenever needed and helping with whatever urgency came up! We spend so much

time on so many different adventures that I cannot possibly count them anymore! It was always

a pleasure to be with you! I want to especially thank you Darya for reading through my thesis,

even though you had no idea about my field! Your dedication and ambition for anything that you

do are indescribable! You are truly not a person that half-asses anything! I also enjoy all the crazy

doggie wrestling moments, walks and forever trips in the car! It is never boring with you! Johan
G. and Josefine W. (and little Iris) I thank you for going together to barbro gympa, berry picking,

tree chopping, kajaking, zombie runs, toughest races, fikas, lunches, snowboarding and all the other

things that we were doing together! I really am happy I got to know you and I am looking forward

for many more moments together with you! Ezther M. and Szabi F. I always enjoyed spending

time with both of you and Tas! I will never forget our special BBQ in the pouring rain in front of

our apartment! It was so great to have you here and I have to say it sometimes still feels strange to

not randomly meet one of you on the way to wherever I go!



98 12. Acknowledgments

All the people I mentioned are very dear to me, but there are so many more people that I got

to know and appreciate a lot, going on all kinds of snowboarding, skiing, canoeing, kayaking, hik-

ing, climbing, dancing, horse riding, running, gaming, lunch-ing, fika-ing adventures that I cannot

possibly get ahold of now. But I would still like to thank the following people for all those amazing

moments: Daniela F., Lucy L., Stefan T., Damir V., Pedro LH., Vladimir M., Andrii D., Maite
M., Alessia U., Vasyl S., Tara R., Juan-Carlos A., and of course al lthe others I mentioned
before that have been part of these adventures!

To all my friends outside of Sweden, I cannot express my happiness and gratitude that we have

still been in contact in such a great way, even though I am so far away from you! I especially thank

my dearest “Löcher”: Mel, Vera and Marina! Whenever I was back in cologne, we saw each

other and no matter how long we do not talk or see each other, it always feels like we just have met

yesterday! Thank you for your forever friendship!

My special “Trashpop” gang, Susi, Eva, Hanna and Hannah: you are the best! We always

managed to see each other, go on trashpop parties, Christmas markets, dinners or whatever else and

I am so happy to have all of you! I am looking forward to have many more of our gang-meetings,

with all the additional members that we can possibly get ;).

To all my other close friends and favorite people: Thank you for being there, or coming here or

simply just staying in touch with each other: Sam F. and Lion F. with Caspar, Stephane OdL.,
Steve D., Andy M., Judy P., Genna S., Sandy K., Rico R., Jan W., Mathilde H.L.

As I already thanked my parents in the beginning, it is my sister Yvette that stays as one of the

most important people to mention! We are both very different, but we are also both very similar

in many aspects. I wanted to let you know, that I am proud of you on how you found your way

in life and I am enormously happy for you! Thank you very much for caring and sending the best

packages and surprises to me and always coming up to the north and visit me <3!!! I also would like

to thank my family in Poland, especially Gosia and ciocia Krysia! It always seemed that you are

both endlessly interested in everything that I do up here in Sweden, and especially anything related

to my work! Thank you for this!

Last but not least, there is one person left that I spend almost all my PhD time here with: Daniel
O. M.! You got to know me when I started my PhD and you still know me and who I became, five

years later. You were always there for me, during the high moments of my PhD and also during

the down phases that I had. I will forever be grateful for your help (especially towards the end with

the formatting in LaTeX!!), your support, encouragement, calmness and for being the most selfless

person I know! I am glad that I can count one of the best people on this planet to be so close to me

<3! She might never realize this, but who I am truly forever happy for as well, is the little crazy dog

in my life, Buffy! It is amazing to experience how a little creature like this can make such a huge

difference! Just seeing continuous happiness and love from a living being the way Buffy shows

it, is priceless. She really helped me to stay sane and calm in moments that were difficult. And I

am convinced, that if super-powerful-endless-energy-mitochondria exist anywhere in the universe,

surely Buffy has claimed them all :D!



Bibliography

[Akula and Ravishankar, 2011] Akula, R. and Ravishankar, G. A. (2011). Influence of abiotic

stress signals on secondary metabolites in plants. Plant signaling & behavior, 6(11):1720–1731.

[Araújo et al., 2010] Araújo, W. L., Ishizaki, K., Nunes-Nesi, A., Larson, T. R., Tohge, T., Krah-

nert, I., Witt, S., Obata, T., Schauer, N., Graham, I. A., et al. (2010). Identification of the

2-hydroxyglutarate and isovaleryl-coa dehydrogenases as alternative electron donors linking ly-

sine catabolism to the electron transport chain of arabidopsis mitochondria. The Plant Cell,

22(5):1549–1563.

[Arrivault et al., 2014] Arrivault, S., Guenther, M., Florian, A., Encke, B., Feil, R., Vosloh, D.,

Lunn, J. E., Sulpice, R., Fernie, A. R., Stitt, M., et al. (2014). Dissecting the subcellular com-

partmentation of proteins and metabolites in arabidopsis leaves using non-aqueous fractionation.

Molecular & Cellular Proteomics, 13(9):2246–2259.

[Balazadeh et al., 2014] Balazadeh, S., Schildhauer, J., Araújo, W. L., Munné-Bosch, S., Fernie,

A. R., Proost, S., Humbeck, K., and Mueller-Roeber, B. (2014). Reversal of senescence by

N resupply to N-starved Arabidopsis thaliana: transcriptomic and metabolomic consequences.

Journal of experimental botany, 65(14):3975–3992.

[Behrens and Thalacker, 1957] Behrens, M. and Thalacker, R. (1957). Gewinnung von chloroplas-

ten in nichtwäßrigem milieu. Naturwissenschaften, 44(23):621–621.

[Besnard and Okumoto, 2014] Besnard, J. and Okumoto, S. (2014). Glutamine flux imaging using

genetically encoded sensors. Journal of visualized experiments: JoVE, (89).

[Bouche and Fromm, 2004] Bouche, N. and Fromm, H. (2004). Gaba in plants: just a metabolite?

Trends in plant science, 9(3):110–115.

[Boughton et al., 2016] Boughton, B. A., Thinagaran, D., Sarabia, D., Bacic, A., and Roessner,

U. (2016). Mass spectrometry imaging for plant biology: a review. Phytochemistry Reviews,

15(3):445–488.

[Bowsher and Tobin, 2001] Bowsher, C. G. and Tobin, A. K. (2001). Compartmentation of

metabolism within mitochondria and plastids. Journal of Experimental Botany, 52(356):513–

527.

99



100 Bibliography

[Boyes et al., 2001] Boyes, D. C., Zayed, A. M., Ascenzi, R., McCaskill, A. J., Hoffman, N. E.,

Davis, K. R., and Görlach, J. (2001). Growth stage–based phenotypic analysis of Arabidopsis:

a model for high throughput functional genomics in plants. The Plant Cell, 13(7):1499–1510.

[Breeze et al., 2011] Breeze, E., Harrison, E., McHattie, S., Hughes, L., Hickman, R., Hill, C.,

Kiddle, S., Kim, Y.-s., Penfold, C. A., Jenkins, D., et al. (2011). High-resolution temporal profil-

ing of transcripts during Arabidopsis leaf senescence reveals a distinct chronology of processes

and regulation. The Plant Cell, 23(3):873–894.

[Bricker et al., 2012] Bricker, D. K., Taylor, E. B., Schell, J. C., Orsak, T., Boutron, A., Chen,

Y.-C., Cox, J. E., Cardon, C. M., Van Vranken, J. G., Dephoure, N., et al. (2012). A mitochon-

drial pyruvate carrier required for pyruvate uptake in yeast, drosophila, and humans. Science,

337(6090):96–100.

[Bryant and Frigaard, 2006] Bryant, D. A. and Frigaard, N.-U. (2006). Prokaryotic photosynthesis

and phototrophy illuminated. Trends in Microbiology, 14(11):488–496.

[Buchanan-Wollaston et al., 2005] Buchanan-Wollaston, V., Page, T., Harrison, E., Breeze, E.,

Lim, P. O., Nam, H. G., Lin, J.-F., Wu, S.-H., Swidzinski, J., Ishizaki, K., et al. (2005). Com-

parative transcriptome analysis reveals significant differences in gene expression and signalling

pathways between developmental and dark/starvation-induced senescence in arabidopsis. The

Plant Journal, 42(4):567–585.

[Busi et al., 2011a] Busi, M. V., Gomez-Lobato, M. E., Araya, A., and Gomez-Casati, D. F.

(2011a). Mitochondrial dysfunction affects chloroplast functions. Plant Signaling & Behav-

ior, 6(12):1904–1907.

[Busi et al., 2011b] Busi, M. V., Gomez-Lobato, M. E., Rius, S. P., Turowski, V. R., Casati, P.,

Zabaleta, E. J., Gomez-Casati, D. F., and Araya, A. (2011b). Effect of mitochondrial dysfunction

on carbon metabolism and gene expression in flower tissues of Arabidopsis thaliana. Molecular

Plant, 4(1):127–143.

[Cabassa-Hourton et al., 2016] Cabassa-Hourton, C., Schertl, P., Bordenave-Jacquemin, M.,

Saadallah, K., Guivarc’h, A., Lebreton, S., Planchais, S., Klodmann, J., Eubel, H., Crilat,

E., et al. (2016). Proteomic and functional analysis of proline dehydrogenase 1 link proline

catabolism to mitochondrial electron transport in Arabidopsis thaliana. Biochemical Journal,

473(17):2623–2634.

[Caspar et al., 1985] Caspar, T., Huber, S. C., and Somerville, C. (1985). Alterations in growth,

photosynthesis, and respiration in a starchless mutant of Arabidopsis thaliana (L.) deficient in

chloroplast phosphoglucomutase activity. Plant Physiology, 79(1):11–17.

[Cavalcanti et al., 2017] Cavalcanti, J. H. F., Quinhones, C. G., Schertl, P., Brito, D. S., Eubel, H.,

Hildebrandt, T., Nunes-Nesi, A., Braun, H.-P., and Araújo, W. L. (2017). The differential impact

of amino acids on oxphos system activity following carbohydrate starvation in Arabidopsis cell

suspensions. Physiologia Plantarum.



Bibliography 101

[Cayla et al., 2015] Cayla, T., Batailler, B., Le Hir, R., Revers, F., Anstead, J. A., Thompson, G. A.,

Grandjean, O., and Dinant, S. (2015). Live imaging of companion cells and sieve elements in

Arabidopsis leaves. PLoS One, 10(2):e0118122.

[Chaudhuri et al., 2008] Chaudhuri, B., Hörmann, F., Lalonde, S., Brady, S. M., Orlando, D. A.,

Benfey, P., and Frommer, W. B. (2008). Protonophore-and pH-insensitive glucose and su-

crose accumulation detected by FRET nanosensors in Arabidopsis root tips. The Plant Journal,

56(6):948–962.

[Christ and Hörtensteiner, 2014] Christ, B. and Hörtensteiner, S. (2014). Mechanism and signifi-

cance of chlorophyll breakdown. Journal of Plant Growth Regulation, 33(1):4–20.

[Clément et al., 2017] Clément, G., Moison, M., Soulay, F., Reisdorf-Cren, M., and Masclaux-

Daubresse, C. (2017). Metabolomics of laminae and midvein during leaf senescence and source–

sink metabolite management in Brassica napus L. leaves. Journal of experimental botany.

[Courtois-Verniquet and Douce, 1993] Courtois-Verniquet, F. and Douce, R. (1993). Lack of

aconitase in glyoxysomes and peroxisomes. Biochemical Journal, 294(Pt 1):103.

[Cui et al., 2018] Cui, Z., Zhang, H., Chen, X., Zhang, C., Ma, W., Huang, C., Zhang, W., Mi, G.,

Miao, Y., Li, X., et al. (2018). Pursuing sustainable productivity with millions of smallholder

farmers. Nature.

[Daschner et al., 2001] Daschner, K., Couee, I., and Binder, S. (2001). The mitochondrial

isovaleryl-coenzyme a dehydrogenase of Arabidopsis oxidizes intermediates of leucine and va-

line catabolism. Plant Physiology, 126:601–612.

[De Col et al., 2017] De Col, V., Fuchs, P., Nietzel, T., Elsässer, M., Voon, C. P., Candeo, A.,

Seeliger, I., Fricker, M. D., Grefen, C., Møller, I. M., et al. (2017). ATP sensing in living plant

cells reveals tissue gradients and stress dynamics of energy physiology. Elife, 6.

[Deuschle et al., 2006] Deuschle, K., Chaudhuri, B., Okumoto, S., Lager, I., Lalonde, S., and

Frommer, W. B. (2006). Rapid metabolism of glucose detected with FRET glucose nanosen-

sors in epidermal cells and intact roots of Arabidopsis RNA-silencing mutants. The Plant Cell,

18(9):2314–2325.

[Diaz et al., 2005] Diaz, C., Purdy, S., Christ, A., Morot-Gaudry, J.-F., Wingler, A., and Masclaux-

Daubresse, C. (2005). Characterization of markers to determine the extent and variability of leaf

senescence in Arabidopsis. A metabolic profiling approach. Plant Physiology, 138(2):898–908.

[Dietz, 2017] Dietz, K.-J. (2017). Subcellular metabolomics: the choice of method depends on the

aim of the study. Journal of Experimental Botany, 68(21-22):5695–5698.

[Doi et al., 1997] Doi, M., Shima, S., Egashira, T., Nakamura, K., and Okayama, S. (1997). New

bile pigment excreted by a Chlamydomonas reinhardtii mutant: a possible breakdown catabolite

of chlorophyll a. Journal of Plant Physiology, 150(5):504–508.



102 Bibliography

[Eastmond et al., 2000] Eastmond, P. J., Germain, V., Lange, P. R., Bryce, J. H., Smith, S. M.,

and Graham, I. A. (2000). Postgerminative growth and lipid catabolism in oilseeds lacking the

glyoxylate cycle. Proceedings of the National Academy of Sciences, 97(10):5669–5674.

[Elthon and McIntosh, 1987] Elthon, T. E. and McIntosh, L. (1987). Identification of the alterna-

tive terminal oxidase of higher plant mitochondria. Proceedings of the National Academy of

Sciences, 84(23):8399–8403.

[Engqvist et al., 2009] Engqvist, M., Drincovich, M. F., Flugge, U. I., and Maurino, V. G. (2009).

Two d-2-hydroxy-acid dehydrogenases in Arabidopsis thaliana with catalytic capacities to par-

ticipate in the last reactions of the methylglyoxal and β-oxidation pathways. Journal of Biolog-

ical Chemistry, 284:25026–37.

[Evans et al., 2010] Evans, I., Rus, A., Belanger, E., Kimoto, M., and Brusslan, J. (2010). Disman-

tling of Arabidopsis thaliana mesophyll cell chloroplasts during natural leaf senescence. Plant

Biology, 12(1):1–12.

[Faes et al., 2015] Faes, P., Deleu, C., Ainouche, A., Le Caherec, F., Montes, E., Clouet, V.,

Gouraud, A. M., Albert, B., Orsel, M., Lassalle, G., Leport, L., Bouchereau, A., and Niogret,

M. F. (2015). Molecular evolution and transcriptional regulation of the oilseed rape proline

dehydrogenase genes suggest distinct roles of proline catabolism during development. Planta,

241:403–19.

[Fahnenstich et al., 2007] Fahnenstich, H., Saigo, M., Niessen, M., Zanor, M. I., Andreo, C. S.,

Fernie, A. R., Drincovich, M. F., Flügge, U.-I., and Maurino, V. G. (2007). Alteration of or-

ganic acid metabolism in Arabidopsis overexpressing the maize C4 NADP-malic enzyme causes

accelerated senescence during extended darkness. Plant Physiology, 145(3):640–652.

[Fait et al., 2008] Fait, A., Fromm, H., Walter, D., Galili, G., and Fernie, A. R. (2008). Highway or

byway: the metabolic role of the GABA shunt in plants. Trends in Plant Science, 13(1):14–19.

[Fliege et al., 1978] Fliege, R., Flügge, U.-I., Werdan, K., and Heldt, H. W. (1978). Specific trans-

port of inorganic phosphate, 3-phosphoglycerate and triosephosphates across the inner mem-

brane of the envelope in spinach chloroplasts. Biochimica et biophysica acta, 502(2):232–247.

[Forde and Lea, 2007] Forde, B. G. and Lea, P. J. (2007). Glutamate in plants: metabolism, regu-

lation, and signalling. Journal of Experimental Botany, 58(9):2339–2358.

[Funck et al., 2010] Funck, D., Eckard, S., and Muller, G. (2010). Non-redundant functions of two

proline dehydrogenase isoforms in Arabidopsis. BMC Plant Biol, 10:70.

[Fürtauer et al., 2016] Fürtauer, L., Weckwerth, W., and Nägele, T. (2016). A benchtop fraction-

ation procedure for subcellular analysis of the plant metabolome. Frontiers in Plant Science,

7:1912.

[Gardeström and Igamberdiev, 2016] Gardeström, P. and Igamberdiev, A. U. (2016). The origin of

cytosolic ATP in photosynthetic cells. Physiologia Plantarum, 157(3):367–379.



Bibliography 103

[Gardeström and Wigge, 1988] Gardeström, P. and Wigge, B. (1988). Influence of photorespira-

tion on ATP/ADP ratios in the chloroplasts, mitochondria, and cytosol, studied by rapid fraction-

ation of barley Hordeum vulgare protoplasts. Plant Physiology, 88(1):69–76.

[Gepstein et al., 2003] Gepstein, S., Sabehi, G., Carp, M.-J., Hajouj, T., Nesher, M. F. O., Yariv, I.,

Dor, C., and Bassani, M. (2003). Large-scale identification of leaf senescence-associated genes.

The Plant Journal, 36(5):629–642.

[Gerhardt and Heldt, 1984] Gerhardt, R. and Heldt, H. W. (1984). Measurement of subcellular

metabolite levels in leaves by fractionation of freeze-stopped material in nonaqueous media.

Plant Physiology, 75(3):542–547.

[Ghanem et al., 2008] Ghanem, M. E., Albacete, A., Martínez-Andújar, C., Acosta, M., Romero-

Aranda, R., Dodd, I. C., Lutts, S., and Pérez-Alfocea, F. (2008). Hormonal changes during

salinity-induced leaf senescence in tomato Solanum lycopersicum L. Journal of Experimental

Botany, 59(11):3039–3050.

[Gharde et al., 2018] Gharde, Y., Singh, P., Dubey, R., and Gupta, P. (2018). Assessment of yield

and economic losses in agriculture due to weeds in india. Crop Protection, 107:12–18.

[Giegé et al., 2003] Giegé, P., Heazlewood, J. L., Roessner-Tunali, U., Millar, A. H., Fernie, A. R.,

Leaver, C. J., and Sweetlove, L. J. (2003). Enzymes of glycolysis are functionally associated

with the mitochondrion in Arabidopsis cells. The Plant Cell, 15(9):2140–2151.

[Graf et al., 2010] Graf, A., Schlereth, A., Stitt, M., and Smith, A. M. (2010). Circadian control of

carbohydrate availability for growth in Arabidopsis plants at night. Proceedings of the National

Academy of Sciences, 107(20):9458–9463.

[Gregersen et al., 2013] Gregersen, P. L., Culetic, A., Boschian, L., and Krupinska, K. (2013).

Plant senescence and crop productivity. Plant Molecular Biology, 82(6):603–622.

[Großkinsky et al., 2017] Großkinsky, D. K., Jaya Syaifullah, S., Roitsch, T., and Lim, P. (2017).

Integration of multi-omics techniques and physiological phenotyping within a holistic phe-

nomics approach to study senescence in model and crop plants. Journal of Experimental Botany.

[Guo and Gan, 2012] Guo, Y. and Gan, S.-S. (2012). Convergence and divergence in gene expres-

sion profiles induced by leaf senescence and 27 senescence-promoting hormonal, pathological

and environmental stress treatments. Plant, Cell & Environment, 35(3):644–655.

[Häffner et al., 2015] Häffner, E., Konietzki, S., and Diederichsen, E. (2015). Keeping control: The

role of senescence and development in plant pathogenesis and defense. Plants, 4(3):449–488.

[Hartmann, 2007] Hartmann, T. (2007). From waste products to ecochemicals: fifty years research

of plant secondary metabolism. Phytochemistry, 68(22-24):2831–2846.

[Heber and Santarius, 1970] Heber, U. and Santarius, K. (1970). Direct and indirect transfer of atp

and adp across the chloroplast envelope. Zeitschrift für Naturforschung B, 25(7):718–728.



104 Bibliography

[Heil and Karban, 2010] Heil, M. and Karban, R. (2010). Explaining evolution of plant communi-

cation by airborne signals. Trends in Ecology & Evolution, 25(3):137–144.

[Himelblau and Amasino, 2001] Himelblau, E. and Amasino, R. M. (2001). Nutrients mobilized

from leaves of Arabidopsis thaliana during leaf senescence. Journal of Plant Physiology,

158(10):1317–1323.

[Hörtensteiner, 2006] Hörtensteiner, S. (2006). Chlorophyll degradation during senescence. Annu.

Rev. Plant Biol., 57:55–77.

[Hörtensteiner, 2009] Hörtensteiner, S. (2009). Stay-green regulates chlorophyll and chlorophyll-

binding protein degradation during senescence. Trends in Plant Science, 14(3):155–162.

[Hörtensteiner et al., 2000] Hörtensteiner, S., Chinner, J., Matile, P., Thomas, H., and Donnison,

I. S. (2000). Chlorophyll breakdown in Chlorella protothecoides : characterization of degreening

and cloning of degreening-related genes. Plant Molecular Biology, 42(3):439–450.

[Hu et al., 2012] Hu, J., Baker, A., Bartel, B., Linka, N., Mullen, R. T., Reumann, S., and Zolman,

B. K. (2012). Plant peroxisomes: biogenesis and function. The Plant Cell, 24(6):2279–2303.

[Ishiyama et al., 2004] Ishiyama, K., Inoue, E., Watanabe-Takahashi, A., Obara, M., Yamaya,

T., and Takahashi, H. (2004). Kinetic properties and ammonium-dependent regulation of cy-

tosolic isoenzymes of glutamine synthetase in Arabidopsis. Journal of Biological Chemistry,

279(16):16598–16605.

[Ishizaki et al., 2005] Ishizaki, K., Larson, T. R., Schauer, N., Fernie, A. R., Graham, I. A., and

Leaver, C. J. (2005). The critical role of arabidopsis electron-transfer flavoprotein:ubiquinone

oxidoreductase during dark-induced starvation. Plant Cell, 17:2587–600.

[Ishizaki et al., 2006] Ishizaki, K., Schauer, N., Larson, T. R., Graham, I. A., Fernie, A. R., and

Leaver, C. J. (2006). The mitochondrial electron transfer flavoprotein complex is essential for

survival of arabidopsis in extended darkness. The Plant Journal, 47:751–760.

[Javelle et al., 2011] Javelle, M., Vernoud, V., Rogowsky, P. M., and Ingram, G. C. (2011). Epider-

mis: the formation and functions of a fundamental plant tissue. New Phytologist, 189(1):17–39.

[Kawakami and Watanabe, 1988] Kawakami, N. and Watanabe, A. (1988). Senescence-specific

increase in cytosolic glutamine synthetase and its mRNA in radish cotyledons. Plant Physiology,

88:1430–4.

[Keech et al., 2005] Keech, O., Dizengremel, P., and Gardestrom, P. (2005). Preparation of leaf

mitochondria from Arabidopsis thaliana. Physiologia Plantarum, 124:403–409.

[Keech et al., 2017] Keech, O., Gardeström, P., Kleczkowski, L. A., and Rouhier, N. (2017). The

redox control of photorespiration: from biochemical and physiological aspects to biotechnolog-

ical considerations. Plant, Cell & Environment, 40(4):553–569.

[Keech et al., 2007] Keech, O., Pesquet, E., Ahad, A., Askne, A., Nordvall, D., Vodnala, S. M.,

Tuominen, H., Hurry, V., Dizengremel, P., and Gardestroem, P. (2007). The different fates of



Bibliography 105

mitochondria and chloroplasts during dark-induced senescence in Arabidopsis leaves. Plant,

Cell & Environment, 30(12):1523–1534.

[Keech et al., 2010] Keech, O., Pesquet, E., Gutierrez, L., Ahad, A., Bellini, C., Smith, S. M., and

Gardestrom, P. (2010). Leaf senescence is accompanied by an early disruption of the microtubule

network in Arabidopsis. Plant Physiology, 154:1710–20.

[Khan et al., 2014] Khan, M., Rozhon, W., and Poppenberger, B. (2014). The role of hormones in

the aging of plants-a mini-review. Gerontology, 60(1):49–55.

[Kim et al., 2017] Kim, J., Kim, J. H., Lyu, J. I., Woo, H. R., and Lim, P. O. (2017). New insights

into the regulation of leaf senescence in Arabidopsis. Journal of Experimental Botany.

[Kim et al., 2016] Kim, J., Woo, H. R., and Nam, H. G. (2016). Toward systems understanding of

leaf senescence: an integrated multi-omics perspective on leaf senescence research. Molecular

Plant, 9(6):813–825.

[Kim et al., 2009] Kim, J. H., Woo, H. R., Kim, J., Lim, P. O., Lee, I. C., Choi, S. H., Hwang, D.,

and Nam, H. G. (2009). Trifurcate feed-forward regulation of age-dependent cell death involving

miR164 in Arabidopsis. Science, 323(5917):1053–1057.

[Klie et al., 2011] Klie, S., Krueger, S., Krall, L., Giavalisco, P., Flügge, U.-I., Willmitzer, L., and

Steinhauser, D. (2011). Analysis of the compartmentalized metabolome–a validation of the non-

aqueous fractionation technique. Frontiers in Plant Science, 2:55.

[Kopka et al., 2004] Kopka, J., Fernie, A., Weckwerth, W., Gibon, Y., and Stitt, M. (2004).

Metabolite profiling in plant biology: platforms and destinations. Genome Biology, 5(6):109.

[Korte et al., 2015] Korte, A. R., Yandeau-Nelson, M. D., Nikolau, B. J., and Lee, Y. J. (2015).

Subcellular-level resolution MALDI-MS imaging of maize leaf metabolites by MALDI-linear

ion trap-orbitrap mass spectrometer. Analytical and Bioanalytical Chemistry, 407(8):2301–

2309.

[Krueger et al., 2011] Krueger, S., Giavalisco, P., Krall, L., Steinhauser, M.-C., Büssis, D., Usadel,

B., Flügge, U.-I., Fernie, A. R., Willmitzer, L., and Steinhauser, D. (2011). A topological map

of the compartmentalized Arabidopsis thaliana leaf metabolome. PLoS One, 6(3):e17806.

[Kuan and Saier, 1993] Kuan, J. and Saier, M. H. (1993). The mitochondrial carrier family of

transport proteins: structural, functional, and evolutionary relationships. Critical Reviews in

Biochemistry and Molecular Biology, 28(3):209–233.

[Kunze and Hartig, 2013] Kunze, M. and Hartig, A. (2013). Permeability of the peroxisomal mem-

brane: lessons from the glyoxylate cycle. Frontiers in physiology, 4:204.

[Laloi, 1999] Laloi, M. (1999). Plant mitochondrial carriers: an overview. Cellular and Molecular

Life Sciences CMLS, 56(11-12):918–944.

[Lawson et al., 2008] Lawson, T., Lefebvre, S., Baker, N. R., Morison, J. I., and Raines, C. A.

(2008). Reductions in mesophyll and guard cell photosynthesis impact on the control of stomatal

responses to light and CO_2. Journal of Experimental Botany, 59(13):3609–3619.



106 Bibliography

[Leivar and Quail, 2011] Leivar, P. and Quail, P. H. (2011). Pifs: pivotal components in a cellular

signaling hub. Trends in Plant Science, 16(1):19–28.

[Leng et al., 2017] Leng, Y., Ye, G., and Zeng, D. (2017). Genetic dissection of leaf senescence in

rice. International Journal of Molecular Sciences, 18(12):2686.

[Leopold, 1961] Leopold, A. (1961). Senescence in plant development. Science, 134(3492):1727–

1732.

[Li et al., 2017] Li, W., Zhang, H., Li, X., Zhang, F., Liu, C., Du, Y., Gao, X., Zhang, Z., Zhang,

X., Hou, Z., et al. (2017). Intergrative metabolomic and transcriptomic analyses unveil nutrient

remobilization events in leaf senescence of tobacco. Scientific Reports, 7(1):12126.

[Li et al., 2008] Li, Y., Shrestha, B., and Vertes, A. (2008). Atmospheric pressure infrared maldi

imaging mass spectrometry for plant metabolomics. Analytical Chemistry, 80(2):407–420.

[Li-Beisson et al., 2013] Li-Beisson, Y., Shorrosh, B., Beisson, F., Andersson, M. X., Arondel, V.,

Bates, P. D., Baud, S., Bird, D., DeBono, A., Durrett, T. P., et al. (2013). Acyl-lipid metabolism.

The Arabidopsis Book, page e0161.

[Liebsch and Keech, 2016] Liebsch, D. and Keech, O. (2016). Dark-induced leaf senescence: new

insights into a complex light-dependent regulatory pathway. New Phytologist, 212(3):563–570.

[Lilley et al., 1982] Lilley, R. M., Stitt, M., Mader, G., and Heldt, H. W. (1982). Rapid fractionation

of wheat leaf protoplasts using membrane filtration: the determination of metabolite levels in the

chloroplasts, cytosol, and mitochondria. Plant Physiology, 70(4):965–970.

[Lim et al., 2007] Lim, P. O., Kim, H. J., and Gil Nam, H. (2007). Leaf senescence. Annu. Rev.

Plant Biol., 58:115–136.

[Logan, 2010] Logan, D. C. (2010). Mitochondrial fusion, division and positioning in plants.

Biochem Soc Trans, 38:789–95.

[Lohaus and Schwerdtfeger, 2014] Lohaus, G. and Schwerdtfeger, M. (2014). Comparison of sug-

ars, iridoid glycosides and amino acids in nectar and phloem sap of Maurandya barclayana,

Lophospermum erubescens, and Brassica napus. PLoS One, 9(1):e87689.

[Lucas et al., 2013] Lucas, W. J., Groover, A., Lichtenberger, R., Furuta, K., Yadav, S.-R., Helari-

utta, Y., He, X.-Q., Fukuda, H., Kang, J., Brady, S. M., et al. (2013). The plant vascular system:

evolution, development and functions. Journal of Integrative Plant Biology, 55(4):294–388.

[Lunn, 2006] Lunn, J. E. (2006). Compartmentation in plant metabolism. Journal of Experimental

Botany, 58(1):35–47.

[Ma et al., 2018] Ma, X., Keller, B., McDonald, B. A., Palma-Guerrero, J., and Wicker, T. (2018).

Comparative transcriptomics reveals how wheat responds to infection by Zymoseptoria tritici.

Molecular Plant-Microbe Interactions, 31(4):420–431.



Bibliography 107

[Makino and Osmond, 1991] Makino, A. and Osmond, B. (1991). Effects of nitrogen nutrition on

nitrogen partitioning between chloroplasts and mitochondria in pea and wheat. Plant Physiology,

96(2):355–362.

[Marcus et al., 2001] Marcus, A. I., Moore, R. C., and Cyr, R. J. (2001). The role of microtubules

in guard cell function. Plant Physiology, 125(1):387–395.

[Martin, 2003] Martin, W. (2003). Gene transfer from organelles to the nucleus: frequent and in

big chunks. Proceedings of the National Academy of Sciences, 100(15):8612–8614.

[Martin, 2010] Martin, W. (2010). Evolutionary origins of metabolic compartmentalization

in eukaryotes. Philosophical Transactions of the Royal Society B: Biological Sciences,

365(1541):847–855.

[Masclaux et al., 2000] Masclaux, C., Valadier, M. H., Brugiere, N., Morot-Gaudry, J. F., and

Hirel, B. (2000). Characterization of the sink/source transition in tobacco (nicotiana tabacum

l.) shoots in relation to nitrogen management and leaf senescence. Planta, 211:510–518.

[Masclaux-Daubresse et al., 2005] Masclaux-Daubresse, C., Carrayol, E., and Valadier, M.-H.

(2005). The two nitrogen mobilisation-and senescence-associated GS1 and GDH genes are con-

trolled by C and N metabolites. Planta, 221(4):580–588.

[Masclaux-Daubresse et al., 2010] Masclaux-Daubresse, C., Daniel-Vedele, F., Dechorgnat, J.,

Chardon, F., Gaufichon, L., and Suzuki, A. (2010). Nitrogen uptake, assimilation and remo-

bilization in plants: challenges for sustainable and productive agriculture. Annals of Botany,

105(7):1141–1157.

[Mata-Pérez et al., 2017] Mata-Pérez, C., Sánchez-Calvo, B., Padilla, M. N., Begara-Morales,

J. C., Valderrama, R., Corpas, F. J., and Barroso, J. B. (2017). Nitro-fatty acids in plant sig-

naling: New key mediators of nitric oxide metabolism. Redox Biology, 11:554–561.

[Meyer and Wagner, 1986] Meyer, R. and Wagner, K. G. (1986). Nucleotide pools in leaf and root

tissue of tobacco plants: influence of leaf senescence. Physiologia Plantarum, 67(4):666–672.

[Millar et al., 2011] Millar, A. H., Whelan, J., Soole, K. L., and Day, D. A. (2011). Organization

and regulation of mitochondrial respiration in plants. Annual Review of Plant Biology, 62:79–

104.

[Monné et al., 2018] Monné, M., Daddabbo, L., Gagneul, D., Obata, T., Hielscher, B., Palmieri,

L., Miniero, D. V., Fernie, A. R., Weber, A. P., and Palmieri, F. (2018). Uncoupling proteins 1

and 2 (UCP1 and UCP2) from Arabidopsis thaliana are mitochondrial transporters of aspartate,

glutamate, and dicarboxylates. Journal of Biological Chemistry, 293(11):4213–4227.

[Morita and Shimada, 2014] Morita, M. T. and Shimada, T. (2014). The plant endomembrane

system-a complex network supporting plant development and physiology. Plant and Cell Phys-

iology, 55(4):667–671.



108 Bibliography

[Moschen et al., 2016] Moschen, S., Bengoa Luoni, S., Di Rienzo, J. A., Caro, M. d. P., Tohge,

T., Watanabe, M., Hollmann, J., González, S., Rivarola, M., García-García, F., et al. (2016).

Integrating transcriptomic and metabolomic analysis to understand natural leaf senescence in

sunflower. Plant Biotechnology Journal, 14(2):719–734.

[Newman et al., 2011] Newman, R. H., Fosbrink, M. D., and Zhang, J. (2011). Genetically encod-

able fluorescent biosensors for tracking signaling dynamics in living cells. Chemical reviews,

111(5):3614–3666.

[Okumoto et al., 2012] Okumoto, S., Jones, A., and Frommer, W. B. (2012). Quantitative imaging

with fluorescent biosensors. Annual review of plant biology, 63:663–706.

[Olvera-Carrillo et al., 2015] Olvera-Carrillo, Y., Van Bel, M., Van Hautegem, T., Fendrych, M.,

Huysmans, M., Simaskova, M., Van Durme, M., Buscaill, P., Rivas, S., Coll, N. S., et al. (2015).

A conserved core of programmed cell death indicator genes discriminates developmentally and

environmentally induced programmed cell death in plants. Plant Physiology, 169(4):2684–2699.

[Outlaw Jr and Zhang, 2001] Outlaw Jr, W. H. and Zhang, S. (2001). Single-cell dissection and

microdroplet chemistry. Journal of Experimental Botany, 52(356):605–614.

[Palmieri et al., 2006] Palmieri, L., Todd, C. D., Arrigoni, R., Hoyos, M. E., Santoro, A., Po-

lacco, J. C., and Palmieri, F. (2006). Arabidopsis mitochondria have two basic amino acid

transporters with partially overlapping specificities and differential expression in seedling devel-

opment. Biochim Biophys Acta, 1757:1277–83.

[Pedrotti et al., 2018] Pedrotti, L., Weiste, C., Nägele, T., Wolf, E., Lorenzin, F., Dietrich, K., Mair,

A., Weckwerth, W., Teige, M., Baena-González, E., et al. (2018). Snf1-RELATED KINASE1-

controlled C/S1-bZIP signaling activates alternative mitochondrial metabolic pathways to ensure

plant survival in extended darkness. The Plant Cell, pages tpc–00414.

[Petersson et al., 2015] Petersson, S. V., Lindén, P., Moritz, T., and Ljung, K. (2015). Cell-type

specific metabolic profiling of Arabidopsis thaliana protoplasts as a tool for plant systems biol-

ogy. Metabolomics, 11(6):1679–1689.

[Picault et al., 2004] Picault, N., Hodges, M., Palmieri, L., and Palmieri, F. (2004). The growing

family of mitochondrial carriers in Arabidopsis. Trends in Plant Science, 9(3):138–146.

[Pilot et al., 2004] Pilot, G., Stransky, H., Bushey, D. F., Pratelli, R., Ludewig, U., Wingate, V. P.,

and Frommer, W. B. (2004). Overexpression of GLUTAMINE DUMPER1 leads to hypersecre-

tion of glutamine from hydathodes of Arabidopsis leaves. The Plant Cell, 16(7):1827–1840.

[Pires et al., 2016] Pires, M. V., Pereira Júnior, A. A., Medeiros, D. B., Daloso, D. M., Pham,

P. A., Barros, K. A., Engqvist, M. K., Florian, A., Krahnert, I., Maurino, V. G., et al. (2016). The

influence of alternative pathways of respiration that utilize branched-chain amino acids following

water shortage in Arabidopsis. Plant, Cell & Environment, 39(6):1304–1319.



Bibliography 109

[Planchais et al., 2014] Planchais, S., Cabassa, C., Toka, I., Justin, A. M., Renou, J. P., Savoure, A.,

and Carol, P. (2014). BASIC AMINO ACID CARRIER 2 gene expression modulates arginine

and urea content and stress recovery in Arabidopsis leaves. Frontiers in Plant Science, 5:330.

[Pracharoenwattana and Smith, 2008] Pracharoenwattana, I. and Smith, S. M. (2008). When is a

peroxisome not a peroxisome? Trends in Plant Science, 13:522–5.

[Pracharoenwattana et al., 2010] Pracharoenwattana, I., Zhou, W., Keech, O., Francisco, P. B.,

Udomchalothorn, T., Tschoep, H., Stitt, M., Gibon, Y., and Smith, S. M. (2010). Arabidop-

sis has a cytosolic fumarase required for the massive allocation of photosynthate into fumaric

acid and for rapid plant growth on high nitrogen. The Plant Journal, 62(5):785–795.

[Pratelli et al., 2010] Pratelli, R., Voll, L. M., Horst, R. J., Frommer, W. B., and Pilot, G. (2010).

Stimulation of nonselective amino acid export by glutamine dumper proteins. Plant Physiology,

152:762–73.

[Pružinská et al., 2017] Pružinská, A., Shindo, T., Niessen, S., Kaschani, F., Tóth, R., Millar, A. H.,

and van der Hoorn, R. A. (2017). Major cys protease activities are not essential for senescence

in individually darkened Arabidopsis leaves. BMC plant biology, 17(1):4.

[Rapicavoli et al., 2018] Rapicavoli, J., Ingel, B., Blanco-Ulate, B., Cantu, D., and Roper, C.

(2018). Xylella fastidiosa : an examination of a re-emerging plant pathogen. Molecular Plant

Pathology, 19(4):786–800.

[Rasmusson et al., 2004] Rasmusson, A. G., Soole, K. L., and Elthon, T. E. (2004). Alternative

NAD (P) H dehydrogenases of plant mitochondria. Annu. Rev. Plant Biol., 55:23–39.

[Resh, 2013] Resh, M. D. (2013). Covalent lipid modifications of proteins. Current Biology,

23(10):R431–R435.

[Riens et al., 1991] Riens, B., Lohaus, G., Heineke, D., and Heldt, H. W. (1991). Amino acid and

sucrose content determined in the cytosolic, chloroplastic, and vacuolar compartments and in the

phloem sap of spinach leaves. Plant Physiology, 97(1):227–233.

[Rivero et al., 2007] Rivero, R. M., Kojima, M., Gepstein, A., Sakakibara, H., Mittler, R., Gep-

stein, S., and Blumwald, E. (2007). Delayed leaf senescence induces extreme drought tolerance

in a flowering plant. Proceedings of the National Academy of Sciences, 104(49):19631–19636.

[Roulin et al., 2002] Roulin, S., Buchala, A. J., and Fincher, G. B. (2002). Induction of (1- 3, 1-

4)-β-d-glucan hydrolases in leaves of dark-incubated barley seedlings. Planta, 215(1):51–59.

[Sage et al., 1987] Sage, R. F., Pearcy, R. W., and Seemann, J. R. (1987). The nitrogen use effi-

ciency of C3 and C4 plants: Iii. leaf nitrogen effects on the activity of carboxylating enzymes in

Chenopodium album (L.) and Amaranthus retroflexus (L.). Plant Physiology, 85(2):355–359.

[Salleh et al., 2012] Salleh, F. M., Evans, K., Goodall, B., Machin, H., Mowla, S. B., Mur, L. A.,

Runions, J., Theodoulou, F. L., Foyer, C. H., and Rogers, H. J. (2012). A novel function for

a redox-related LEA protein (SAG21/atLEA5) in root development and biotic stress responses.

Plant, Cell & Environment, 35(2):418–429.



110 Bibliography

[Sato et al., 1999] Sato, S., Nakamura, Y., Kaneko, T., Asamizu, E., and Tabata, S. (1999). Com-

plete structure of the chloroplast genome of Arabidopsis thaliana. DNA Research, 6(5):283–290.

[Schertl et al., 2014] Schertl, P., Cabassa, C., Saadallah, K., Bordenave, M., Savouré, A., and

Braun, H.-P. (2014). Biochemical characterization of proline dehydrogenase in Arabidopsis

mitochondria. The FEBS Journal, 281(12):2794–2804.

[Schilmiller et al., 2008] Schilmiller, A. L., Last, R. L., and Pichersky, E. (2008). Harnessing plant

trichome biochemistry for the production of useful compounds. The Plant Journal, 54(4):702–

711.

[Schilmiller et al., 2010] Schilmiller, A. L., Miner, D. P., Larson, M., McDowell, E., Gang, D. R.,

Wilkerson, C., and Last, R. L. (2010). Studies of a biochemical factory: tomato trichome deep

expressed sequence tag sequencing and proteomics. Plant Physiology, 153(3):1212–1223.

[Schuster et al., 2006] Schuster, J., Knill, T., Reichelt, M., Gershenzon, J., and Binder, S. (2006).

Branched-chain aminotransferase 4 is part of the chain elongation pathway in the biosynthesis

of methionine-derived glucosinolates in Arabidopsis. The Plant Cell, 18(10):2664–2679.

[Schwarzländer et al., 2011] Schwarzländer, M., König, A.-C., Sweetlove, L. J., and Finkemeier, I.

(2011). The impact of impaired mitochondrial function on retrograde signalling: a meta-analysis

of transcriptomic responses. Journal of experimental botany, 63(4):1735–1750.

[Sham et al., 2015] Sham, A., Moustafa, K., Al-Ameri, S., Al-Azzawi, A., Iratni, R., and AbuQa-

mar, S. (2015). Identification of arabidopsis candidate genes in response to biotic and abiotic

stresses using comparative microarrays. PLoS One, 10(5):e0125666.

[Sharma et al., 2011] Sharma, S., Villamor, J. G., and Verslues, P. E. (2011). Essential role of

tissue-specific proline synthesis and catabolism in growth and redox balance at low water poten-

tial. Plant Physiology, 157(1):292–304.

[Smith et al., 2005] Smith, A. M., Zeeman, S. C., and Smith, S. M. (2005). Starch degradation.

Annu. Rev. Plant Biol., 56:73–98.

[Spalding, 1989] Spalding, M. H. (1989). Photosynthesis and photorespiration in freshwater green

algae. Aquatic Botany, 34(1-3):181–209.

[Stadermann et al., 2016] Stadermann, K. B., Holtgräwe, D., and Weisshaar, B. (2016). Chloro-

plast genome sequence of Arabidopsis thaliana accession Landsberg erecta, assembled from

single-molecule, real-time sequencing data. Genome announcements, 4(5):e00975–16.

[Sweetlove et al., 2010] Sweetlove, L. J., Beard, K. F., Nunes-Nesi, A., Fernie, A. R., and Ratcliffe,

R. G. (2010). Not just a circle: flux modes in the plant TCA cycle. Trends in Plant Science,

15(8):462–470.

[Szecowka et al., 2013] Szecowka, M., Heise, R., Tohge, T., Nunes-Nesi, A., Vosloh, D., Huege,

J., Feil, R., Lunn, J., Nikoloski, Z., Stitt, M., et al. (2013). Metabolic fluxes in an illuminated

Arabidopsis rosette. The Plant Cell, 25(2):694–714.



Bibliography 111

[Taiz and Zeiger, 2002] Taiz, L. and Zeiger, E. (2002). Plant physiology, sinauer associates.

[Thimann and Satler, 1979] Thimann, K. V. and Satler, S. O. (1979). Relation between leaf senes-

cence and stomatal closure: senescence in light. Proceedings of the National Academy of Sci-

ences, 76(5):2295–2298.

[Thomas, 2013] Thomas, H. (2013). Senescence, ageing and death of the whole plant. New Phy-

tologist, 197(3):696–711.

[Thomas and Howarth, 2000] Thomas, H. and Howarth, C. J. (2000). Five ways to stay green.

Journal of Experimental Botany, 51(suppl_1):329–337.

[Thomas et al., 2009] Thomas, H., Huang, L., Young, M., and Ougham, H. (2009). Evolution of

plant senescence. BMC Evol Biol, 9:163.

[Thomas and Ougham, 2014] Thomas, H. and Ougham, H. (2014). The stay-green trait. Journal

of Experimental Botany, 65(14):3889–3900.

[Tian et al., 2017] Tian, N., Liu, F., Wang, P., Zhang, X., Li, X., and Wu, G. (2017). The molecular

basis of glandular trichome development and secondary metabolism in plants. Plant Gene, 12:1–

12.

[Tobin and Bowsher, 2005] Tobin, A. K. and Bowsher, C. G. (2005). Nitrogen and carbon

metabolism in plastids: Evolution, integration, and coordination with reactions in the cytosol.

In Advances in Botanical Research, volume 42, pages 113–165. Elsevier.

[Toka et al., 2010] Toka, I., Planchais, S., Cabassa, C., Justin, A. M., De Vos, D., Richard, L.,

Savoure, A., and Carol, P. (2010). Mutations in the hyperosmotic stress-responsive mitochon-

drial BASIC AMINO ACID CARRIER2 enhance proline accumulation in Arabidopsis. Plant

Physiology, 152:1851–62.

[Tominaga et al., 2001] Tominaga, M., Kinoshita, T., and Shimazaki, K.-i. (2001). Guard-cell

chloroplasts provide ATP required for H+ pumping in the plasma membrane and stomatal open-

ing. Plant and Cell Physiology, 42(8):795–802.

[Tomos and Sharrock, 2001] Tomos, A. D. and Sharrock, R. A. (2001). Cell sampling and anal-

ysis (SiCSA): metabolites measured at single cell resolution. Journal of Experimental Botany,

52(356):623–630.

[Unseld et al., 1997] Unseld, M., Marienfeld, J. R., Brandt, P., and Brennicke, A. (1997). The

mitochondrial genome of Arabidopsis thaliana contains 57 genes in 366,924 nucleotides. Nature

Genetics, 15(1):57.

[Van Aken et al., 2009] Van Aken, O., Zhang, B., Carrie, C., Uggalla, V., Paynter, E., Giraud, E.,

and Whelan, J. (2009). Defining the mitochondrial stress response in Arabidopsis thaliana.

Molecular Plant, 2:1310–24.



112 Bibliography

[van der Graaff et al., 2006] van der Graaff, E., Schwacke, R., Schneider, A., Desimone, M.,

Flügge, U.-I., and Kunze, R. (2006). Transcription analysis of Arabidopsis membrane trans-

porters and hormone pathways during developmental and induced leaf senescence. Plant Physi-

ology, 141(2):776–792.

[van Doorn, 2004] van Doorn, W. G. (2004). Is petal senescence due to sugar starvation? Plant

Physiology, 134(1):35–42.

[van Doorn and Woltering, 2004] van Doorn, W. G. and Woltering, E. J. (2004). Senescence

and programmed cell death: substance or semantics? Journal of Experimental Botany,

55(406):2147–2153.

[Vanlerberghe, 2013] Vanlerberghe, G. C. (2013). Alternative oxidase: a mitochondrial respiratory

pathway to maintain metabolic and signaling homeostasis during abiotic and biotic stress in

plants. International Journal of Molecular Sciences, 14(4):6805–6847.

[Verbruggen and Hermans, 2008] Verbruggen, N. and Hermans, C. (2008). Proline accumulation

in plants: a review. Amino Acids, 35(4):753–759.

[Viotti, 2014] Viotti, C. (2014). ER and vacuoles: never been closer. Frontiers in Plant Science,

5:20.

[Wahid et al., 2007] Wahid, A., Gelani, S., Ashraf, M., and Foolad, M. R. (2007). Heat tolerance

in plants: an overview. Environmental and Experimental Botany, 61(3):199–223.

[Wang et al., 1982] Wang, C. Y., Cheng, S. H., and Kao, C. H. (1982). Senescence of rice leaves:

Vii. proline accumulation in senescing excised leaves. Plant Physiology, 69(6):1348–1349.

[Wang et al., 2014] Wang, M., Ma, X., Shen, J., Li, C., and Zhang, W. (2014). The ongoing story:

the mitochondria pyruvate carrier 1 in plant stress response in Arabidopsis. Plant Signaling &

Behavior, 9(10):e973810.

[Watanabe et al., 2013] Watanabe, M., Balazadeh, S., Tohge, T., Erban, A., Giavalisco, P., Kopka,

J., Mueller-Roeber, B., Fernie, A. R., and Hoefgen, R. (2013). Comprehensive dissection of spa-

tiotemporal metabolic shifts in primary, secondary, and lipid metabolism during developmental

senescence in Arabidopsis. Plant Physiology, 162(3):1290–1310.

[Weaver and Amasino, 2001] Weaver, L. M. and Amasino, R. M. (2001). Senescence is induced in

individually darkened Arabidopsis leaves, but inhibited in whole darkened plants. Plant Physi-

ology, 127(3):876–886.

[Wen and Liang, 1993] Wen, J.-Q. and Liang, H.-G. (1993). Studies on energy status and mi-

tochondrial respiration during growth and senescence of mung bean cotyledons. Physiologia

Plantarum, 89(4):805–810.

[Weng, 2014] Weng, J.-K. (2014). The evolutionary paths towards complexity: a metabolic per-

spective. New Phytologist, 201(4):1141–1149.



Bibliography 113

[Wilson et al., 2002] Wilson, K. A., McManus, M. T., Gordon, M. E., and Jordan, T. W. (2002).

The proteomics of senescence in leaves of white clover, Trifolium repens (L.). PROTEOMICS:

International Edition, 2(9):1114–1122.

[Wingler, 2011] Wingler, A. (2011). Interactions between flowering and senescence regulation

and the influence of low temperature in Arabidopsis and crop plants. Annals of Applied Biology,

159(3):320–338.

[Wingler et al., 2012] Wingler, A., Delatte, T. L., Oï£¡Hara, L. E., Primavesi, L. F., Jhurreea, D.,

Paul, M. J., and Schluepmann, H. (2012). Trehalose 6-phosphate is required for the onset of leaf

senescence associated with high carbon availability. Plant Physiology, 158(3):1241–1251.

[Wingler et al., 2014] Wingler, A., Juvany, M., Cuthbert, C., and Munné-Bosch, S. (2014). Adap-

tation to altitude affects the senescence response to chilling in the perennial plant Arabis alpina.

Journal of Experimental Botany, 66(1):355–367.

[Winkel, 2004] Winkel, B. S. (2004). Metabolic channeling in plants. Annu. Rev. Plant Biol.,

55:85–107.

[Winter et al., 1993] Winter, H., Robinson, D. G., and Heldt, H. W. (1993). Subcellular volumes

and metabolite concentrations in barley leaves. Planta, 191(2):180–190.

[Winter et al., 1994] Winter, H., Robinson, D. G., and Heldt, H. W. (1994). Subcellular volumes

and metabolite concentrations in spinach leaves. Planta, 193(4):530–535.

[Wojciechowska et al., 2018] Wojciechowska, N., Sobieszczuk-Nowicka, E., and Bagniewska-

Zadworna, A. (2018). Plant organ senescence–regulation by manifold pathways. Plant Biology,

20(2):167–181.

[Woo et al., 2013] Woo, H. R., Kim, H. J., Nam, H. G., and Lim, P. O. (2013). Plant leaf senescence

and death–regulation by multiple layers of control and implications for aging in general. Journal

of Cell Science, 126(21):4823–4833.

[Woo et al., 2004] Woo, H. R., Kim, J. H., Nam, H. G., and Lim, P. O. (2004). The delayed leaf

senescence mutants of Arabidopsis, ore1, ore3, and ore9 are tolerant to oxidative stress. Plant

and Cell Physiology, 45(7):923–932.

[Yu et al., 2015] Yu, J., Zhang, Y., Di, C., Zhang, Q., Zhang, K., Wang, C., You, Q., Yan, H.,

Dai, S. Y., Yuan, J. S., et al. (2015). JAZ7 negatively regulates dark-induced leaf senescence in

Arabidopsis. Journal of Experimental Botany, 67(3):751–762.

[Yu et al., 2001] Yu, T.-S., Kofler, H., Häusler, R. E., Hille, D., Flügge, U.-I., Zeeman, S. C., Smith,

A. M., Kossmann, J., Lloyd, J., Ritte, G., et al. (2001). The Arabidopsis sex1 mutant is defective

in the R1 protein, a general regulator of starch degradation in plants, and not in the chloroplast

hexose transporter. The Plant Cell, 13(8):1907–1918.

[Zell et al., 2010] Zell, M. B., Fahnenstich, H., Maier, A., Saigo, M., Voznesenskaya, E. V., Ed-

wards, G. E., Andreo, C., Schleifenbaum, F., Zell, C., Drincovich, M. F., et al. (2010). Analysis



114 Bibliography

of Arabidopsis with highly reduced levels of malate and fumarate sheds light on the role of these

organic acids as storage carbon molecules. Plant Physiology, 152(3):1251–1262.

[Zentgraf et al., 2004] Zentgraf, U., Jobst, J., Kolb, D., and Rentsch, D. (2004). Senescence-related

gene expression profiles of rosette leaves of Arabidopsis thaliana : Leaf age versus plant age.

Plant Biology, 6(2):178–183.

[Zhu et al., 2011] Zhu, Y., Lu, J., Wang, J., Chen, F., Leng, F., and Li, H. (2011). Regulation of

thermogenesis in plants: the interaction of alternative oxidase and plant uncoupling mitochon-

drial protein. Journal of Integrative Plant Biology, 53(1):7–13.


