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Abstract
Plants as sessile organisms are continuously exposed to various forms of stress and
therefore need effective avoidance and protection mechanisms. A major prerequisite for
plants to cope with stress is the cellular protein quality control, in which the ATPindependent Deg/HtrA serine proteases have an essential function by degrading or
refolding damaged proteins. A phylogenetic study in photosynthetic eukaryotes revealed a
minimal set of eight Deg proteases present in all analyzed organisms, among which
DEG10 is the only mitochondrial representative, suggesting an important function of
DEG10 in mitochondria of plants and algae. This study was conducted to get deeper
insights into the regulation of DEG10 expression and the physiological function of DEG10
in Arabidopsis thaliana.
In this study an exclusive localization of DEG10 in mitochondria was demonstrated by
expression of a DEG10:GFP fusion protein in vivo and by immuno-detection of DEG10
after cell fractionation. Promoter-GUS fusion studies revealed a predominant DEG10
expression in trichomes, and at lower levels in the vascular tissue and in roots. At elevated
temperatures, an increased number of seedlings showed DEG10 expression in roots,
whereas no distinct temperature-dependent regulation of DEG10 transcription was
observed in leaves.
To investigate the physiological function of DEG10, a loss-of-function mutant was
characterized, which showed developmental defects, namely impaired elongation of the
root and decreased seed yield. Both roots and seeds are major sink organs, which depend
on photoassimilate import from source tissues. The phenotypic differences were especially
distinct under temperature stress and challenging growth conditions in the field.
Attenuation of the root phenotype by addition of sucrose and the expression of DEG10 in
the vascular tissue might indicate that DEG10 is involved in the supply with
photoassimilates or in the energy production in mitochondria. The mitochondrial
ultrastructure was not affected, indicating that DEG10 has no influence on the biogenesis
and fundamental organization of mitochondria. However, a strong decrease in transcript
levels of the Alternative Oxidase 1a in stressed Δdeg10-1 mutants indicated a
mitochondrial dysfunction.
The ATP-independent DEG10 protease seems to play an important role under stress
conditions, when ATP levels are low, and unfolded or damaged proteins threaten to
accumulate. The findings of this study provide novel and valuable insights into the
physiological functions of DEG10 in A. thaliana.
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Zusammenfassung
Pflanzen sind sessile Organismen, die ständig verschiedensten Stressfaktoren ausgesetzt
sind und daher effektive Vermeidungs- und Schutzmechanismen benötigen. Eine
Hauptvoraussetzung für Pflanzen, um Stress zu bewältigen, stellt die
Proteinqualitätskontrolle dar. Die ATP-unabhängigen Deg/HtrA Serinproteasen besitzen in
der Proteinqualitätskontrolle eine essentielle Funktion, indem sie beschädigte Proteine
abbauen oder neu falten. Eine phylogenetische Studie photosynthetisch aktiver Eukaryoten
zeigte einen Mindestsatz von acht Deg Proteasen auf, der in allen untersuchten
Organismen vorhanden ist. Darunter ist DEG10 die einzige mitochondriale Deg-Protease,
was eine wichtige Funktion von DEG10 in Mitochondrien von Pflanzen und Algen
vermuten lässt. Diese Studie wurde durchgeführt, um ein tieferes Verständnis für die
Regulation der DEG10 Expression und der physiologischen Funktion von DEG10 in
Arabidopsis thaliana zu erhalten.
In dieser Studie wurde durch DEG10:GFP Fusionsproteine in vivo und durch Immunoblots
mit isolierten Organellen eine ausschließlich mitochondriale Lokalisierung aufgezeigt.
Promotor-GUS-Fusionsstudien zeigten, dass DEG10 hauptsächlich in Trichomen, und in
geringerem Maße im Leitgewebe und in Wurzeln exprimiert wird. Bei erhöhten
Temperaturen wies eine erhöhte Anzahl an Keimlingen eine DEG10 Expression in
Wurzeln auf, wohingegen keine eindeutige temperaturabhängige Regulation der DEG10
Transkription in Blättern nachgewiesen wurde.
Um die physiologische Funktion von DEG10 zu untersuchen, wurde eine „Loss-offunction“ Mutante charakterisiert, die folgende Entwicklungsfehler aufwies: gemindertes
Wurzel-Längenwachstum und erniedrigten Samenertrag. Wurzeln und Samen sind beides
Sink-Organe, die vom Photoassimilatimport aus Source-Geweben abhängig sind. Die
phänotypischen Unterschiede waren unter Temperaturstress und schwierigen
Wachstumsbedingungen im Freiland besonders stark ausgeprägt. Die Abschwächung des
Wurzelphänotyps durch Zugabe von Saccharose und die Expression von DEG10 im
Leitgewebe könnten auf eine Beteiligung von DEG10 an der Regulation der Versorgung
mit Photoassimilaten oder der Energiegewinnung in Mitochondrien hinweisen. Die
mitochondriale Feinstruktur war nicht betroffen, wodurch angenommen werden kann, dass
DEG10 keinen Einfluss auf die Biogenese und grundlegende Organisation der
Mitochondrien hat. Jedoch zeigte ein starker Abfall des Transkriptlevels der Alternativen
Oxidase 1a in gestressten Δdeg10-1-Mutanten eine mitochondriale Fehlfunktion auf. Die
ATP-unabhängige DEG10 Protease scheint eine wichtige Rolle unter Stressbedingungen
zu spielen, sobald der ATP-Spiegel niedrig ist und Gefahr besteht, dass ungefaltete oder
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geschädigte Proteine akkumulieren. Die Erkenntnisse dieser Arbeit geben ganz neue und
wertvolle Einblicke in die physiologische Funktion von DEG10 in A. thaliana.
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Abbreviations
A. thaliana
A. tumefaciens
AOX
Asp
ATP
bp
BSA
cDNA
CMS
COX
Cys
DAB
DMF
E. coli
FAD
FW
GFP
GOI
GUS
His
HRP
IGR
IPTG
mETC
NADH
OD
PCD
PCR
PS
ROS
RTG signaling
RT-PCR
SE
Ser
T-DNA
Thr

Arabidopsis thaliana
Agrobacterium tumefaciens
Alternative Oxidase
aspartate
adenosine triphosphate
base pairs
bovine serum albumin
copy DNA
cytoplasmic male sterility
cytochrome c oxidase
cysteine
3,3′-diaminobenzidine
dimethylformamide
Escherichia coli
flavin adenine dinucleotide
fresh weight
green fluorescent protein
gene of interest
β-glucuronidase
histidine
horseradish peroxidase
intergenic region
isopropyl-ß-D-thiogalactopyranoside
mitochondrial electron transport chain
nicotinamide adenine dinucleotide
optical density
programmed cell death
polymerase chain reaction
photosystem
reactive oxygen species
retrograde signaling
reverse transcription PCR
standard error
serine
transferred DNA
threonine
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UTR
WT
X-Gluc

Abbreviations

untranslated region
wildtype
5-bromo-4-chloro-3-indolyl-β-D-glucuronide
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Introduction

1.1

Proteolysis and the role of proteases

1

In all organisms proteins are involved in a variety of functions for example in transport,
signaling and cell protection. The function of a protein is dependent on the proper folding
of its polypeptide chain. However, by transcriptional and translational errors proteins can
be misfolded. But proper folded proteins can also be unfolded by different stress forms like
heat, oxygen radicals and metal ions (posttranscriptional unfolding). Finally, unfolding can
lead to the dysfunction of a protein (Amm et al., 2014).
Due to external exposed hydrophobic regions that are normally buried in the interior,
denatured proteins can form aggregates, which are toxic to the cell, since they disrupt
fundamental cellular functions by interacting with cellular membranes (Stefani & Dobson,
2003; Clausen et al., 2011). Protein aggregates can cause severe human diseases like
Alzheimer´s, Parkinson´s or type 2 diabetes. Also ageing and cancer are connected to
protein misfolding and aggregation (Stefani & Dobson, 2003; Chiti & Dobson, 2006; BenZvi et al., 2009; Amm et al., 2014). To reduce the risk of protein aggregation, damaged or
misfolded proteins have to be quickly removed or repaired. During evolution, nature has
developed different sophisticated protein quality control systems, consisting of proteases
and chaperones that ensure protein homeostasis by monitoring proper protein function.
Protein turnover is a tightly regulated process and constantly takes place in the cell (Amm
et al., 2014).
Chaperones are proteins that bind to polypeptides to promote proper folding and they are
also able to repair unfolded proteins by refolding. Irreversibly damaged proteins are
proteolytically degraded by proteases (Figure 1) (Amm et al., 2014). The term proteolysis
is defined as the hydrolysis of peptide bonds by enzymes called proteases or peptidases
(Berg et al., 2007).
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Figure 1: Major cellular pathways for protein quality control: Hydrophobic regions of
unfolded or misfolded proteins are bound by chaperones or by ATP-dependent proteases in
order to prevent formation of toxic aggregates. Chaperones allow unfolded proteins to
reach their native confirmation. Severely damaged proteins get degraded by proteases
after ATP-dependent unfolding, supplying the cell with free amino acids. Although the
major task of chaperones is the prevention of aggregates, they can also refold aggregated
proteins before addressing them to degradation (Wickner et al., 1999).
Plant cells possess a high number of proteases, which are localized in most subcellular
compartments. The central protein degradation system in the nucleus and cytosol is the
ubiquitin-proteasome system. The 26S proteasome in eukaryotic cells is a highly conserved
oligomer consisting of threonine proteases. It degrades proteins tagged by an ubiquitin
chain, which is recycled (Vierstra, 2009). The vacuoles are rich in hydrolytic enzymes,
which may play similar roles in autophagy as the lysosomes in animal cells. Due to the
evolutionary origin of chloroplasts and mitochondria, their proteases are closely related to
bacterial systems (Callis et al., 2015).
Proteases do not only contribute to protein quality control removing non-functional
proteins, but also to other proteolytic processes. Some proteins are degraded because they
are not needed anymore, e.g. short-lived biologically active molecules, and many proteins
are degraded in the digestive system of animals and other organisms. Every protein
degradation results in the release of amino acids, which can be recycled to synthesize new
proteins (Berg et al., 2007).
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Additionally, proteases are involved in enzyme activation and in signaling cascades by
specific proteolytic cleavage, a post-translational irreversible modification. Many enzymes
like the digestive enzymes (e.g. trypsin and chymotrypsin), protein hormones like insulin
or the fibrinogen in the blood clutting system are synthesized as zymogens (proenzymes)
and have to be activated by proteolytic removal of a peptide. Another example for posttranslational modification is the removal of signal sequences or transit peptides of proteins
from the secretory pathway or of proteins after being transported into an organelle (Callis
et al., 2015).
Some regulatory pathways contain a proteolytic cascade. Most well-investigated is the
induction of apoptosis in mammalian cells. The programmed cell death (PCD) is mediated
by cysteine proteases, the caspases, which cleave at specific aspartate-containing sites. By
an extra- or intracellular apoptotic stimulus initiator caspases get activated by cleavage and
can activate further caspases, the executioner caspases, leading inescapably to PCD (Turk
& Stoka, 2007).

1.1.1 The nomenclature of proteases
The vast number of proteases within a single organism might be an indication for a high
significance of proteolysis. In Arabidopsis for example, approximately 800 genes encoding
proteases were predicted and approximately 1,000 more genes whose products are
involved in proteolytic pathways. In order not to lose track over all these different kind of
proteases, a systematic nomenclature system is advantageous (van der Hoorn, 2008; Callis
et al., 2015).
On the one side there are the ATP-dependent Clp, Lon and FtsH proteases and on the other
side the ATP-independent rhomboid, processing and Deg/HtrA proteases (Garcia-Lorenzo
et al., 2006; Kwasniak et al., 2012). Furthermore, the proteases can be simply
distinguished according to the position of their cleavage sites. There are the exopeptidases
which cleave the peptide bond at the N- (aminopeptidases) or C-terminus
(carboxypeptidases) releasing a single amino acid or a di- or tripeptide and there are the
endopeptidases which cleave inside a polypeptide chain (van der Hoorn, 2008).
All enzymes are classified in EC numbers (Enzyme Commission number), which is a
numerical classification of enzymes based on the chemical reaction they catalyze
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(http://www.chem.qmul.ac.uk/iubmb/enzyme). Proteases are listed in the EC group 3 as
hydrolases and in subgroup 4 for acting as peptidases.
The MEROPS peptidase database (http://merops.sanger.ac.uk) classifies proteases into
families and clans. Proteases within a family have statistically significant similarities in
their amino acid sequence. Homologous families are further grouped into clans. Each
member of a family shares the same catalytic mechanism mediated by the respective amino
acid or metal ion (usually Zn2+) in the active site which facilitates the hydrolysis of the
peptide bond. Hence, proteases are distinguished between aspartic- (A), cysteine- (C),
glutamic- (G), metallo- (M), asparagine- (N), serine- (S) and threonine- (T) proteases and
protease families, which have mixed (P) catalytic centers (consisting of C, S, T) or an
unknown (U) one. If there is evidence for a very ancient evolutionary divergence within
the family, the families are further divided into subfamilies (Rawlings et al., 2014).
The peptide bonds in a protein are thermodynamically instable, but kinetically stable and
therefore proteolysis needs a catalyst. The protease families have two different
mechanisms to cleave a peptide bond. Aspartic-, glutamic- and metalloproteases activate a
water molecule by the respective amino residue or the metal ion in the catalytic center. The
water molecule directly acts as a nucleophile cleaving the peptide bond. In serine-,
cysteine- and threonine proteases the Ser, Cys or Thr amino acid residue, respectively, acts
as nucleophile, forming a covalently bound enzyme-substrate intermediate, which is in the
end cleaved by a water molecule to release the product and to restore the catalytic activity
of the enzyme. The strong nucleophily of the appropriate amino acid residue in the
catalytic center is promoted by a neighboring His and Asp residue forming the “catalytic
triad” of the protease (Berg et al., 2007; van der Hoorn, 2008).

1.1.2 The family of Deg/HtrA proteases
Deg/HtrA proteases (hereafter Deg proteases) were initially discovered in Escherichia coli
mutants that were not able anymore to degrade misfolded, periplasmic proteins (DegP for
degradation of periplasmic proteins) and to grow at elevated temperatures (HtrA for high
temperature requirement A) (Lipinska et al., 1989; Strauch et al., 1989). Deg proteases are
present in nearly all organisms from all kingdoms of life and belong to the core set of
proteases found in cells (Clausen et al., 2011; Schuhmann & Adamska, 2012). The number
of Deg proteases varies strongly between different organisms. In the bacterium E. coli
three Deg proteases are known (DegP, DegS and DegQ) (Clausen et al., 2011), in the yeast

1 Introduction

5

Saccharomyces cerevisiae only one (Ynm3/Nma111) (Padmanabhan et al., 2009), in
higher plants usually more than 10, e.g. 15 in rice (Oryza sativa, OsDEG1-15) (Tripathi &
Sowdhamini, 2006), and in humans five (HtrA1-4, Tysnd 1) (Vande Walle et al., 2008;
Schuhmann & Adamska, 2012).
Deg proteases belong to the ATP-independent serine endopeptidases. Since the unfolding
of proteins needs energy, the substrate range of Deg proteases is limited to unfolded
polypeptide chains. Deg proteases possess a trypsin-like protease domain with a catalytic
triad containing the residues histidine, aspartate and serine and up to two PDZ domains at
the C-terminus (Figure 2). Deg proteases like the A. thaliana DEG7 or Nma111 in yeast
form an exception with four PDZ domains (Ponting, 1997; Schuhmann & Adamska, 2012;
Rawlings et al., 2014). The protease domain mediates the proteolytic function of the
protease and often trimerization, whereas the PDZ domains may be involved in substrate or
effector binding, regulation of the protease function, oligomerization and cellular
localization of the protease. PDZ domains were named for the first three identified proteins
with such a domain: postsynaptic density of 95 kDa, Discs large and zonula occludens 1.
At the N-terminus of Deg proteases additional domains like signal peptides or
transmembrane anchors can be present (Clausen et al., 2002; Clausen et al., 2011).

Figure 2: Schematic structure of the Deg serine proteases: The trypsin-like protease
domain possesses a catalytic triad consisting of the amino acid residues histidine (H),
aspartate (D) and serine (S). Most Deg proteases have at least one C-terminal PDZ
domain. Additionally, some Deg proteases have a signal peptide or a transmembrane
anchor located at the N-terminus.
The structural unit of Deg proteases is a funnel-shaped trimer, which can form higher
oligomeric structures following activation. The core of the trimer consists of the protease
domains, whereas the PDZ domains form flexible overhanging arms. Although Deg
proteases have a similar structure, their function can be diverse. However, the protein
quality control belongs to their key function.
The best investigated Deg proteases are the ones in E. coli and humans. In E. coli, DegP is
a periplasmic heat shock protein and protects cells from protein-folding stress. DegQ
probably shares similar functions with DegP, whereas DegS is an exclusively regulatory
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protease in the cell envelope (Clausen et al., 2011). It cleaves the anti-σ factor RseA, a
negative regulator of the σE unfolded protein response (UPR) signaling pathway (Chaba et
al., 2007). The best-studied members of the human Deg proteases are HtrA1 and HtrA2
which are involved in tumour suppression, control of cell proliferation, cell migration and
neurodegeneration (Clausen et al., 2011).
Some representatives of the Deg proteases function as chaperone as well as protease, like
the E.coli DegP, whose functional switch is temperature-dependent (Spiess et al., 1999),
and the stromal DEG1 protease in A. thaliana (Kapri-Pardes et al., 2007; Sun et al.,
2010b).

1.2

Arabidopsis thaliana – a model organism for higher
plants

The plant Arabidopsis thaliana (thale cress) is an agriculturally inconsiderable weed. It is a
member of the mustard family (Brassicaceae) and is indigenous in Europe, Asia, Australia,
North America and in the northwest of Africa. There are several reasons why A. thaliana
became one of the most prominent representatives for higher plants in studies concerning
molecular biology and developmental physiology (Meinke et al., 1998).
One of the most important features is the small genome with approximately 27,416
protein-coding genes on 5 chromosomes (according to the current genome annotation:
TAIR10, www.arabidopsis.org), so that genetic mutant analyses can be easily performed.
In the year 2000, the Arabidopsis genome was the first plant genome, which was
completely sequenced (The Arabidopsis Genome Initiative, 2000; Schopfer & Brennicke,
2010). Most Arabidopsis genes are already available on gene chips in order to investigate
changes in gene expression under various conditions (data available e.g. in the eFP
Browser (Winter et al., 2007)).
The plant is relatively small and can easily be grown under constricted space conditions,
even on petri dishes. Favorable is also the short generation time of eight weeks from seed
germination to seed production, the high amount of seeds with several thousand seeds per
plant and the self-pollinating blossoms which permit a selective, experimental pollination.
Arabidopsis cells and especially the plants can be easily transformed, for example with
Agrobacterium tumefaciens cultures inserting transferred DNA (T-DNA) into the plant
genome.
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In order to analyze the function of genes and the protein they encode, loss-of-function
mutations or protein overexpression represent very effective and frequently used genetic
approaches. In the most commonly applied A. tumefaciens-mediated transformation, an
engineered transferred DNA (T-DNA) is inserted at a random position into the plant
genome. This event potentially interrupts a gene leading to its loss-of-function.
Subsequently, loss-of-function mutants, screened for a homozygous insertion, can be
phenotypically characterized providing information on the physiological function of the
gene (Alberts et al., 2002; Alonso et al., 2003; Kuromori et al., 2009). The position of the
T-DNA insertion into the genome is determined by high-throughput approaches and the
information is stored in databases. For Arabidopsis big stock centers like the ABRC
(Arabidopsis Biological Resource Center, Ohio University, USA) or the NASC (The
European Arabidopsis Stock Center) were set up, which distribute amongst others seeds
from T-DNA insertion lines or cDNA clones. Since the predicted insertion sites are not
always 100% accurate, the position has to be confirmed by PCR.
A. tumefaciens inserts the T-DNA on average 1.5 times into the genome, therefore the gene
of interest may be inserted several times in the plant genome. However, by every insertion
event there is the risk to damage genes, finally observing a phenotype not deriving from
the overexpression or the inactivation of the gene of interest (GOI) (Weigel & Glazebrook,
2002).
Concerning loss-of-function mutants: There are several possibilities to test whether the
observed phenotype is due to the manipulation of GOI: Comparison of the phenotype with
the phenotype of independently generated T-DNA insertion lines. If no second line is
available, the homozygous insertion line has to be backcrossed with the wildtype. If the
insertion is cause of the phenotype, phenotype and insertion will cosegregate and the same
phenotype will be found in the backcrossed, homozygous plants. Another possibility of
control is the transformation of the homozygous mutants with the wildtype version of the
gene (gene complementation). If the observed phenotype reverts to wildtype´s, the
insertion in the GOI must have caused the observed phenotype (Weigel & Glazebrook,
2002).
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Deg proteases in A. thaliana including DEG10 - the
protease of interest

The genome of A. thaliana codes for 16 Deg proteases, which are localized in different
subcellular compartments: the chloroplast, mitochondrion, nucleus and peroxisome
(Schuhmann & Adamska, 2012; Tanz et al., 2014).
The majority of the A. thaliana Deg proteases was predicted to be chloroplastic, present
either in the thylakoid lumen or the chloroplast stroma (Figure 3). The chloroplastic Deg
proteases were shown to be involved in the degradation of photodamaged proteins of the
photosynthetic machinery especially of the D1 protein in photosystem II (PSII) (Clausen et
al., 2011; Schuhmann & Adamska, 2012). It was reported that the protease DEG1
cooperates with the ATP-dependent protease FtsH in degrading the D1 protein in PSII:
DEG1 cleaves luminal loops and thereby facilitates the extraction and processive
degradation of transmembrane helices by FtsH (Kapri-Pardes et al., 2007). DEG1
additionally acted as chaperone, assisting in the assembly of the PSII dimer (Sun et al.,
2010b). DEG5, DEG7 and DEG8 were also shown to be involved in the cleavage of loops
at the luminal and stromal side, respectively, of the D1 protein (Sun et al., 2007; Sun et al.,
2010a), whereas the precise function of the stromal DEG2 protease remains still elusive
(Clausen et al., 2011; Schuhmann & Adamska, 2012).

Figure 3: Subcellular localization of Deg proteases in A. thaliana: (*) The localization of
DEG7 is ambiguous and DEG7 may be present in the nucleus and/or chloroplast.
Potential pseudogenes, for which no transcript or protein product was shown or proteases
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whose subcellular localization is unknown, were not depicted (modified from Schuhmann
and Adamska (2012)).
Regarding the localization and function of DEG7 inconsistent data are available. Sun et al.
(2010a) demonstrated by a GFP fluorescence microscopy study with the N-terminal part of
DEG7 and by biochemical analyses that DEG7 seems to be peripherally associated with
the stromal side of the thylakoid membrane, participating in the repair of PSII. In contrast,
an exclusive nuclear localization of DEG7 was shown by Mogg (2014) and Erhardt (2012)
by GFP analysis with a full length version of DEG7 and by immunoblot analysis of
isolated nuclei. Furthermore, it was shown that DEG7 is involved in pro-apoptotic
processes (Mogg, 2014). Therefore, the question for the precise subcellular localization of
DEG7 remains unanswered.
Another nuclear protease was identified, DEG9, which is the only Deg protease present in
the nucleolus shown by proteomic data (Pendle et al., 2005). The nucleolar localization
was further strengthened by several approaches with GFP fluorescence and immunoblot
analyses of cell fractionations (Huesgen, 2007; Schuhmann, 2008; Gasparic, 2015).
The only peroxisomal protease, DEG15, was shown to cleave the peroxisomal targeting
signal 2 (PTS2) of proteins imported into the peroxisome (Helm et al., 2007; Schuhmann
et al., 2008). A study with deg15 loss-of-function mutants suggested that the ß-oxidation
may be hindered by the lack of DEG15 and the resulting absence of enzyme processing
(Schuhmann et al., 2008).
Very little is known about the physiological function of mitochondrial Deg proteases.
Eight Deg proteases of A. thaliana may be localized in mitochondria according to
sequence-based prediction or experimental evidence: DEG3, DEG4, DEG6, DEG7,
DEG10, DEG11, DEG12 and DEG14 (Schuhmann & Adamska, 2012; Basak et al., 2014;
Tanz et al., 2014). For DEG3, DEG4 and DEG12, evidence for gene expression has only
been obtained by microarray analyses, while DEG6 transcripts were hardly ever detected
even in RNA-seq experiments (eFP Browser (Winter et al., 2007)) and therefore these four
DEG genes may be pseudogenes. DEG11 was predicted to be mitochondrial and the first
100 amino acids of DEG11 mediated the import of a fusion protein into mitochondria,
whereas in a single large-scale proteomic approach DEG11 was detected in a thylakoid
membrane fraction (Friso et al., 2004). Therefore the mitochondrial localization of DEG11
is questionable. The mitochondrial localization of DEG14 was experimentally confirmed
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(Basak et al., 2014; Tanz et al., 2014; Gasparic, 2015) and DEG14 is suggested to be
involved in thermotolerance acquirement (Larkindale & Vierling, 2008; Basak et al.,
2014). The actual localization of the other predicted mitochondrial Deg proteases remains
uncertain, since the experimental data is limited to results derived from overexpression of
GFP-tagged fusion proteins (Tanz et al., 2014).
For the protease DEG10, subject of the present study, sequence based algorithms predicted
a mitochondrial localization and only a low probability of additional targeting to plastids
(plant membrane protein database ARAMEMNON 8.0, (Schwacke et al., 2003)), whereas
in co-localization studies overexpressed DEG10-GFP was reported to be dually targeted to
mitochondria and chloroplasts (Tanz et al., 2014). Phylogenetic studies in eukaryotic,
photosynthetic organisms revealed eight Deg proteases that had clear orthologs in all
analyzed organisms and thus seem to represent a minimal set of Deg proteases needed for
protein quality control (Schuhmann et al., 2012). In this core set of Deg proteases, DEG10
is the only representative with a predicted mitochondrial localization, suggesting an
essential function of DEG10 in mitochondria of plants and algae. Lister et al. (2004) have
shown that the DEG10 transcript level was elevated more than two-fold in A. thaliana cell
cultures treated with inhibitors of the mitochondrial electron transport. Additionally, in one
microarray analysis an increase of DEG10 expression under heat stress was observed
(Sinvany-Villalobo et al., 2004), whereas this observation was not consistently reproduced
in other, similar experiments (Expression Browser of the Bio-Analytic Resource (BAR)
database, (Toufighi et al., 2005)).

1.4

Mitochondria – the powerhouses of the cell

Mitochondria are semiautonomous organelles, which contain their own residual genome
and ribosomes for protein synthesis, while most of the mitochondrial proteins, including
DEG10, are encoded in the nuclear genome. Mitochondria consist of four different
compartments: the outer membrane, the inner membrane, the intermembrane space and the
matrix. The inner membrane can be further subdivided into the inner boundary membrane,
which is positioned near the outer membrane and the cristae membrane, which forms inner
membrane folds (cristae) into the matrix (Figure 4) (Staehelin, 2015).
The best characterized function of mitochondria is the production of energy in form of
ATP by oxidative phosphorylation. In darkness and in photosynthetically inactive cells,
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mitochondria are the major site of ATP synthesis in plant cells. However, mitochondria
fulfill a variety of other cellular functions. They are involved in sugar and fatty acid
catabolism, amino acid metabolism, calcium homeostasis, in the synthesis of iron-sulfur
(Fe-S) clusters, steroids and even essential factors like ascorbic acid. Moreover they are
involved in the regulation of apoptosis and in photorespiration in C3 plants (Agrawal et al.,
2011; Raimundo, 2014).

Figure 4: Structural organization of mitochondria: Mitochondria consist of an inner and
outer membrane, the intermembrane space and the matrix. The inner membrane forms
membrane folds (cristae) into the matrix. The regions of the inner membrane which are
close to the outer membrane are also called inner boundary membranes (modified from
Blanco et al. (2011)).

1.4.1 The mitochondrial electron transport chain and its special
features in plants
The mitochondrial electron transport chain (mETC), consisting of five protein complexes,
is located in the inner mitochondrial membrane, especially at the cristae, and couples the
reduction of O2 with the production of ATP, called oxidative phosphorylation (Figure 5).
Energy-rich carbohydrates, produced by photosynthesis, are oxidized in the tricarboxylic
acid (TCA) cycle and chemical energy is conserved in form of the reducing equivalents
NADH and FADH2, whose electrons are introduced into the mETC by complex I (NADH
dehydrogenase) and complex II (succinate dehydrogenase), respectively. The electrons are
transported via the ubiquinone pool (Q), complex III (the cytochrome c reductase) and
cytochrome c (cyt c) to complex IV at which O2 is reduced to H2O by the terminal cyt c
oxidase. The transport of electrons across the inner mitochondrial membrane is
accompanied with the translocation of protons at complex I, III and IV from the matrix into
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the intermembrane space. The obtained proton motif force is used to synthesize ATP by
the ATP-synthase (complex V) (Fernie et al., 2004; Jacoby et al., 2012).

Figure 5: The mitochondrial electron transport chain (mETC) in the inner membrane
consists of five complexes: complex I: NADH dehydrogenase; II: succinate
dehydrogenase; III: cytochrome c reductase; IV: cytochrome c oxidase (COX); V: ATPsynthase; mobile electron carriers: ubiquinone pool (Q), cytochrome c (cyt c). The
reducing equivalent NADH and the substrate succinate, which reduces FAD, are
introduced from the tricarboxylic acid (TCA) cycle. Plants possess additional internal and
external NAD(P)H dehydrogenases and a second terminal oxidase, the alternative oxidase
(AOX), by which they can flexibly react to stress conditions (modified from Raghavendra
and Padmasree (2003)).
A particular feature of the mETC in plants is the presence of internal and external
alternative NAD(P)H dehydrogenases and a second terminal oxidase, the alternative
oxidase (AOX), which transfers electrons from ubiquinone directly to molecular oxygen.
The AOX is a homodimeric protein associated to the matrix-exposed side of the inner
mitochondrial membrane. It is found in all higher plants, but not exclusively. It was also
found in many fungi, protists and animal species (Albury et al., 2009). The AOX
constitutes an alternative pathway in the mETC by directly coupling the oxidation of the
ubiquinone pool with the O2 reduction (Albury et al., 2009; Vanlerberghe, 2013). This
pathway was identified due to the ability of plant mitochondria to consume O2 in the
presence of cyanide, an effective inhibitor of complex IV, and to perform respiration in the
absence of ADP sources (Jacoby et al., 2012). By the AOX pathway protons can only be
pumped across the membrane by complex I, dramatically reducing the ATP yield.
However, if electrons flow from an alternative NAD(P)H dehydrogenase or from complex
II to the AOX, this pathway is completely uncoupled from ATP synthesis enabling plants
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to react with more flexibility especially under stress conditions (Albury et al., 2009;
Vanlerberghe, 2013). In summary, plants have additional mETC components by which
they can modulate the ATP yield of respiration (Albury et al., 2009; Vanlerberghe, 2013).
In A. thaliana five AOX genes are known (AOX1a, 1b, 1c, 1d and 2) which showed in
mRNA expression experiments a tissue- and development-dependent expression and
therefore their function seems to be specialized. AOX1a is the gene predominantly
expressed in various tissues (Clifton et al., 2006).
Thermogenic plants produce heat by intense respiration, mainly via the AOX pathway
(Meeuse, 1975; Wagner et al., 2008). This heat can be used to volatilize insect attracting
compounds and thereby increase the chance for successful pollination and reproduction
(Wagner et al., 2008; Seymour et al., 2015). Moreover, AOX is induced by high levels of
reactive oxygen species (ROS) and occupies an important position in suppression of ROS
production by preventing overreduction of components of the mETC (Van Aken et al.,
2009; Vanlerberghe, 2013). The latter could lead to an interruption of the glycolysis and
the TCA cycle which delivers the reduction equivalents. Therefore, under stress conditions,
AOX activity enables a high carbon conversion and a rapid TCA cycle, although at the cost
of reduced ATP synthesis. AOX was also shown to modulates the plant´s growth in
response to nutrient availability (Polidoros et al., 2009). In summary, AOX maintains the
metabolic homeostasis by uncoupling the carbon metabolic pathway and ATP synthesis
(Vanlerberghe, 2013). Furthermore, it was shown that the lack of AOX1a in A. thaliana
plants led to higher sensitivity to drought stress combined with high light stress and to
programmed cell death in tobacco cell suspensions (Robson & Vanlerberghe, 2002; Giraud
et al., 2008).

1.4.2 The formation of reactive oxygen species (ROS)
In plants, reactive oxygen species (ROS) like the superoxide anion (·O2-), hydrogen
peroxide (H2O2) or the hydroxyl radical (·OH) are permanently produced at a variety of
sites in the cell, especially in chloroplasts and mitochondria as by-products of
photosynthesis and respiration, respectively. ROS can cause oxidative damage to lipids,
nucleic acids and proteins and can even lead to cell death. Therefore the cell possesses
different strategies to detoxify or to suppress the formation of ROS. The production of
ROS is strongly increased under diverse stress conditions like drought, heat and high light
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(Blokhina & Fagerstedt, 2010; Tripathy & Oelmüller, 2012; Schwarzländer & Finkemeier,
2013).
In mitochondria, the mETC and more precisely complex I and III are the main sites of
ROS formation (Schwarzländer & Finkemeier, 2013). Stress conditions can cause redox
imbalances in the mETC, leading to overreduction of electron carriers, to the subsequent
escape of electrons from the system and finally to the formation of ROS. Under normal
conditions, the ROS are effectively detoxified by diverse antioxidants and antioxidative
enzymes like Mn-superoxide dismutase, ascorbate and glutathione peroxidases and
catalase (D'Arcy-Lameta et al., 2006; Blokhina & Fagerstedt, 2010; Tripathy & Oelmüller,
2012). Stress conditions can cause an imbalance between ROS production and
detoxification leading to oxidative stress. The mitochondrial retrograde signaling (see
chapter 1.4.3) has a central role in suppression of ROS formation (Rhoads & Subbaiah,
2007).
ROS are not only a threat to the cell, but also act as signaling molecules involved in the
regulation of growth, development (see chapter 1.4.4), pathogen responses like
hypersensitive reaction, production of stress hormones, acclimation and programmed cell
death (Apel & Hirt, 2004; Tripathy & Oelmüller, 2012; Schwarzländer & Finkemeier,
2013).

1.4.3 The mitochondrial retrograde signaling and its role in the
mitochondrial stress response
The mitochondrial respiration possesses a central role in cellular homeostasis and has to be
adapted to changing environmental conditions. Mitochondria can sense redox imbalance
caused by stress conditions subsequently inducing complex mitochondrial stress responses
including the stimulation of PCD (Rhoads & Subbaiah, 2007; Schwarzländer &
Finkemeier, 2013). How is this response triggered, with many of the mitochondrial
proteins being nuclear encoded? The nucleus, which possesses the majority of genetic
information, mainly controls the organelles´ (mitochondria and chloroplast) gene
expression, growth and development. Stimuli like ROS, the antioxidant pool, the protonmotive-force or the ATP/ADP ratio can act as signals activating signal pathways to the
nucleus to regulate nuclear gene expression. This process is defined as retrograde (RTG)
signaling (organelle to nucleus) (Figure 6) (Yang et al., 2008; Suzuki et al., 2012; Ng et
al., 2014). Thereby genes of the antioxidant enzymes or the AOX and NAD(P)H
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dehydrogenases are induced (Rhoads & Subbaiah, 2007). AOX has a predominant role in
metabolic and signaling homeostasis and the transcript of the nuclear encoded AOX1a is
often used as a general marker of mitochondrial dysfunction and RTG signaling
(Vanlerberghe, 2013). Besides induction of AOX expression and activity, the expression of
many other stress related genes are induced like the ones of the mitochondrial heat shock
proteins (HSPs), which prevent denaturation and aggregation of proteins (Schwarzländer &
Finkemeier, 2013). The mitochondrial RTG signaling is not only involved in signaling
concerning mitochondrial function, but also interacts with chloroplast-, growth- and stresssignaling pathways in the cell. There is evidence that several types of mitochondrial RTG
signaling pathways exist in plants, but it is still virtually unknown how this signaling
works in plants and mammals, since no complete RTG signaling pathway was identified so
far (Yang et al., 2008; Schwarzländer & Finkemeier, 2013).
Hence, beside their role in primary metabolism, mitochondria have a central role in cell
signaling and in stress adaptation also affecting plant growth and development (see chapter
1.4.4) (Yang et al., 2008; Ng et al., 2014). This highlights the significance of mitochondria
in the cell.

Figure 6: The central role of mitochondria in cell signaling: Mitochondria can sense
external (environmental) and internal (cellular and interorganellar) stimuli which
influence their respiratory status. Imbalances initiate signaling either by directly
regulating mitochondrial and cellular processes or by changing the nuclear gene
expression (retrograde (RTG) signaling). In return, the changes in gene expression can
regulate mitochondrial, chloroplastic or other processes within the cell (Schwarzländer &
Finkemeier, 2013).
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1.4.4 Plant growth and development and the effects of
mitochondrial dysfunction
Plant growth and development, characterized by the three major cellular processes
division, expansion and differentiation, are regulated by an interplay between
environmental factors, like light and temperature conditions, and cellular regulators (Gray
et al., 1998; Carpita et al., 2015). The cellular regulation is a sophisticated system
dependent on the crosstalk of phytohormones, metabolites, nutrients and other signaling
molecules like ROS. Therefore, the hormonal pathways and the metabolic state have to be
tightly linked. Additionally, there is the need of long-distance connections between shoot
and root tissues (Ljung et al., 2015; Xia et al., 2015). In the plant several groups of growth
hormones, including steroids and peptides, and the five classical groups of cytokinins,
ethylene, abscisic acid, giberellins and auxin are present. Indole-3-acetic acid (IAA), the
most abundant form of auxin, is an essential growth hormone in plants, since it is involved
in most developmental aspects in a plant´s life like the differentiation of vascular tissues,
the growth in response to light, gravity and contact (tropisms) and the formation of organs
(Tanaka et al., 2006; Teale et al., 2006). In tissues, an asymmetric auxin distribution exists.
Most auxin is produced in the shoot and distributed all over the plant by a polar transport
mediated by influx and efflux transporters producing an auxin gradient which determines
polar cell growth and morphogenesis. These transporters enable the directional transport of
auxin according to development or environmental stimuli (Tanaka et al., 2006; Ivanova et
al., 2014; Xia et al., 2015). The directional transport and the homeostasis of auxin can be
modified by other phytohormones and sugars and are tightly linked to ROS production
(Ivanova et al., 2014; Ljung et al., 2015).
Sugars, including sucrose as the major transport form, possess a key role in the regulation
of plant growth and development by three means: (i) They are the building blocks for the
cell wall and the raw material for virtually all cellular components (Carpita et al., 2015).
(ii) They can provide energy as substrates for mitochondrial respiration (Millar et al.,
2015) and (iii) they act as signaling molecules (Zeeman, 2015). Sugar signaling has been
demonstrated to regulate auxin biosynthesis adjusted to developmental needs (Mishra et
al., 2009; Stewart et al., 2011; Ljung et al., 2015). Auxin and sucrose can function as
short- as well as long-distance signaling molecules, linking growth and development of
shoots and roots. However, not much is known about the mechanisms, by which sugar and
auxin signaling interact (Ljung et al., 2015). It was shown that sugars play an important
role in root morphogenesis and it was suggested that sucrose eventually participates in
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regulating auxin transport from the shoot to the root and in increasing the sensitivity of
roots to auxin (Mishra et al., 2009; Fusconi, 2014).
ROS, mostly produced under stress conditions, are suggested to attenuate auxin signaling
by the degradation or oxidative inactivation of auxin and also by a decreased expression of
genes which are involved in polar auxin transport and signaling (Xia et al., 2015).
Due to their sessile lifestyle, plants are permanently exposed to changing environmental
conditions causing stress. In order to optimize vitality and fitness, growth and development
of a plant have to be adapted to its metabolic status, which is primarily determined by the
efficiency of photosynthesis, the uptake of nutrients and the mitochondrial respiration
(Raimundo, 2014; Ljung et al., 2015; Xia et al., 2015).
Mitochondria play an essential function in growth and development since they maintain the
metabolism and energetic homeostasis. They can continuously supply the cell with ATP
even in darkness, when plastids cannot provide it and therefore they are particular
important in tissues in which photosynthesis is not or only insufficiently taking place
(Wang et al., 2012; Hsieh et al., 2015). This is the case for chloroplast-free tissues like
roots, pollen tubes or mature trichomes (Kristen, 1997; Jakoby et al., 2008). The nonglandular, unicellular trichomes (leaf hairs) in A. thaliana play a role in protecting from
herbivores, water loss and UV light, having an important role in plant growth and
development (Wagner et al., 2004; Pattanaik et al., 2014). But it was shown that trichomes
are also involved in oxidative stress by synthesizing high concentrations of glutathione,
which is an important antioxidant (Gutiérrez-Alcalá et al., 2000).
Mitochondria are not only particular important in various tissues, but also in some growth
stages which need a high availability of energy like the transition to flowering or the
production of seeds (Clifton et al., 2006).
Stress situations leading to a mitochondrial dysfunction can cause a reduction or even an
arrest of growth (Ivanova et al., 2014; Hsieh et al., 2015). Dysfunctional mitochondria will
affect auxin homeostasis by changing ROS levels on the one side and by nuclear gene
expression mediated by RTG signaling on the other side. In stress situations, mitochondrial
stress signaling, more precisely the induction of AOX1a and auxin signaling are
reciprocally regulated, in order to adapt growth and stress responses to cellular needs.
Mitochondria determine if cellular metabolites and energy are used for growth (signaled by
auxin) or for stress resistance (signaled by ROS) (Ivanova et al., 2014; Kerchev et al.,
2014).
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1.5

The aims of this study

Cellular protein quality control is a major prerequisite of plant stress adaptation, and
adaptation is the key to evolutionary success for plants, since they cannot escape from any
sort of stress they are exposed to. Deg proteases play an essential role in protein quality
control by contributing to removal and potentially also to re-folding of damaged proteins.
A phylogenetic study of Deg proteases in photosynthetic eukaryotes revealed that DEG10
is the only mitochondrial Deg protease present in all analyzed organisms, suggesting an
important function of DEG10 in mitochondria of plants and algae. Therefore, I set out to
characterize the physiological function of DEG10 in greater detail.
The aims of this study were:


The definite determination of the subcellular localization of DEG10 in A. thaliana
by two independent approaches, in order to overcome the ambiguity of information
about the localization in literature (chapter 2.1).



The investigation of the cell and tissue dependent regulation of DEG10 expression
in A. thaliana. Therefore, the tissue specificity of GUS activity under control of the
DEG10 promoter and additionally the regulation of DEG10 transcription by
quantitative transcription analyses at heat stress were examined (chapter 2.2).



The characterization of the physiological function of DEG10 in A. thaliana by
phenotypical analysis of a deg10 loss-of-function mutant. This study focused on
differences in the ultrastructure of mitochondria and in plant growth and
development under challenging growth conditions. Additionally, the metabolic
mechanisms behind the phenotypic differences were examined (chapter 2.3).



The identification of possible functional or regulatory interactions between the
proteases DEG10 and DEG14 and the characterization of deg10/deg14 double lossof-function mutants (chapter 2.4)
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Results

2.1

Localization of DEG10 in Arabidopsis

Sequence based prediction algorithms estimated a probability of up to 98% that DEG10 is
imported into mitochondria. The results are summarized in the plant membrane protein
database ARAMEMNON 8.0 (Schwacke et al., 2003) in which the predicted likelihood of
mitochondrial localization of DEG10 is 3.8 times higher than of localization in
chloroplasts. Tanz et al. (2014) reported dual targeting of DEG10-GFP to mitochondria
and chloroplasts in transiently transformed Arabidopsis cell cultures. For valid conclusions
about the molecular and physiological functions of DEG10, it was important to determine
the actual in vivo localization of DEG10. To solve the ambiguity of information about the
localization,

transgenic

plants

were

generated

stably

expressing

DEG10-GFP.

Additionally, the distribution of DEG10 in organelle preparations of WT plants was
analyzed by immunoblotting.

2.1.1 In vivo, DEG10-GFP was exclusively localized in
mitochondria
To analyze the localization of DEG10 in vivo, fluorescence pictures of protoplasts isolated
from three independently transformed DEG10-GFP expressing lines or WT plants were
recorded by confocal laser scanning microscopy (Figure 7 and Figure S 1 in Appendix).
The brightest fluorescence signals in the GFP channel in DEG10-GFP expressing cells
formed small dots (Figure 7a) which co-localized with the fluorescence signals of the
MitoTracker stained mitochondria (Figure 7b), resulting in yellow-orange dots in the
overlay of the false colored images (Figure 7c). Additional, fainter signals in the GFP
channel matched chlorophyll auto-fluorescence of chloroplasts (Figure 7a, d). However,
also in WT plants chlorophyll fluorescence signals with similar intensity were detected in
the GFP channel when identical settings for laser power and signal amplification were used
(Figure 7f). This strongly suggested that the signals in chloroplasts originated from bleedthrough of the chlorophyll auto-fluorescence into the GFP channel rather than from plastidlocalized DEG10-GFP (Figure 7i, j). Due to the generally rather weak fluorescence signals
of DEG10-GFP, despite the use of the 35S promoter for expression, it was not possible to
adjust the offset and gain of the microscope settings in a way to avoid the bleed-through of
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the chlorophyll fluorescence into the GFP channel. To ensure optimal comparability of
fluorescence signals from chloroplasts, identical settings of laser power and signal
amplification were used for the recording of the images of protoplasts from DEG10-GFP
expressing and WT plants.

Figure 7: Mitochondrial localization of DEG10-GFP in vivo: Confocal fluorescence
pictures of MitoTracker stained protoplasts isolated from DEG10-GFP expressing (a-e) or
wildtype (WT) plants (f-j); (a+f) green fluorescence (497 nm to 561 nm), (b+g)
MitoTracker Orange (572 nm to 615 nm, depicted in red); (c+h) merge of GFP (green)
and MitoTracker (red) fluorescence; (d+i) merge of GFP (green) and chlorophyll (Chl)
auto-fluorescence (657 nm to 690 nm, depicted in red); (e+j) merge of Chl autofluorescence (red) and a bright field image. The pictures are false-colored, both
MitoTracker and Chl signals are depicted in red for a better visualization of colocalization in merged pictures. The brightest signals of green fluorescence in DEG10GFP expressing plants co-localize with the red fluorescence signals of the MitoTracker
(c+h). The weaker green fluorescence signals were identified as the auto-fluorescence of
Chl (d+i). Scale bars = 5 µm.

2.1.2 Generation and characterization of a polyclonal anti-DEG10
immune serum and an anti-DEG10 peptide antibody
After it was revealed that overexpressed DEG10-GFP is exclusively localized in
mitochondria in vivo, the question arose if DEG10 is also localized in mitochondria in WT
plants. For immunoblot analyses a polyclonal antiserum against the recombinant fusion
protein 6x-His-DEG10ΔN92 (92 N-terminal amino acids were replaced by 6 His codons
(Zeiser, 2007)) was raised in rabbit and immuno-detection was performed after cell
fractionation. The antiserum allowed sensitive immunoblot detection of recombinant 6xHis-DEG10ΔN51 (≤0.2 ng) (Figure 8a). The presence of 6x-His-DEG10ΔN51 (~63 kDa)
was additionally confirmed by an anti-His-tag immunoblot (Figure 8e). However, the
DEG10 antiserum cross-reacted with several A. thaliana proteins particularly in soluble
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protein extracts (Figure 8b). There is evidence that the polyclonal antiserum additionally
reacted with other 6x-His-tagged proteins (data not shown). Hence, no statement about the
sensitivity against the native, untagged DEG10 can made.
In immunoblots with mitochondrial extracts, the anti-DEG10 antiserum detected in
addition to DEG10 a protein with nearly the same molecular mass and both proteins were
hardly separated from each other (data not shown). There was not enough serum left to
perform large-scale affinity purification. To overcome the limitations imposed by the low
specificity and the small available volume of the anti-DEG10 immune serum, it was
decided to obtain an affinity-purified peptide antibody against a specific peptide of
DEG10. Amino acids 60-73 (SSQSANSQNENRHT) of the DEG10 pre-protein were
selected as an antigen, especially based on a predicted high antigenicity and sequence
specificity in A. thaliana. Since the mitochondrial presequence of DEG10 was predicted to
be 22 amino acids long (TargetP; (Emanuelsson et al., 2000)), the anti-DEG1060-73 peptide
antibody should still recognize the mature protein. Indeed, the anti-DEG1060-73 peptide
antibody detected heterologously expressed 6x-His-DEG10ΔN51 (≥2.7 ng) and the signal
seemed to be specific (Figure 8c). The possibility that the signal is due to detected E. coli
proteins or the His-tag was excluded, since no signal was obtained in samples of E. coli
cells overexpressing another His-tagged protein (data not shown). However, the antiDEG1060-73 peptide antibody detected no DEG10 in the WT sample of A. thaliana neither
in total protein nor in isolated mitochondria (Figure 8d). Probably the protein concentration
of DEG10 was much too low, despite a total protein concentration of 16 µg.
Overall, the polyclonal anti-DEG10 serum seemed to be the most promising candidate for
DEG10 immuno-detection. By comparison of signal intensities using defined amounts of
6x-His-DEG10ΔN51 and identical incubation conditions and exposure times, it was
revealed that the polyclonal DEG10 antiserum was much more sensitive (24-times higher)
compared to the anti-DEG1060-73 peptide antibody. Therefore, the immunoblot conditions
for the polyclonal antiserum were further optimized. In the end the separation of these two
very closely situated proteins was successful, of which one was the potential DEG10
protein. Finally, the signal of DEG10 was unambiguously identified, since it was absent in
the deg10 loss-of-function mutant Δdeg10-1 (Figure 8b) (molecular characterization of
Δdeg10-1 see chapter 2.3.1). Hence, for the further analysis of the subcellular DEG10
localization the polyclonal anti-DEG10 serum was used.

22

2 Results

Figure 8: Characterization of the polyclonal anti-DEG10 immune serum (a+b) and the
anti-DEG1060-73 peptide antibody (c+d) by immunoblot analyses: (a-e) 6x-HisDEG10ΔN51 (63 kDa) was heterologously expressed in Escherichia coli. Indicated
amounts of the recombinant protein were separated by SDS-PAGE (10% gel) and detected
with the (a) polyclonal anti-DEG10 serum (exposure time: 30 s), (c) anti-DEG1060-73
peptide antibody (exposure time: 20 min) and (e) anti-5x-His antibody; 6x-HisDEG10ΔN51 is marked by a red arrow. (b+d) Mitochondria (M) and total protein (TP)
were isolated from WT and Δdeg10-1 Arabidopsis thaliana plants. (b) 8 µg protein of M
and TP and 1.08 ng protein of recombinant 6x-His-DEG10ΔN51 were loaded and
immuno-detection was performed with the polyclonal anti-DEG10 serum. Native DEG10 is
marked by a red arrow. (d) 16 µg protein of M and TP and 8 ng protein of recombinant
6x-His-DEG10ΔN51 were loaded and immuno-detection was performed with the anti-
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DEG1060-73 peptide antibody. The molecular weights of the protein markers are indicated
on the left in kDa.

2.1.3 After cell fractionations of wildtype plants, DEG10 was
exclusively detected in mitochondria
Since a suitable DEG10 antiserum was available, the localization of DEG10 was
investigated by cell fractionation with subsequent immunoblotting. Protein extracts from
highly purified, intact mitochondria and chloroplasts were prepared. SDS-PAGE and
Coomassie staining revealed differential protein patterns in the variable subcellular
compartments and confirmed equal protein concentration in each fraction (Figure 9a). The
protein samples were analyzed by immunoblotting using the polyclonal anti-DEG10
immune serum as well as antibodies against organelle marker proteins. In the organelle
samples, the anti-DEG10 serum reacted with fewer proteins than in total soluble extracts.
In the mitochondria sample of the WT plant, the strongest signal derived from a protein
with a molecular mass of roughly 60 kDa (predicted molecular weight of the unprocessed
DEG10 protein: 65 kDa), unambiguous DEG10, since this signal was missing in the
sample of the Δdeg10-1 mutant (Figure 9a). In contrast, the anti-DEG10 serum did not
detect any protein in the same molecular mass range in the sample of purified chloroplasts.
In the total protein fraction the concentration of DEG10 was apparently too low to be
detected.
Identity and purity of the isolated organelles was confirmed using arginase (38 kDa),
Hcf101 (high chlorophyll fluorescence protein 101; expected mass of 57 kDa) and Lhcb2
(light-harvesting complex protein b2; 25 kDa) as markers for mitochondria, chloroplast
stroma and thylakoid membranes, respectively. All analyzed marker proteins were strongly
enriched in the expected organelle fractions. The distribution of Hcf101 and Lhcb2
indicated that the mitochondrial preparation was virtually free of soluble chloroplast
proteins, whereas a residual amount of thylakoid membranes was present. Vice versa, the
distribution of arginase confirmed that the chloroplast sample contained no detectable
contamination with mitochondria. Hcf101, but not arginase, was also detected in the
soluble protein fraction, indicating that a substantial fraction of the chloroplasts were
ruptured during organelle preparation, whereas the majority of the mitochondria stayed
intact.
In order to find out whether DEG10 is a soluble or membrane bound protein, a
fractionation of the isolated mitochondria pellet (P) was performed. Immunoblotting
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revealed that DEG10 was present in the membrane fraction (MF) as well as in the soluble
fraction (SF) (Figure 9b+c). However, the ratio of the signal intensities was variable
between different preparations. The enrichment and purity of the membrane and soluble
fractions was confirmed by the mitochondrial matrix protein GDC-H (glycine
decarboxylase complex subunit H; expected mass of 14 kDa) and the mitochondrial
membrane protein COXII (cytochrome c oxidase subunit II, expected mass of 30 kDa).
The membrane and soluble fractions were (mostly) pure (Figure 9b+c).

Figure 9: Analysis of the localization of DEG10 by cell and mitochondria fractionation:
(a) Proteins were isolated from wildtype (WT) plants and mitochondrial proteins also from
Δdeg10-1 mutants. 8 µg protein were separated on a 10% SDS gel: total protein (TP),
soluble protein (SP), chloroplasts (C) and mitochondria (M). The following proteins were
detected by immunoblotting: DEG10 (predicted size of the processed protein: 62 kDa),
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organelle marker proteins: mitochondrial arginase (38 kDa), stromal Hcf101 (high
chlorophyll fluorescence protein 101; 57 kDa), thylakoid protein Lhcb2 (light-harvesting
complex protein b2; 25 kDa). The Coomassie stained SDS gel served as loading control.
(b-c) Total protein (TP) and mitochondria (M) were isolated from WT plants. Intact
mitochondria (P) were fractionated into a membrane (MF) and soluble fraction (SF).
10 µg protein were loaded per lane. DEG10 and the following marker proteins were
detected by respective antibodies: matrix protein GDC-H (glycine decarboxylase complex
subunit H), mitochondrial membrane protein COXII (cytochrome c oxidase subunit II). (b)
15% SDS gel; (c) 12% SDS gel. The anti-GDC-H antibody was diluted 1:5,000 in (b) and
1:2,500 in (c). The molecular weights of the protein markers are indicated on the left in
kDa.

2.2

Visual and quantitative analyses of the DEG10
transcript level and its regulation at elevated and
high temperatures

To get indications about the site of action and consequently about the physiological
function of DEG10, the organ and tissue specificity of DEG10 promoter activity by βglucuronidase (GUS) staining was analyzed. Transgenic A. thaliana plants expressing the
GUS reporter gene (uidA) under transcriptional control of the DEG10 promoter
(PrDEG10:GUS) were generated. For transformation, two different plasmids, pCH10
(PrDEG10:GFP:GUS) and pBJ03 (PrDEG10:GUS), were generated, which contain slightly
different DEG10 promoter sequences (see chapter 5.2). The plasmid pCH10 contains the
DEG10 promoter sequence flanked by attB recombination sites and is fused to a GFP-GUS
double marker, whereas in pBJ03, the GUS gene directly follows the first three codons of
DEG10.

2.2.1 DEG10 is predominantly expressed in trichomes, but also
in the vascular tissue and in roots
To ensure that the expression was not influenced by the additional features in pCH10,
analyses on transgenic plants obtained with either pCH10 or pBJ03 were performed. The
integrity of PrDEG10:GUS and PrDEG10:GFP:GUS in the transgenic plants was confirmed by
PCR. 49 and 159 primary transformants obtained with pCH10 and pBJ03, respectively,
were analyzed. Independent of the expression construct, approximately 20% of the
transformed plants showed detectable GUS expression in rosette leaves of six-week-old
plants. GUS activity was mainly detected in trichomes (leaf hairs) in about 67% - 83% of
the GUS-positive plants (Figure 10a; Figure 12a). With a much lower frequency, GUS
activity was detected over the entire leaf blade and in the vascular tissue (Figure 10b+c;
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Figure 12a). Unspecific staining was excluded, since stained rosette leaves of WT plants
showed no blue staining at all (data not shown). In the plants that showed GUS activity in
leaves, staining of reproductive tissues revealed GUS expression in opened flowers and in
siliques in approximately 18% and 6% of the plants, respectively. In reproductive organs,
blue staining was detectable in the vascular tissue (Figure 10d, e). In flowers, GUS was
additionally expressed in pollen grains (Figure 10f). The tissue specificity and the
frequency distributions of DEG10 promoter activity were similar for both GUS constructs,
pCH10 and pBJ03.
Furthermore, whole T2 seedlings from the progeny of eight independent GUS-positive T1
plants derived from pCH10 were stained. Among five 18-day-old seedlings per line, more
than half showed detectable GUS staining. DEG10 promoter activity was detected in
trichomes of rosette leaves and in the vascular tissue of cotyledons, rosette leaves and
hypocotyls (Figure 10g, h). Overall, the number of GUS expressing 18-day-old plants was
independent of the developmental stage (data not shown). Additionally, in some plants
GUS expression in the vascular cylinder in roots was detected, but expression in root tips
was virtually absent (Figure 10g, Figure 11). Homogenous staining of all cells in the
vascular bundles was observed independent of the staining strength (Figure 11), indicating
that DEG10 function may somehow be linked to long-distance transport in roots.
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Figure 10: Organ and tissue specificity of DEG10 promoter activity: Histochemical GUS
staining was performed on T1 (a-f) and T2 (g, h) transgenic plants carrying either a
pCH10 (PrDEG10:GFP:GUS) (b, d, e, g, h) or a pBJ03 (PrDEG10:GUS) expression construct
(a, c, f). (a-c) Different patterns of GUS expression observed in leaves of six-week-old
plants cultivated on soil in a glasshouse. (d-f) GUS expression in reproductive organs of
approximately three-month-old plants showing GUS activity in vascular tissue and
stamens. Arrows emphasize the blue staining. (g+h) Staining of 18-day-old, whole T2
seedlings. Images were taken with a stereomicroscope.

Figure 11: DEG10 promoter activity in roots of GUS expressing plants: The precise
localization of GUS expression in roots was analyzed in three-week-old seedlings
transformed with pCH10 (PrDEG10:GFP:GUS), grown in axenic culture. The central
cylinder of main and side root (S), including a side root primordium (SP) were stained, but
not the root tips, also not of the side root. On the right picture a scaled-up section is
shown: vascular bundles (V), pericycle (P), endodermis (E).

2.2.2 The expression of DEG10 was visually increased in roots
by elevated temperatures
In order to check for environmental or metabolic regulation of DEG10 promoter activity,
plants were exposed to heat stress at 40°C. Analyses of leaves of eight-week-old T1 plants
transformed with pBJ03 showed a strong decrease of GUS activity after 3.5 h or 17 h at
40°C. Only 32% of the plants which showed GUS activity at 22°C still showed GUS
staining after the heat stress treatment (data not shown). Results were independent of leaf
age and incubation time. A further stress experiment was performed with two-week-old T2
seedlings of GUS expressing lines transformed with pCH10. Seedlings were grown on agar
plates with and without 2% (w v-1) sucrose, to obtain normal or elevated respirational
activity in mitochondria, and incubated for one week at either 22°C (control) or 30°C
(elevated temperature). Per temperature and medium condition plants of four different
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primary transformants were examined. In aboveground tissues, the seedlings showed
similar staining frequencies and intensities (Figure 12b). Overall, the highest number of
stained seedlings was present at 30°C without sucrose. Two of the lines showed also
staining in roots and within these lines, growth at 30°C without sucrose led to a notable
increase of the DEG10 promoter activity (Figure 12c) suggesting a special role of DEG10
in roots.
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Figure 12: Frequencies of GUS expression patterns driven by the DEG10 promoter: (a)
GUS expression patterns were analyzed in mature leaves of six-week-old T1 plants
carrying either a pBJ03 (PrDEG10:GUS) (159 plants) or a pCH10 (PrDEG10:GFP:GUS) (49
plants) expression construct. Frequencies are expressed in % of all plants with detectable
GUS activity. (b+c) Impact of elevated temperature (30°C) and presence or absence of 2%
(w v-1) sucrose on the DEG10 promoter activity in T2 seedlings carrying the pCH10
(PrDEG10:GFP:GUS) construct cultivated in axenic culture. After two weeks of growth at
22°C, seedlings were either kept at 22°C or transferred for one week to 30°C. (b) Numbers
of plants with GUS expression in aboveground tissues among 40 T2 seedlings of four
independent lines. (c) Numbers of plants with GUS expression in roots among 20 plants of
two independent lines. All stainings were performed for 20 h at 37°C.

2.2.3 The DEG10 transcript is possibly regulated in a
temperature-dependent manner
In the previous chapters the DEG10 transcription was detected visually by GUS-promoter
analyses. This time the regulation of the DEG10 transcription was investigated
quantitatively by qPCR at heat stress. Analysis of one microarray data set of SinvanyVillalobo et al. (2004) indicated that DEG10 expression might be increased in response to
heat stress, whereas this observation was not consistently reproduced in another, similar
experiment (Expression Browser of the Bio-Analytic Resource (BAR) database (Toufighi
et al., 2005)).
The regulation of the DEG10 transcript level was analyzed in leaves of five-week-old WT
plants which were incubated at 40°C heat stress, whereas control plants were kept at 22°C.
The ongoing heat stress response in plants was confirmed by a strong increase of the
transcript level of the heat shock protein HSP18.2 compared to the reference gene PP2A
(At1g13320) (Figure 24a). At the start of the experiment DEG10 transcript levels were
approximately 120% of the transcript levels of PP2A. The DEG10 transcript level roughly
doubled during 5 h heat stress, whereas at 3 h heat stress it was still very similar to the
initial value (Figure 13). Plants that were allowed to recover for 2 h at 22°C after 3 h heat
stress as well as plants kept at 22°C for 3 h had similarly high DEG10 transcript levels
compared with plants kept for 5 h at 40°C. The DEG10 transcript level seems to be subject
to diurnal regulation and may be slightly reduced during the response to heat stress.
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Figure 13: Regulation of DEG10 transcript levels under heat stress conditions (40°C):
Five-week-old WT plants were incubated at 40°C or kept at 22°C. Leaves were harvested
after 0, 1, 2, 3 and 5 h at 40°C. Additionally, plants were incubated for 3 h at 40°C and
subsequently incubated for 2 h at 22°C for recovery. Moreover, leaf material was collected
from plants cultivated continuously at 22°C for 3 h. The DEG10 transcript levels are
indicated as relative transcript level ratios between treatment and control levels (0 h,
22°C), illustrated as horizontal line. Per temperature condition and time point, RNA was
isolated from leaf material of four biological replicates and transcribed into cDNA. The
expression level of DEG10 was analyzed by qPCR and normalized to PP2A cDNA. Bars
show means ± SE of 4 biological replicates. Asterisks indicate significant difference
(p<0.05). For statistical analyses using a randomization test all time points and treatments
were compared against the initial value (0 h, 22°C); additionally, the heat stress and
recovery samples were compared to their immediately following values in time and the 3 h
heat stress value was compared against 3 h, 22°C.

2.3

Characterization of the physiological function of
DEG10 in Arabidopsis by analyses of deg10 loss-offunction mutants

In order to investigate the physiological function of the DEG10 protease in Arabidopsis,
deg10 loss-of-function mutants were analyzed by performing phenotypical, ultrastructural
and metabolic studies. The conclusion from phenotypic alterations of loss-of-function
mutants to the physiological function of a gene represents a frequently-used reverse genetic
approach.
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2.3.1 Molecular characterization of DEG10 and CAT3 T-DNA
insertion lines
First of all deg10 loss-of-function mutants had to be identified. Therefore, 12 SALK
(Alonso et al., 2003), SAIL (Sessions et al., 2002) and GABI KAT (Kleinboelting et al.,
2012) candidate lines were characterized, for which a T-DNA insertion in the DEG10 gene
was predicted by the SIGnAL T-DNA express database (Table 1). Only in the two SALK
lines SALK_135850 and SALK_127867 no native DEG10 transcripts were detected.
Indeed, for five other lines a T-DNA insertion in DEG10 was identified, but no changed
transcript levels compared to wildtype plants were detected. Analysis of flanking
sequences of the line SALK_135850 and SALK_127867 showed that the two lines carry
the same T-DNA insertion in exon 8 of DEG10 (data not shown). As it turned out, the TDNA is not simply inserted, but rather replaces a 5395 bp section of the A. thaliana
genome spanning the region between intron 9 of the Cationic Amino Acid Transporter 3
gene (CAT3; At5g36940) and the 8th exon of DEG10 (Figure 14). Since there were no
phenotypic changes that result from a deletion of CAT3 (see chapter 2.3), this line was
named Δdeg10-1. After backcrossing, homozygous individuals were identified by PCR
with primer combinations specific for either the intact DEG10 sequence or the TDNA/DEG10 junction (Figure 15 and Table S 1 in Appendix). C-terminal sequences of
CAT3 and N-terminal sequences of DEG10 could not be detected by PCR in homozygous
Δdeg10-1 mutants (Figure 15a). In order to assess whether Δdeg10-1 is a loss-of-function
mutant, DEG10 transcripts were analyzed by RT-PCR. In the Δdeg10-1 mutant no PCR
product was obtained using DEG10 gene specific primers binding at the 5´end of DEG10
and no signal was present by using primers which embrace exon 8 (Figure 15b).
Additionally, no DEG10 protein in mitochondria protein extracts from Δdeg10-1 mutants
was detected in immunoblots, while a clear signal was detected in the WT (Figure 9a).
Indeed, no transcripts of the C-terminal part of CAT3 were detected, indicating that
Δdeg10-1 is a deg10/cat3 double mutant (Figure 15b).
Since no further mutants could be identified, in which specifically expression of DEG10
was affected, four SALK and SAIL candidate lines were characterized, for which a TDNA insertion in the CAT3 gene was predicted by the SIGnAL T-DNA express database
(Table 1). In all four lines a T-DNA insertion in CAT3 was present. It was further worked
with the mutant Δcat3-1 (SALK_036082; (Alonso et al., 2003)) and the T-DNA-insertion
within the 13th exon (3467 bp downstream of the start codon) of the CAT3 gene was
confirmed by PCR and sequencing (Figure 14 and Figure 15c). Expression of DEG10 was
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unaffected in homozygous Δcat3-1 mutants, while no transcripts of the region downstream
of the T-DNA insertion were detected for CAT3 (Figure 15d). Hence, any phenotypic or
metabolic alterations found in Δdeg10-1 but not in Δcat3-1 are due to the loss of DEG10
expression.
Table 1: Characterized T-DNA insertion lines with a potential insertion in DEG10 or
CAT3
NASC code

T-DNA locationa

SALK_033779

N533779

n.d.

SALK_051527

N551527

n.d.

SALK_051519

N551519

promoter

SALK_007681

N507681

promoter

SALK_011327

N511327

promoter

SALK_051528

N551528

n.d.

SALK_020354

N520354

n.d.

SALK_135850 (Δdeg10-1)

N635850

8th exon

c

SALK_127867 (Δdeg10-1)

N627867

8th exon

c

SAIL_133_C08

N806457

n.d.

N408404
N437665

1st intron
promoter

N536082
N655947

13th exonc
13th exon

SALKseq_38599
(SALK_064419)

N564419

1st exonc

SAIL_825_G09

N863283

4th exon

Name
DEG10:

b

GK_088E04
b
GK_393C09
CAT3:
SALK_036082 (Δcat3-1)
SALK_129691

c

a

n.d.: not detected
The lines were obtained from GABI KAT (University of Bielefeld)
c
Exact position of T-DNA location was determined by sequencing
b

Figure 14: Schematic illustration of the genomic loci of DEG10 and CAT3 with the T-DNA
insertion sites of the mutants Δdeg10-1 and Δcat3-1: Exons are represented as boxes and
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introns, UTRs, and intergenic regions as black lines. Black arrows indicate the direction of
transcription. In the Δdeg10-1 mutant the T-DNA replaces 5395 bp from the 9th intron of
CAT3 to a part of exon 8 of DEG10 (indicated by red boxes for exons). While a larger part
of the CAT3 gene (green boxes) is still intact in Δdeg10-1, only a fragment of exon 8 is
retained of DEG10 (blue box). In the Δcat3-1 mutant the T-DNA is inserted within the 13th
exon of the CAT3 gene (green arrow).
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Figure 15: Molecular characterization of the homozygous T-DNA insertion mutants
Δdeg10-1 and Δcat3-1: (a) Amplification of DEG10 fragments or T-DNA flanking sites
from genomic DNA isolated from WT plants or homozygous Δdeg10-1 mutants. (b)
Detection of DEG10 and CAT3 transcripts in cDNA obtained from WT plants or
homozygous Δdeg10-1 mutants. R21313: fullength DEG10 cDNA clone RAFL_21313. (c)
Amplification of CAT3 fragments or T-DNA flanking sites from genomic DNA of WT plants
or homozygous Δcat3-1 mutants. (d) Detection of DEG10 and CAT3 transcripts in cDNA
obtained from WT plants or homozygous Δcat3-1 mutants. Primer numbers correspond to
the numbers given in Table S 1. In order to validate negative results as evidence for the
absence of specific genomic or cDNA fragments, control primers amplifying an unrelated,
larger fragment were added to the PCR reactions. The relevant PCR products are
indicated in bold letters. IGR: intergenic region.

2.3.2 Loss of DEG10 results in no obvious alterations in
mitochondrial ultrastructure
First phenotypic analyses of WT plants, Δdeg10-1 and Δcat3-1 mutants showed no overt
differences in the vegetative growth of the leaf rosette under standard glasshouse
conditions (Figure 16).

Figure 16: Phenotypic analyses on vegetative growth and development of A. thaliana
plants: Photographs of representative six-week-old wildtype (WT) plants, Δdeg10-1 and
Δcat3-1 mutants grown under short-day conditions in a glasshouse.
Since it was shown by Gibala et al. (2009) that the lack of the mitochondrial, membranebound protease FtsH4 led to severe ultrastructural changes in mitochondria, it was
investigated if also the lack of the DEG10 protease was accompanied by morphological
alterations in the ultrastructure of mitochondria. Therefore mitochondria in root, hypocotyl
and cotyledon tissue of five-day-old WT and Δdeg10-1 seedlings were analyzed by
transmission electron microscopy (TEM). In total, 20 - 30 mitochondria in sections of at
least three plants per genotype and tissue were visually compared. In roots, no visible
differences in the ultrastructure of mitochondria were observed between WT and Δdeg10-1
seedlings (Figure 17a). The mitochondria contained numerous irregularly shaped, tubular
cristae (inner membrane folds) and the matrix was dense and homogenous. In the green
and photosynthetically active tissues of cotyledons and hypocotyls, the number of
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mitochondrial cristae was noticeably reduced (Figure 17b+c). However, the mitochondria
of WT and Δdeg10-1 plants had likewise similar numbers of inner membrane folds and the
mitochondria looked similarly structured.
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Figure 17: TEM analyses of mitochondria of five-day-old WT and Δdeg10-1 seedlings of
variant tissues: (a) roots; (b) hypocotyls; (c) cotyledons; M: mitochondrium, R: ribosome,
N: nucleus, CW: cell wall, P: plasma membrane, G: Golgi apparatus, V: vacuole, I:
intermembrane space, C: chloroplast. Scale bars represent 500 nm.

2.3.3 DEG10 but not CAT3 is needed for optimal root growth,
especially under elevated temperature
The GUS staining results hypothesize that DEG10 seems to play an important role in roots
under elevated temperatures. Additionally, publicly accessible microarray data revealed
that the highest DEG10 transcript levels are present in imbibed seeds (eFP Browser
(Winter et al., 2007)). In order to evaluate, if DEG10 functions during germination and
early seedling development, seeds of WT plants, Δdeg10-1 and Δcat3-1 mutants were
incubated in axenic culture. Since Deg proteases are often associated with responses to
protein folding stress, the seedlings were grown under four different conditions: absence or
presence of sucrose (to promote mitochondrial respiration) and room temperature (RT;
22°C : 20°C, light : dark) or elevated temperature (ET; 30°C : 25°C, light : dark) (Figure
18). To score the seedling development, four measurements were performed: seedling
establishment, continuous development until day 18, number of true leaves at day 10 and
primary root length at day 18.
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At first glance it got already obvious that sucrose and especially the combination of
sucrose and ET promoted development and growth of aboveground organs and roots in all
seedlings (Figure 18).

Figure 18: Phenotypic analyses on growth and development of A. thaliana wildtype (WT)
plants, Δdeg10-1 and Δcat3-1 mutants in axenic culture. Influence of elevated temperature
and addition of sucrose on growth and development: 18-day-old WT, Δdeg10-1 and Δcat31 seedlings grown in random order under axenic conditions on agar plates, half
supplemented with 2% (w v-1) sucrose. The seedlings were either incubated at 22°C or
30°C; color code: blue: WT, red: Δdeg10-1, green: Δcat3-1.
Germination in the strict sense (i.e. radicle emergence) did not differ significantly between
WT, Δdeg10-1 and Δcat3-1 seeds and temperature and medium had no effect (data not
shown). The presence of sucrose promoted the seedling establishment by up to 10% and
more than 99% of the seedlings of all three genotypes established. Overall, there was no
difference between WT, Δdeg10-1 and Δcat3-1 seeds (no significant effect of genotype;
data not shown).
In medium without sucrose, most seedlings of all three genotypes had formed two rosette
leaves (subsequent leaves after the cotyledons, as defined in Boyes et al. (2001)) by day
10, regardless of the temperature regime (Figure 19a). Both adding sucrose to the medium
and elevated temperature had a positive effect on the number of leaves (Figure 19a;
significant effect of medium and temperature, Table 2), and the effects were additive, so
that seedlings developed fastest on a medium with sucrose at ET (Figure 19a; significant
T*M interaction, Table 2). However, there were no significant differences between the WT
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and mutant plants (no significant effect of genotype or interactions with genotype, Table
2).
Overall, regardless of the treatments the seedlings of the analyzed genotypes differed in
root length (significant effect of genotype, Table 2): Δdeg10-1 plants had significantly
shorter roots than the WT plants, whereas the Δcat3-1 seedlings did not differ from WT
plants (Figure 19b; Tukey post-hoc comparison Δdeg10 vs. WT and WT vs. Δcat3 see
Table 3). The reduced root growth of the Δdeg10-1 seedlings was more pronounced at ET
(Figure 19b; significant effect of temperature in Table 2). Temperature had an overall
positive effect on root length in all genotypes (Figure 19b; significant effect of temperature
in Table 2), but compared to the WT and Δcat3-1 seedlings, the increase in root length of
the Δdeg10-1 seedlings in response to ET was not as strong (Figure 19b; significant G*T
interaction in Table 2) and only present on medium with sucrose. Also adding sucrose had
an overall positive effect on root length (Figure 19b; significant effect of medium in Table
2), but the response depended on the temperature regime (significant T*M interaction,
Table 2). Adding sucrose promoted root growth only at ET, but not at 22°C (Figure 19b).
Moreover, all three analyzed genotypes responded differently to the addition of sucrose
(significant G*M interaction, Table 2): at elevated temperature the Δdeg10-1 seedlings
benefited much more from added sucrose than the WT and Δcat3-1 seedlings. However,
the addition of sucrose did not fully compensate the reduced root length of the Δdeg10-1
seedlings at ET (Figure 19b). Although the difference between the Δdeg10-1 mutant and
the WT plant and Δcat3-1 mutant was more pronounced without sucrose, plants of the
Δdeg10-1 mutant still had significantly shorter roots when sucrose was added (Tukey posthoc comparison at ET with sucrose in Table 3). The root lengths of WT and Δcat3 plants
were not significantly different from each other in any of the treatments (Table 3), which
indicated that CAT3 does not influence the elongation of the primary root, whereas
expression of DEG10 is required for normal root growth.
In absence of sucrose, the continuous seedling development (seedlings that germinated and
did not arrest growth until day 18) was lower than with sucrose (Figure 19c; significant
effect of medium, Table 2) and the effect was more pronounced in the ET treatment
(Figure 19c; significant T*M interaction, Table 2). However, there were no significant
differences between the WT and mutant plants (no significant effect of genotype or
interactions with genotype, Table 2).
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Since no significant differences in germination potential between WT, Δdeg10-1 and
Δcat3-1 seeds were found, the negative effects of absence of sucrose in interaction with ET
are due to problems in seedling development after germination.
Table 2: Statistical analyses of the effects of temperature and addition of sucrose on
seedling development of wildtype (WT), Δdeg10-1 and Δcat3-1 seedlings presented in
Figure 19. Chi-square (χ2) tests were performed to compare the different groups:
Summary of linear mixed model analysis to test for effects of genotype (G), temperature
(T), medium (M) and their interactions on leaf number (Leaf nr.), primary root length (R.
length) and continuous seedling development (C. dev.),. Values in bold are significant at
the specified level, *: p<0.05; **: p<0.01; ***: p<0.001
χ2 values

Trait
G

e

(df=2)

Leaf nr.

a

0.50
b

R. length
C. dev.
a

c

T
d

92.14 ***
2.30

e

(df=1)

M
d

68.69 ***
60.47 ***
13.47 ***

e

(df=1)

G*T
d

f

(df=2)

G*M
d

78.90 *** 0.11
7.46 **

N

33.31 ***

80.57 *** 0.39

(df=2)

g
d

0.70
6.19 *
1.1.64

T*M

h

(df=1)

d

G*T*M
(df=2)

i

d

8.35 **

0.50

355-371

16.51 ***

2.56

350-353

9.00 **

3.17

360-376

Poisson error distribution
Gaussian error distribution, square root data transformation
c
Binomial error distribution
d
degree of freedom
e
Removal of the main effects genotype (G), temperature (T) or medium (M) compared to:
random part + G + T + M
f
Removal of G*T interaction compared to: random part + G + T+ M + G*M + T*M
g
Removal of G*M interaction compared to: random part + G + T+ M + G*T + T*M
h
Removal of T*M interaction compared to: random part + G + T+ M + G*T + G*M
i
Removal of G*T*M interaction compared to: random part + G + T + M + G*T + G*M +
T*M
j
Number of analyzed seedlings per genotype
b

j
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Figure 19: Effect of temperature and sucrose on development of wildtype (WT), Δdeg10-1
and Δcat3-1 seedlings: Per genotype and condition, at least 350 seeds from three parental
plants were analyzed in axenic culture at the indicated temperatures and in the presence or
absence of 2% (w v-1) sucrose in the medium. (a) Leaf number at day 10: Dot size is
proportional to the number of seedlings with the given number of true leaves. (b) Primary
root length at day 18: The median and interquartile range are indicated by thick black
lines and boxes, respectively. Whiskers extend to the most extreme data point within 1.5
times the interquartile range. Significance of differences (Table 3) is indicated as follows:
n.s.: not significant; *: p<0.05; **: p<0.001. (c) Percentage of seedlings which showed
continuous development until day 18; horizontal lines indicate means, error bars indicate
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95% confidence intervals. In (a) and (c), no significant differences between the genotypes
were detected.
Table 3: Statistical analyses of the effects of temperature and addition of sucrose on
primary root length of wildtype (WT), Δdeg10-1 and Δcat3-1 seedlings presented in Figure
19. Differences were analyzed for significance in multiple pairwise comparisons with
Tukey Post-hoc tests (z-tests): Asterisks indicate statistical significance, *: p<0.05; **:
p<0.001
Treatment

a

Line 1 vs. Line 2

WT
RT, w/o sucrose WT
Δdeg10
WT
ET, w/o sucrose WT
Δdeg10
WT
RT, w sucrose
WT
Δdeg10
WT
ET, w sucrose
WT

-

Δdeg10
Δcat3
Δcat3
Δdeg10
Δcat3
Δcat3
Δdeg10
Δcat3
Δcat3
Δdeg10
Δcat3

Δdeg10 - Δcat3

c

z-value

p-value

0.140 *
0.057
-0.083
0.371 **
-0.017
-0.388 **
0.055
-0.025
-0.080
0.238 **
-0.010

0.042
0.043
0.043
0.051
0.052
0.052
0.039
0.039
0.039
0.039
0.038

-3.299
-1.318
1.947
-7.252
0.320
7.399
-1.432
0.650
2.077
-6.130
0.267

0.041
0.972
0.703
< 0.001
1.000
< 0.001
0.949
1.000
0.610
< 0.001
1.000

-0.248 **

0.038

6.514

< 0.001

Est. diff.

b

SE

a

Treatment: RT: room temperature (22°C), ET: elevated temperature (30°C), with (w) and
without (w/o) sucrose
b
Estimated difference; the bigger the value the bigger the root length difference, positive or
negative values indicate a longer or shorter root length, respectively, for line 1
c
Standard error

2.3.4 Loss of DEG10 did not severely affect total respiration, but
caused a strong decrease of Alternative Oxidase 1a
(AOX1a) transcript levels after heat stress
The decreased root growth in Δdeg10-1 mutants which was nearly rescued by the addition
of 2% (w v-1) sucrose to the growth medium, suggested that the lack of DEG10 causes
mitochondrial energetic problems. In order to analyze, whether the root phenotype might
be due to disturbances in energy supply by the mitochondrial respiration chain, the total
mitochondrial respiration rates of intact seedlings of WT, Δdeg10-1 and Δcat3-1 plants
were measured in the dark. Under control conditions (22°C), the oxygen uptake rates were
not different between the diverse genotypes (Figure 20a). Under heat stress (40°C), the
oxygen uptake rates of all three genotypes were doubled. The highest respiration rate was
measured in heat-stressed Δdeg10-1 mutants, indicating that the loss of DEG10 may result
in a stronger increase in mitochondrial activity under heat stress conditions. However, the
differences between WT and Δdeg10-1 seedlings could not be statistically validated. The
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respiration rates of Δcat3-1 seedlings were generally indistinguishable from those of WT
seedlings. One possible explanation for the missing of a strong difference in the
mitochondrial respiration rate between WT and Δdeg10-1 seedlings might be the presence
of the Alternative Oxidase (AOX).
The mitochondrial electron transport chain (mETC) of plants possesses besides
cytochrome c a second terminal oxidase, the AOX, which reduces molecular oxygen
without pumping protons across the inner mitochondrial membrane and thus does not
promote ATP synthesis. Under a variety of stress conditions and mitochondrial
dysfunctions, the transcript levels of AOX isoforms change (Clifton et al., 2005;
Vanlerberghe, 2013). The focus was on AOX1a, which is the dominant isoform in a variety
of tissues (Clifton et al., 2005) and analyzed, whether the expression of AOX1a is changed
by the loss of DEG10 and in response to heat stress. Therefore, the transcript level of
AOX1a in leaves of WT, Δdeg10-1 and Δcat3-1 plants was examined by qPCR. In plants
cultivated at 22°C, the AOX1a transcript level in Δdeg10-1 mutants was lightly increased
compared to WT plants, whereas the level in Δcat3-1 mutants was comparable to that of
WT plants (Figure 20b). Under heat stress, the AOX1a expression was lightly changed by a
decrease in the WT and a weak increase in the Δcat3-1 plants. However, in Δdeg10-1
mutants heat stress lead to a decrease of AOX1a transcript levels by 52%, which was
statistically validated. Comparison of the transcript levels between the genotypes within
the heat stressed samples revealed that the level in Δdeg10-1 mutants was significantly
lower compared to Δcat3-1 mutants.
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Figure 20: Influence of heat stress on respiratory activity and on AOX1a transcript levels:
(a) Respiratory oxygen uptake of 12- to 14-day-old, intact wildtype (WT), Δdeg10-1 and
Δcat3-1 seedlings was measured with a Clark-type electrode. Respiratory activity of darkadapted seedlings was measured for 15 min at 22 C and for 10 min at 40°C (heat stress)
and was normalized per mg FW. Bars represent means ± SE of nine replicates per
genotype and temperature. (b) For AOX1a transcript analyses, five-week-old WT, Δdeg101 and Δcat3-1 plants cultivated at 22°C were exposed to heat stress at 40°C for 3 h and
leaves were harvested before and after the treatment. Per genotype and temperature
condition, RNA was isolated from leaves of four plants, transcribed into cDNA and the
expression level of AOX1a was analyzed by qPCR. AOX1a transcript levels were
normalized with respect to PP2A cDNA. Bars show means ± SE of four replicates.
Statistical comparisons were performed within the genotypes between the treatments and
within the same temperature conditions between the different genotypes. Asterisks indicate
significant differences (p<0.05 by a randomization test).

2 Results

47

2.3.5 No altered ROS formation in root tips of deg10 loss-offunction mutants
The observed reduced transcription of AOX in the Δdeg10-1 mutants at heat stress might be
a hint for an altered level of reactive oxygen species (ROS), since they also regulate the
transcription of AOX (Vanlerberghe, 2013). It is known that ROS are important regulators
of plant growth and development and are also accumulated in root tips (Baxter et al.,
2014). Hydrogen peroxide (H2O2) is a relatively stable ROS that can even lead to cell wall
stiffening, which subsequently impairs cell elongation (Wojtaszek, 1997; Gapper & Dolan,
2006). To examine whether the reduced primary root length in Δdeg10-1 mutants resulted
from an increased generation of ROS, the levels of H2O2 were detected in root tips of 10day-old WT and Δdeg10-1 seedlings by 3,3′-diaminobenzidine (DAB) staining. The cellpermeable DAB is oxidized in the presence of H2O2 and peroxidase activity, resulting in
brown, alcohol-insoluble precipitates. At 22°C very little amounts of brown precipitates in
the root tips of WT and Δdeg10-1 plants were detected (Figure 21), mainly in the
marginally located cells and in the root cap (calyptra). After 18 h exposure to 40°C (heat
stress) a significant increase in the levels of H2O2 was detected in the root tips. H2O2 was
mainly formed in the elongation and also in the specialization zone, regions of cell
expansion and cell differentiation, respectively (Steeves & Sussex, 1989; Schiefelbein &
Benfey, 1991). However, no difference in the location and intensity of DAB staining was
visible between the roots of WT and Δdeg10-1 plants neither at 22°C nor after 40°C.
Experiments were performed twice with seedlings of two independently raised batches. In
total, 9 to 11 plants per genotype and condition were analyzed.
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Figure 21: Induction of reactive oxygen species (ROS) in root tips of wildtype (WT) and
Δdeg10-1 plants: ROS accumulation was detected in 10-day-old seedlings exposed to 22°C
(control) and 18 h to 40°C (heat stress) by staining with 3,3′-diaminobenzidine (DAB) for
120 min and 80 min, respectively. Representative images of 9 - 11 root tips analyzed per
genotype and treatment are shown. Scale bars represent 100 µm.

2.3.6 Decreased evolutionary fitness of Δdeg10-1 mutants under
natural and glasshouse conditions
In this study it was already demonstrated that the presence of DEG10 is important for
normal root development, whereas the development of leaves was not affected by the
presence or absence of DEG10 in early phases. Additionally, by the promoter-GUS
analysis it was revealed that DEG10 is also transcribed in pollen, suggesting a possible
function in reproduction. Consequently, it was assessed whether the absence of the DEG10
protease in the Δdeg10-1 mutant impairs vegetative growth at later stages and especially
whether there is a contribution of DEG10 to seed production. Exposure to multiple
simultaneous stresses, as frequently encountered in nature, places greater demands on plant
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protein quality control mechanisms. Therefore, it was hypothesized that the role of DEG10
might become more apparent under natural conditions. Field trials in Umeå, Sweden, were
performed during the summers of 2011, 2012 and 2014.
The rosette diameters after three, four and five weeks were measured, to monitor the
vegetative growth of WT and Δdeg10-1 plants (Figure 22; Table 4). After three weeks in
the field, the average rosette diameter was 13% and 25% bigger for the Δdeg10-1 mutants
compared to the WT plants in 2011 and 2012, respectively, with a significant difference in
2012. However, after four and five weeks the respective growth differences between WT
plants and Δdeg10-1 mutants were not consistent anymore and not significantly different
(Table 4). Overall, no obvious phenotypical differences between the leaf rosettes of WT
and Δdeg10-1 plants were observed in the field (Figure 22).
Table 4: Analyses of vegetative growth of wildtype (WT) plants and Δdeg10-1 mutants
grown under field conditions in Umeå: Plants were grown in a randomized setup. After
three, four and five weeks the rosette diameters were measured
a

b

Year

Weeks

Genotype

Rosette diameter [mm]

N plants

2011

3

WT
Δdeg10-1
WT
Δdeg10-1
WT
Δdeg10-1
WT
Δdeg10-1
WT
Δdeg10-1
WT
Δdeg10-1

26.6±1.3
30.1±2.5
62.5±3.1
54.2±5.2
64.4±3.3
55.9±5.2
9.2±0.7
11.5±0.6*
25.9±1.7
29.5±1.5
45.4±2.3
46.2±1.9

10
10
10
10
10
10
30
30
29
30
29
30

4
5
2012

3
4
5

c

c

t-value

p-value

1.25

0.23

-1.38

0.18

-1.38

0.18

2.6

0.01

1.57

0.12

0.28

0.78

a

Mean ± SE
Indicates number (N) of analyzed plants
c
For comparison to WT reference (model intercept)
b

To quantify successful reproductive development, the number of siliques per plant and the
number of seeds per silique were counted. In all three years in the field the Δdeg10-1 plants
produced 3% to 20% less seeds per silique compared to the WT plants (Table 5). This
decreased seed production was statistically significant in 2011 and 2012, whereas
extremely challenging environmental conditions resulted in very poor seed yield and a high
variability in 2014. While the first three nights of the outdoor period were unusually cold
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(with frost in one of the nights), the summer 2014 was very hot and dry (weather data:
http://www.tfe.umu.se) resulting in a poor survival rate of all plants (wildtype and mutant)
and reduced fertility by approximately 64% with a lower amount of seeds per silique and
less siliques per plant compared to previous years. In all three years, the total number of
siliques per plant was not significantly different between WT plants and Δdeg10-1 mutants
(Table 6), indicating that there was no compensation for the reduced number of seeds per
silique in the Δdeg10-1 mutants by an increased production of siliques. Consequently, the
Δdeg10-1 plants possessed less seeds per plant under natural conditions in the field.
Also under controlled conditions in the glasshouse in Konstanz, the Δdeg10-1 mutants had
in two of three passes less seeds per silique (Table 5), although the differences were too
small to be statistically validated. In one approach for the year 2013, the number of siliques
per plant was also analyzed and it did not vary between the analyzed genotypes (Table 6).
In several instances (summer 2011 and 2012 and in one of three cases in the glasshouse
experiments), the Δcat3-1 mutant was not included in the analyses. No significant
differences were observed between WT plants and Δcat3-1 single mutants regarding the
number of siliques per plant or the number of seeds per silique. The average values were
equally often slightly bigger or slightly lower compared to WT plants. Therefore, it was
concluded that the impaired fertility of the Δdeg10-1 mutants was due to the loss of
DEG10 expression and not due to the loss of CAT3.
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Figure 22: Growth and development of wildtype (WT) plants and Δdeg10-1 mutants under
field conditions: Photographs of representative WT (a-c) and Δdeg10-1 (d-f) plants grown
for three, four and five weeks in a garden lot in Umeå, Sweden, in the year 2012.
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Table 5: Seed production of wildtype (WT) plants, Δdeg10-1 and Δcat3-1 mutants under
field conditions in Umeå and in the glasshouse in Konstanz: Plants of the three indicated
genotypes were grown in a randomized setup until they terminated to produce new flowers.
Whenever possible, 5 or 10 siliques per plant were used to determine the number of seeds
per silique
Seeds per silique

a

N siliques (N plants)

Location

Year

Genotype

Field

2011

WT
Δdeg10-1
WT
Δdeg10-1

54.5 ± 1.1
43.5 ± 2.0 *
55.2 ± 0.8
52.8 ± 0.9 *

150 (30)
150 (30)
140 (29)
150 (30)

WT
Δdeg10-1
Δcat3-1
WT
Δdeg10-1
Δcat3-1
WT

18.8 ± 1.8
18.3 ± 1.3
20.4 ± 1.5
45.5±1.9
47.4±1.3
43.9±1.6
48.5±1.0

143 (31)
184 (39)
130 (29)
150 (15)
140 (14)
150 (15)
140 (15)

Δdeg10-1
WT

45.6±0.9
43.8±2.0

Δdeg10-1
Δcat3-1

39.0±2.6
44.3±2.1

2012
2014

d

Glasshouse 2013

2014,
experiment 1
2014,
experiment 2

a

b

c

t-value

-4.79

0.00

-2.03

0.05

-0.33
0.93

0.74
0.35

0.84
-0.68

0.40
0.50

134 (15)
150 (15)

-2.00

0.06

150 (15)
150 (15)

-1.52
0.13

0.14
0.90

Mean ± SE
Indicates number (N) of counted siliques and plants
c
For comparison to WT reference (model intercept)
d
Square root transformation of data
*Indicates significant lower values for Δdeg10-1 mutants compared to WT plants
b

c

p-value
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Table 6: Analysis of the number of siliques per plant of wildtype (WT) plants, Δdeg10-1
and Δcat3-1 mutants under field conditions: Plants of the three indicated genotypes were
grown in a randomized setup until they terminated to produce new flowers
Location

Year

Field

2011
2012
2014

Glasshouse 2013

Genotype
d

d

d

d

Siliques per plant

a

b

c

c

N plants

t-value

p-value

WT
Δdeg10-1

324.9 ± 23.8
309.7 ± 24.1

30
30

-0.24

0.82

WT
Δdeg10-1

318.1 ± 26.6
332.7 ± 32.2

29
30

0.31

0.76

WT
Δdeg10-1
Δcat3-1

141.2 ± 20.9
179.4 ± 27.7
132.6 ± 30.6

41
48
38

0.90
-0.93

0.37
0.36

WT
Δdeg10-1
Δcat3-1

37.1 ± 5.2
35.8 ± 4.0
28.5 ± 2.9

15
15
15

0.08
-1.32

0.93
0.19

a

Mean ± SE
Indicates number (N) of analyzed plants
c
For comparison to WT reference (model intercept)
d
Log transformation of data
b

2.3.7 Identification of Δdeg10-1 mutants complemented with
Arabidopsis DEG10
In order to further confirm, that the observed Δdeg10-1 phenotypes were specific for the
loss of DEG10 and not for CAT3, Δdeg10-1 mutants were generated which were
transformed with the coding sequence of A. thaliana DEG10 C-terminally tagged with six
His codons, hereafter named Δdeg10-1_DEG10. The phenotype of Δdeg10-1 should be
rescued by the complementation with the DEG10 gene. Nearly 100% of the BASTA
selected T1 plants of the Δdeg10-1_DEG10 mutants showed a ~650 bp signal in PCR
reactions which was also present in the positive control, but not in the WT plant and in the
Δdeg10-1 mutant (Figure 23a). Hence, it can be assumed that this signal derived from the
T-DNA coded DEG10, particularly since one primer bound in the 35S promoter region of
the construct. Overall, the insertion of DEG10-6xHis was confirmed in two independent
transformants. Additionally, it was confirmed by PCR reactions that the transformed lines
were still homozygous for the Δdeg10-1 T-DNA insertion. In order to analyze, if DEG106xHis (~66 kDa) was expressed in the transformed plants, immunoblot analyses with the
polyclonal anti-DEG10 immune serum and the anti-5xHis HRP conjugate were performed.
In less than 20% of the transformed Δdeg10-1_DEG10 plants a distinct ~65 kDa signal
(Figure 23b; data for Δdeg10-1_DEG10_1 not shown) was obtained with the anti-DEG10
immune serum which was absent in WT and Δdeg10-1 plants, probably representing
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DEG10-6xHis. As noted earlier, the concentration of native DEG10 in total protein
extracts was too low to be detected. With the anti-His antibody it was not possible to
reproduce all of the signals. In Figure 23b only two of three positive results obtained with
the anti-DEG10 serum were confirmed. The anti-His antibody was unspecific, it also
reacted with other His-rich proteins visible as many other signals unrelated to DEG10.
Therefore, it was mainly trusted in the results obtained with the anti-DEG10 immune
serum.
For phenotypical analyses, plants were needed which are homozygous with respect to the
DEG10-6xHis construct and which contain only one insertion. Therefore, the offspring of
plants overexpressing DEG10-6xHis was screened over two generations by selection of
BASTA resistance. In the first generation, lines were selected showing a 3:1 segregation of
resistant to sensitive plants consistent with a single insertion. If all descendants of this
resistant plant were also resistant to BASTA, they were identified as homozygous. The
selected, homozygous plants were analyzed again by immunoblot analyses for expression
of DEG10-6xHis. With the anti-DEG10 and anti-His antibody it was revealed that many
plants did not overexpress DEG10-6xHis anymore, probably due to gene silencing. Only a
few of the plants still overexpressed DEG10-6xHis. These plants can now be used for
further phenotypic analyses. Any phenotypical or metabolic alterations in Δdeg10-1
mutants that are specific for the loss of DEG10 expression should not be observed in
complemented Δdeg10-1_DEG10 plants anymore.

Figure 23: Characterization of homozygous Δdeg10-1 T-DNA insertion mutants
transformed with DEG10-6xHis: (a-b) Genomic DNA (a) or proteins (b) were isolated
from wildtype (WT) plants and from two independent lines (1 and 2) of Δdeg10-1 mutants
transformed with DEG10 CDS, C-terminally tagged with six His codons
(Δdeg10_DEG10); as controls served the isolated DEG10-6xHis construct and the
Δdeg10-1 mutant. (a) Following fragments were detected by PCR analysis: native DEG10
analyzed from intron 6 to the intergenic region (IGR), containing the T-DNA-insert in
Δdeg10-1 mutants; the right T-DNA flank and the inserted DEG10-6xHis construct. The
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PCR samples were separated on a 1.5% agarose gel. The rough product sizes are
indicated in bp. (b) 3 µl protein were loaded and separated on a 7.5% SDS gel. DEG106xHis was detected by the polyclonal anti-DEG10 immune serum and the anti-5xHis
antibody. The DEG10-6xHis signal in the anti-His immunoblot is marked by a black
arrow. The molecular weights of the protein markers are indicated on the left in kDa.

2.4

A short excursion: Is there a possible interplay
between the mitochondrial Deg proteases DEG10
and DEG14?

As DEG10, also DEG14 is a confirmed mitochondrial protease in A. thaliana. It might be
possible that these genes are redundant being expressed in the same tissues and cells
sharing equal functions, as it was already shown for the chloroplastic Deg proteases
involved in the quality control of the D1 protein in PSII (Huesgen et al., 2006; Clausen et
al., 2011).

2.4.1 The loss of DEG10 is not compensated by an increased
transcript level of DEG14
It has been reported that DEG14 was involved in thermotolerance showing increased
transcript levels at elevated temperatures (Larkindale & Vierling, 2008; Basak et al.,
2014). In order to assess if a loss of DEG10 might be compensated by increased DEG14
expression, the DEG14 transcript level was quantified in WT plants and in Δdeg10-1
mutants by qPCR at 22°C and 40°C (heat stress). The ongoing heat stress response in
plants was confirmed by a strong increase of the transcript level of the heat shock protein
HSP18.2 compared to the reference gene PP2A (At1g13320) (Figure 24a). Analyses of
unstressed (22°C) and stressed (40°C) WT plants showed that the DEG10 expression in
leaves was increased at least 3-fold compared to DEG14 (data not shown). After 3 h at
40°C, the DEG14 transcript level was increased approximately 4.5-fold in WT plants and
3.0-fold in Δdeg10-1 mutants compared to the initial value, whereby the differences
between both lines were not significant (Figure 24b). Hence, the loss of DEG10 was not
compensated by an increased transcript level of DEG14.
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Figure 24: Regulation of HSP18.2 (a) and DEG14 (b) transcript levels under heat stress
conditions (40°C): (a-b) Five-week-old WT or Δdeg10-1 plants were incubated at 40°C or
kept at 22°C. Leaves were harvested at the indicated time points. Per temperature
condition and time point, RNA was isolated from leaf material of four biological replicates
and transcribed into cDNA. The expression level of the genes was analyzed by qPCR and
normalized to PP2A cDNA. Bars show means ± SE of four biological replicates. Statistical
analyses were performed on selected pairs of conditions using a randomization test.
Asterisks indicate significant difference (p<0.05). (a) Statistical analyses were performed
between the initial value (0h, 22°C) and each heat stress sample within each genotype. (b)
Statistical analyses were performed within each genotype between the different treatments
and within each temperature condition between the different genotypes.
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2.4.2 Molecular characterization of deg10/deg14 double loss-offunction mutants
In order to analyze, if the phenotypes observed for Δdeg10-1 are more pronounced if also
DEG14 is deleted, deg10/deg14 double loss-of-function mutants were generated. In
Gasparic (2015) the Δdeg14-2 insertion line was already confirmed by RT-PCR as deg14
loss-of-function mutant. The Δdeg10-1 mutant was crossed with the Δdeg14-2 mutant and
heterozygous T1 plants were analyzed for T-DNA insertions in DEG10 as well as in
DEG14, respectively, by PCR reactions. These selected T1 plants were allowed to selffertilize. In the T3 generation, plants were identified which had exclusively a signal of the
right T-DNA flank in DEG10 (Figure 25a) and in DEG14 (Figure 25c) by concurrent
absence of the gene fragment containing the T-DNA insertion (Figure 25a+b). Hence,
these plants were homozygous for the insertion in DEG10 as well as in DEG14. Overall,
homozygous Δdeg10/Δdeg14 mutants from two independent lines (line 1 and 3) were
identified which derived by crossing of different parent plants of Δdeg10-1 and Δdeg14-2
mutants.

Figure 25: Identification of homozygous Δdeg10/Δdeg14 double T-DNA insertion mutants
by PCR reactions: (a-c) Genomic DNA was isolated from wildtype (WT) plants or
Δdeg10/Δdeg14 mutants derived from three different parental lines. (a) Detection of a
homozygous T-DNA insertion in DEG10: Three different primers were contained in the
PCR batch in order to detect DEG10 from intron 6 to the intergenic region (IGR)
(~950 bp) containing the T-DNA insertion, and the right T-DNA flank (~600 bp). (b-c)
Detection of a homozygous T-DNA insertion in DEG14: DEG14 from exon 6 to exon 10
(~1,000 bp) (b) and the right T-DNA flank (~1,000 bp) (c). With exception of plant 2-1 and
3-5 (marked by a circle), all plants analyzed are homozygous for the T-DNA insertion in
DEG10 and DEG14 and are therefore homozygous Δdeg10/Δdeg14 double T-DNA
insertion mutants. The individual plants presented here do not reflect true genetic
segregation relations, only selected plants are shown.
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DEG10 is exclusively localized in mitochondria
Plant Deg proteases are predominantly localized in mitochondria or chloroplasts, with
some ambiguous predictions and individual reports of dual localization (Schuhmann &
Adamska, 2012; Tanz et al., 2014). Indeed, a DEG10-GFP fusion protein was detected in
mitochondria as well as in plastids (Tanz et al., 2014). Dual localization of plant proteins is
not unusual. More than 100 proteins were already shown to be targeted to mitochondria
and plastids (Mitschke et al., 2009; Agrawal et al., 2011; Welchen et al., 2014).
Interestingly, most members (17 of 24) of the aminoacyl-tRNA synthetase gene family in
A. thaliana are dually targeted to mitochondria and chloroplasts (Duchene et al., 2005). In
this study, DEG10 was exclusively found in the mitochondria using two independent
experimental approaches, namely GFP-fusion and cell fractionation with subsequent
immunoblotting. The level of green fluorescence in chloroplasts of DEG10-GFP
expressing cells did not exceed the level of auto-fluorescence observed in WT cells and in
immunoblot analysis, we detected DEG10 in isolated mitochondria, but not in chloroplasts
(see chapter 2.1). As mentioned above, these findings are in contrast to Tanz et al. (2014)
who investigated the localization by one approach only, with overexpressed DEG10-GFP
in cell cultures. However, an adequate control in form of untransformed WT plants was not
included. In this study, two independent approaches were performed including sufficient
controls and consequently, these results are more likely to reflect the truth.
Furthermore, the submitochondrial localization of DEG10 was investigated by
fractionating mitochondria and purifying soluble and membrane proteins. Since DEG10
was detected in the soluble as well as in the membrane fraction with signal intensity ratios
varying between different preparations (see chapter 2.1.3), I assumed that DEG10 is
associated to the membrane and that the degree or strength of membrane association may
change due to subtle changes in environmental or experimental conditions. It was already
shown for the non-integral chloroplastic protease DEG2 in A. thaliana that it is mostly
membrane associated, namely to the stromal side of the thylakoid membrane (Haußühl et
al., 2001). Accordingly, the presence of DEG10 in the soluble fraction might derive from
contaminations with membrane fragments or from dissociation of DEG10 during the
fractionation procedure. In contrast, DegP in E. coli is confirmed to be both, membrane
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associated and soluble, depending on its functional state (Shen et al., 2009). The
association to lipid membranes induced a bowl-shaped assembly of DegP resulting in
higher proteolytic activity. Hence, the switch between proteolytic and chaperon-like
function is mediated by DegP´s assembly state (Shen et al., 2009).
In order to confirm the membrane association of DEG10 and to determine its binding
strength to the membrane, in future studies, the membrane fraction should be washed with
chaotropic agents of increasing strength subsequently analyzing the presence of DEG10 in
the different washing fractions by immunodetection.

The DEG10 transcript is predominantly expressed in trichomes, the vascular tissue
and in roots and might be regulated in a temperature-dependent manner
Besides the localization, we were also interested in organ and tissue dependent regulation
of DEG10 expression in dependence of elevated and high temperatures. Therefore, we
investigated the DEG10 transcript level by histochemical and quantitative approaches (see
chapter 2.2). The tissue specificity of DEG10 expression was histochemically detected by
the GUS reporter system in which the GUS gene was expressed under control of the
DEG10 promoter (PrDEG10:GUS). Noteworthy, in only 20% of all PrDEG10:GUS
transformed plants the construct was expressed at detectable levels and the individual
transgenic plants showed different staining patterns. This result might be due to position
effects of the randomly inserted GUS construct in the plant genome, to the number of
insertions contained in the genome or due to epigenetic control mechanisms that can cause
gene silencing (Meyer, 2000; Butaye et al., 2004).
PrDEG10:GUS was predominantly expressed in trichomes, in the vascular tissue and in roots,
but also in rosette leaves and in the stamens of open flowers (see chapter 2.2.1). The
expression in trichomes is in agreement with microarray analyses, in which DEG10
transcript levels were doubled in trichomes compared to the leaf blade, while in some
mutant trichomes the DEG10 transcript levels were up to ten-fold increased (eFP Browser;
(Marks et al., 2009)). The detection of DEG10 promoter activity in stamens is also in
accordance with microarray data, in which DEG10 transcripts were detected in mature
pollen grains from open flowers (Honys & Twell, 2004). Indeed, DEG10 expression was
also detected in roots in a microarray assay (Honys & Twell, 2004), but the exclusive
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detection in the central cylinder, which consists mainly of vascular tissue, is in conflict
with microarray data, which showed the highest DEG10 transcript levels in the root cortex
(Birnbaum et al., 2003). This might be either due to a posttranscriptional regulation of
DEG10 expression in roots or due to missing promoter elements in our GUS expression
construct. Promoters with their regulatory elements are very complex structures and are
defined per se by their function and not by their structure. Consequently, the in silico
prediction of promoters is far from simple (Rombauts et al., 2003). Since most promoter
sequences are normally found upstream of the transcription starting site within the first
1,000 bp (Rombauts et al., 2003; Xiao et al., 2010), the GUS constructs in this study were
restricted to the upstream sequence of DEG10, precisely the sequence between the DEG10
and CAT3 gene of about 850 bp (see chapter 5.2). This so-called intergenic region is also
used in some in silico prediction programs (Rombauts et al., 2003). But regulatory
elements can also be found downstream of the gene and even in introns or the 3´UTR
(Rombauts et al., 2003; Xiao et al., 2010). Therefore the intergenic region between CAT3
and DEG10 may not contain all regulatory elements which are necessary for the control of
the DEG10 transcription.
Additionally, we investigated the influence of elevated (30°C) and high (40°C)
temperature on the regulation of DEG10 expression. Under heat stress (40°C) the
PrDEG10:GUS staining in leaves strongly decreased, suggesting DEG10 plays no important
role at high temperatures at least not in leaves (see chapter 2.2.2). In contrast, at elevated
temperatures (30°C) GUS staining in the aboveground tissues was not influenced, whereas
in roots the number of plants with detectable GUS staining increased. This might point out
a special function of DEG10 in roots.
The analysis of GUS expression is a highly sensitive method to detect activity of even
weak promoters, because of the stability of GUS. However, this attribute is a major
limitation of temporal analyses of promoter activities (Kavita & Burma, 2008).
Consequently, the temperature stress results have to be interpreted carefully, but they give
at least first hints for a temperature dependent regulation of DEG10. A further advantage
of GUS is the fact that no intrinsic activity was detected for it in A. thaliana (Jefferson et
al., 1987), confirmed at least for rosette leaves also in this study by the absence of staining
in WT plants. Additionally, similar results were obtained with both GUS constructs,
pCH10 and pBJ03. Hence, I assume that the results of GUS staining are specific and
resulted from the activity of the DEG10 promoter. However, it should be kept in mind that
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the expression of PrDEG10:GUS does not necessarily reflect the expression pattern of the
DEG10 protein, only the presence of the DEG10 transcript. The results can be seen as first
important hints for the DEG10 distribution and regulation in different organs and tissues.
Like DEG14, DEG10 has also been proposed to be involved in high temperature stress
(Sinvany-Villalobo et al., 2004) which increases the risk of protein misfolding and
aggregation and consequently chaperones and proteases are needed (Volkov et al., 2003).
Quantification of DEG10 transcripts over a time course at either normal growth
temperature (22°C) or during heat stress treatment (40°C) revealed up to twofold changes
(see chapter 2.2.3). These fluctuations cannot be explained by the heat stress alone. DEG10
might be diurnally regulated, although this is not confirmed by earlier findings of
Covington et al. (2008), who did not detect a robust diurnal regulation of DEG10 transcript
levels in microarray assays. Sinvany-Villalobo et al. (2004) have shown that DEG10
expression is increased in response to heat stress (40°C), whereas this observation was not
consistently reproduced in another experiment (Expression Browser of the Bio-Analytic
Resource (BAR) database (Toufighi et al., 2005)). The literature results are based on
microarray analyses, whereas the results in this study are obtained by qPCR. It should be
pointed out that qPCR is a method characterized by high reproducibility and sensitivity
detecting subtle changes in gene expression (Clifton et al., 2005). According to the above
mentioned reasons, qPCR probably provides more accurate results than microarray
analyses. It can be assumed that this study´s results of RNA samples obtained from entire
leaves are representative, since the tissue specificity of DEG10 expression in the GUS
staining experiment was not changed after temperature stress (see chapter 2.2.2). At the
low expression level of DEG10 (for comparison: the mitochondrial genes encoding for
NADH dehydrogenase subunit B13 (At5g52840) and cytochrome c oxidase subunit X4
(At4g21105) have an up to 6-fold higher transcript level; the gene for ATP synthase betasubunit (At5g08670) has even a 12-fold higher transcript level; eFP Browser (Winter et al.,
2007)) a twofold change in transcript levels might cause a substantial change in activity.
However, it is not unlikely that the main regulation of DEG10 happens at the activity level,
as it has been described for other Deg proteases (Clausen et al., 2011; Huesgen et al.,
2011).
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DEG10 is required for optimal root development and seed set especially under
challenging, environmental conditions
In order to characterize the physiological function of DEG10, a deg10 loss-of-function
mutant, Δdeg10-1, was analyzed. However, also the expression of the putative ERlocalized Cationic Amino acid Transporter 3 (CAT3) (Yang et al., 2014) is compromised
in this mutant by the deletion of six exons at the C-terminus (see chapter 2.3.1).
Consequently, the mutant Δdeg10-1 is a deg10/cat3 double mutant. Since no further deg10
loss-of-function mutants were identified, in which exclusively DEG10 expression was
affected, a single Δcat3-1 mutant was isolated. In this mutant full-length CAT3 transcripts
were absent, assuming that no functional CAT3 can be produced anymore. At least five or
three of the 14 predicted transmembrane helices of CAT3 are missing in the Δdeg10-1 and
Δcat3-1 mutant, respectively (HMMTOP v.2) (Tusnady & Simon, 2001), most likely
leading to mistargeting or non-functionality, as it was already shown for CAT2 (Yang et
al., 2014). Consequently, also Δcat3-1 was included in the experiments. None of the
phenotypic alterations observed in Δdeg10-1 mutants, like the decreased root growth and
lower seed production (see chapter 2.3), were detected in Δcat3-1 mutants demonstrating
that all phenotypes of the Δdeg10-1 mutant can therefore be attributed to the loss of
DEG10 expression.
Gibala et al. (2009) demonstrated that proteolysis and protein turnover are essential for the
functionality of mitochondria shown by severe phenotypical changes due to the loss of the
ATP-dependent mitochondrial FtsH4 protease. However, under unstressed growth
conditions neither the vegetative growth of the leaf rosette nor the mitochondrial
ultrastructure in root, cotyledon and hypocotyl tissue was affected by the lack of DEG10
(see chapter 2.3.2). Consequently, biogenesis and basic organization of mitochondria does
not require DEG10 function at least not under unstressed conditions.
Under challenging growth conditions however, the Δdeg10-1 mutant showed
developmental and fertility defects (see chapter 2.3.3 and 2.3.6). This indicates that
DEG10 may be required to maintain mitochondrial functions under stress conditions. The
reduced fertility and heat sensitive root elongation matched well with the localization of
DEG10 expression in stamens and in roots (see chapter 2.2.1), while no phenotypic
differences in trichomes between WT plants and Δdeg10-1 mutants were observed.
Therefore, DEG10 may contribute to the functionality rather than to the development of
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trichomes, e.g. producing defense compounds against herbivore attack (Wagner et al.,
2004).
The loss of DEG10 led to an impaired growth of the primary root in A. thaliana. The
Δdeg10-1 seedlings had significantly shorter roots compared to WT plants, especially at
elevated temperature (30°C) (see chapter 2.3.3). Although Δdeg10-1 seedlings profited
most from the addition of sucrose to the medium, the root length still remained shorter
compared to WT plants. In contrast to the root growth, the lack of DEG10 caused no
phenotypic differences in the development of aboveground tissues.
The seedling development results are in accordance to former studies. Elevated
temperatures (28°C - 29°C) severely affected growth and development of A. thaliana
plants, which was primarily linked to the promoted biosynthesis of the phytohormone
auxin, accelerating development of the shoot (Gray et al., 1998; Franklin et al., 2011) as
well as of the root (Pahlavanian & Silk, 1988; Hanzawa et al., 2013). Besides temperature
conditions, also sugars including sucrose have an important function in root system
morphogenesis. On the one hand sugars act as energy and carbon sources and on the other
hand they act as signaling molecules (Sairanen et al., 2012; Fusconi, 2014). Studies have
shown that sucrose influences plant growth by modulating the biosynthesis of auxin
amongst others by phytochrome-interacting factors (PIF) (LeCLere et al., 2010; Sairanen
et al., 2012).
Consequently, the impaired root growth of Δdeg10-1 mutants may have several reasons:
Either the transport of photoassimilates to the root and their utilization may be
compromised which consequently cause an energy deprivation, or the loss of DEG10
interferes with the regulation of root growth. Since exogenous sucrose supply could only
partially rescue the elongation defect of heat stressed Δdeg10-1 mutants, both scenarios
may be true. While the requirement of mitochondrial energy production for root growth
and development is obvious, as also directly shown by López-Bucio et al. (2003), the
interplay of mitochondrial retrograde (RTG) signaling with the regulation of root growth
by polar auxin transport has only recently been revealed. In several studies, a reciprocal
regulation of mitochondrial stress responses by auxin and an impact of mitochondrial stress
on auxin signaling were observed (Ivanova et al., 2014; Kerchev et al., 2014; Zhang et al.,
2014b). Indeed, a direct link was identified by Tognetti et al. (2010) and Kerchev et al.
(2014) showing that the gene UDP-glucosyltransferase(UGT)74E2 in A. thaliana,
regulated by the mitochondrial RTG signaling, is directly involved in auxin signaling.
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By the measurement of total mitochondrial respiration rates of intact seedlings, we could
neither confirm nor exclude that the observed root phenotype might be due to disturbances
in energy supply by the mitochondrial respiration chain (see chapter 2.3.4). No significant
influence of the presence or absence of DEG10 on oxygen uptake were detected under
normal or stress conditions. Due to the presence of the alternative oxidase (AOX) pathway,
O2 consumption and the synthesis of ATP can be uncoupled in plants (Albury et al., 2009;
Vanlerberghe, 2013). Therefore the results do not necessarily allow any conclusion about
the production of ATP. In future studies, measurements of intracellular ATP
concentrations should be performed. The AOX1a transcript level in Δdeg10-1 mutants did
not increase, but unexpectedly decreased by 50% at elevated temperatures. Since the
nuclear encoded AOX1a is a general marker of mitochondrial dysfunction and RTG
signaling (Vanlerberghe, 2013), the changes in transcription indicated an altered stress
level in the mutant, even if the differences in DEG10 transcript levels of WT plants and
Δdeg10-1 mutants were not big enough to be significant.
It is known that the expression of AOX is highly induced by reactive oxygen species (ROS)
(Vanlerberghe, 2013) and therefore it might be possible that the reduced root length in
Δdeg10-1 mutants, especially distinctive under elevated temperatures, may be caused by
altered ROS production or signaling. On the one hand, it is known that the generation of
ROS is increased at elevated temperatures/heat stress (Apel & Hirt, 2004; Volkov et al.,
2006), in mitochondria probably caused by membrane hyperpolarization (Fedyaeva et al.,
2014), and on the other hand it was shown that ROS impair cell elongation. Several studies
revealed that the relatively stable ROS hydrogen peroxide (H2O2) causes cell wall
stiffening mediated by increased cross-linking of polymers at least in aboveground organs
(Wojtaszek, 1997; Gapper & Dolan, 2006). In contrast, it was shown that ·OH causes cell
wall-loosening in the growing zone of the root (Liszkay et al., 2004). In this study, no
altered ROS level was detected by DAB staining in root tips of Δdeg10-1 plants, neither at
stressed nor unstressed conditions (see chapter 2.3.5). Potentially, DAB is not sensitive
enough to detect faint differences in ROS levels. Therefore, other assays could be
performed to detect ROS, like the high sensitive assay with 3,5,3′,5′-tetramethylbenzidine
(TMB) (Barceló, 1998) or with the fluorescent probe DCFH-DA (Duan et al., 2010).
In Δdeg10-1 mutants, phenotypic differences were not only present in roots, but also in
aboveground organs. The reproductive development was negatively affected by the loss of
DEG10, especially under challenging, environmental conditions in the field, while the
vegetative growth was not influenced. The Δdeg10-1 mutants had a decreased evolutionary
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fitness caused by a reduced seed yield (see chapter 2.3.6). In more detail, the mutants had
less seeds per silique, while the overall number of siliques was not affected. Seeds need a
particular high availability of energy (Clifton et al., 2006). Therefore, shorter roots
resulting in decreased nutrient and/or water uptake (López-Bucio et al., 2003) might
enhance a reduced seed yield. Interestingly, by the loss of DEG10 only major sink organs
were compromised, i.e. root and seeds, which depend on sugar assimilates from the source
(photosynthetic leaves) (De Storme & Geelen, 2014). In seeds, the maternal tissue delivers
photoassimilates and other nutrients (Allorent et al., 2015). The decreased seed production
might be a further sign for mitochondrial energy deprivation in the Δdeg10-1 mutants.
Seed production is dependent on an adequate supply with ATP (Pan et al., 2014), but
certain stages during seed formation have no plastids competent in photosynthesis
(Allorent et al., 2015) assuming that seed formation is especially dependent on functional
mitochondria.
Many studies show that changes in the finely regulated activity of mitochondria affect
plant growth and development (reviewed in Jia et al. (2015)). The essential function of
mitochondria in fertility, in particular pollen fertility, has long been recognized, while the
exact mechanisms by which mitochondrial defects cause cytoplasmic male sterility (CMS)
remain poorly understood (Horn et al., 2014). CMS is caused by genomic incompatibility
between mitochondria and the nucleus, is maternally inherited and results in the production
of malfunctional pollen (Kitazaki et al., 2015; Zhao et al., 2015). A specific set of fertility
restorer (Rf) genes were identified which are able to repress CMS. The nuclear PPR-type
Rf genes encode for pentatricopeptide repeat (PPR) proteins that were shown to alter the
expression of genes associated to CMS by processing mitochondrial RNA (Huang et al.,
2015; Zhao et al., 2015). It was recently shown in rice that RF6 and hexokinase 6 function
together in mitochondria to restore fertility (Huang et al., 2015).
Two proteases, the cysteine protease CEP1 in A. thaliana and the aspartic protease AP65 in
rice have previously been reported to contribute to pollen development and male fertility,
respectively (Huang et al., 2013; Zhang et al., 2014a). Although in this study no
experiments were performed in order to analyze whether the fertility defect in Δdeg10-1
mutants is caused by pollen problems, pollen development or fertility are likely reasons for
the reduced number of seeds. The observations that DEG10 is essential for the
maintenance of optimal fertility in variable and challenging environmental conditions are
consistent with a function of DEG10 in protein turnover to stabilize mitochondrial energy
production during stress.
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To strengthen the assumption that the observed phenotypes are exclusively due to the loss
of DEG10, further studies have to be performed with Δdeg10-1 mutants complemented
with A. thaliana DEG10. In this study, DEG10-overexpressing transgenic plants were
successfully generated (see chapter 2.3.7). If the phenotypes observed in Δdeg10-1 mutants
are not present anymore in the DEG10 complemented mutants, it can be concluded that all
of the observed phenotypes in Δdeg10-1 mutants are due to the lack of the DEG10
protease.

An interplay between DEG10 and DEG14 remains conceivable
Like DEG10, the other mitochondrial protease in A. thaliana, DEG14, was also shown to
be involved in high temperature stress, more precisely in thermotolerance (Larkindale &
Vierling, 2008; Basak et al., 2014). It is known for plants that several genes are redundant,
sharing the same or at least overlapping functions in the cell. This was already shown for
the chloroplastic Deg proteases involved in the turnover of the photodamaged D1 protein
in PSII (Huesgen et al., 2006; Clausen et al., 2011) or for the homologous Deg proteases
HtrA, HhoA and HhoB in the cyanobacterium Synechocystis sp. PCC 6803 (Barker et al.,
2006). However, the transcriptional analysis of WT plants and Δdeg10-1 mutants revealed
that the absent DEG10 protein is not compensated by an upregulation of DEG14 transcript
levels, neither under stressed nor unstressed conditions (see chapter 2.4.1). It is known
from Deg proteases, that their activation can be regulated by their oligomerization status
(Clausen et al., 2011). Therefore, it is likely that the activity of DEG14 is not regulated via
the transcript level, but only at the protein level. Additionally, the analyses of a double
mutant could reveal a more distinct phenotype. Hence, further phenotypic studies should
also be performed with the deg10/deg14 double knockout mutant, which has been
generated and genetically characterized in this study (see chapter 2.4.2).
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DEG10 was found to be exclusively localized in mitochondria, suggesting that DEG10
plays an important role in mitochondrial proteostasis. It is well known, that mitochondrial
disturbances lead to changes in plant growth and development (Ivanova et al., 2014; Hsieh
et al., 2015). Indeed, the Δdeg10-1 mutant showed phenotypic differences which were
especially distinctive at elevated temperatures and under changing climate conditions in
the field. It is conceivable that DEG10 as an ATP-independent protease is more important
under stress conditions, when ATP levels are low, and partially unfolded or otherwise
damaged proteins threaten to accumulate. DEG10 seems to be important under high
temperature stress, although no explicit regulation of DEG10 at heat stress conditions was
shown. Potentially, the regulation of DEG10 activity depends predominantly on the
oligomerization state or other post-translational modifications which can be further
investigated on the one hand by size-exclusion chromatography and on the other hand by
immunoblotting or mass spectrometry.
Interestingly, the phenotypic alterations in the Δdeg10-1 mutant were only found in major
sink organs, i.e. in roots and in seeds. Expression of DEG10 in the vascular tissue and
partial complementation of the temperature-dependent root growth defect of Δdeg10-1
mutants indicated that both the supply with and the energy production from
photoassimilates may depend on DEG10 function. Tissue-specific complementation
experiments may be used to determine where DEG10 is mainly needed. At the molecular
level no direct link between the impaired root length, the decreased seed production and
the lack of DEG10 was identified so far. But in Δdeg10-1 mutants, an altered AOX
transcript level after heat stress was detected, which is a strong sign for a mitochondrial
dysfunction and altered RTG signaling (Vanlerberghe, 2013).
Further studies are required to determine whether DEG10 simply contributes to the
maintenance of mitochondrial functions during stress, like E. coli DegP, or whether it is
involved in the generation or transmission of a specific stress signal from mitochondria,
like E. coli DegS (Clausen et al., 2011). Possible substrates or interaction partners of
DEG10 need to be detected, in order to get deeper insights into the physiological function
of DEG10, especially at the molecular level. A comparative analysis of mitochondrial
proteomes of heat stressed WT plants and Δdeg10-1 mutants was initiated and the
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evaluation of the mass spectrometric analyses of the samples are awaiting completion
(more details see Jakobs (2015)).
In summary, the findings suggest that DEG10 plays an important role in mitochondrial
proteostasis which is required for optimal root development and seed set especially under
challenging environmental conditions, thereby contributing to the evolutionary fitness of A.
thaliana. The aims of this study were achieved by providing valuable insights into the
physiological function of DEG10.
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Plant material and growth conditions
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Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0), hereafter referred to as
wildtype (WT), the T-DNA insertion mutants Δdeg10-1 (SALK_135850) of DEG10
(At5g36950), Δcat3-1 (SALK_036082) of CAT3 (At5g36940, Cationic Amino Acid
Transporter 3) and Δdeg14-2 (SALK_042659) of DEG14 (At5g27660) were obtained
from the Nottingham Arabidopsis Stock Centre (Alonso et al., 2003). Additional DEG10
T-DNA insertion lines that did not result in loss-of-function mutations are listed in Table 1.
Wildtype (WT) plants and the homozygous mutant lines Δdeg10-1 and Δcat3-1 were raised
side by side in a glasshouse for seed production for two generations. For growth in axenic
cultures, the seeds were surface sterilized by incubation in 70% ethanol for 5 min,
subsequently in sterilization solution (1.25% (v v-1) sodium hypochlorite, 0.01% (v v-1)
Triton X-100) for 20 min (under agitation) and then washed twice with deionized water.
To synchronize germination all seeds were incubated in 0.1% (w v-1) agarose for 3 days at
4°C. Surface-sterilized seeds were either sown on agar plates or grown as liquid cultures.
For growth on agar plates (½ strength Murashige and Skoog (MS) salts (Duchefa), 1%
(w v-1) agar, 2% (w v-1) sucrose, pH 5.8) seeds were incubated at short day conditions (9 h
(23°C) : 15 h (21°C), light : dark) at a photon flux density of 90 µmol m-2s-1. For ROS
detection seedlings were grown on ½ MS agar plates and adapted for three days to long
day conditions (22°C, 16 h : 8 h, light : dark) in light thermostats (see chapter 5.16) at a
photon flux density of 130-150 µmol m-2s-1. Afterwards, half of the seedlings were
exposed to heat stress (40°C).
For the growth as liquid cultures seeds were incubated in mildly agitated flasks containing
½ strength MS and 2% (w v-1) sucrose at 22°C at a continuous photon flux density of
100 µmol m-2s-1.
Soil-grown plants were cultivated in the glasshouse at a photon flux density of
approximately 150 µmol m-2 s-1 under short-day conditions (9 h (22°C) : 15 h (20°C),
light : dark) or at 130 µmol photons m-2 s-1 (16 h (22°C) : 8 h (20°C), light : dark) under
long-day conditions. For transcript analyses, five-week old plants were transferred to light
thermostats (see chapter 5.16) and adapted for two days at a photon flux density of
160±20 µmol m-2 s-1 under short day conditions (22°C, 9 h : 15 h, light : dark). Control
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plants remained at 22°C, while some plants were incubated at 40°C at the same light
conditions to induce heat stress. In order to prevent drought stress, plants were well
watered during heat stress.

5.2

Plasmid construction and transformation

For confocal microscopy, for heterologous protein expression and for complementation of
Δdeg10-1 mutants, the coding sequence of DEG10 was amplified by PCR from the
fullength cDNA clone RAFL - R21313 (Seki et al., 2002; Sakurai et al., 2005). To
generate a DEG10-GFP fusion construct, the fullength DEG10 CDS without stop codon
was amplified with the primers 5’-CACCATGCTGCTCCGGTCATTTCGC-3’ and 5’AACCGCAGAACAAGAAGCCAAC-3’. The resulting PCR product was inserted into the
pENTR/D-TOPO vector (Life Technologies) by directional TOPO cloning and
subsequently transferred into the vector pEG103 (Earley et al., 2006). Thereby the DEG10
CDS was C-terminally fused to a GFP CDS followed by six His codons under control of
the constitutive 35S promoter of the cauliflower mosaic virus, resulting in the vector
pEG103_DEG10.
For a bacterial overexpression construct, primers 5’-CACCCCTTCACACATCTCTCG
ATTCT-3’and 5’-GAGTCAAACCGCAGAACAAGAAGCC-3’ were used to amplify a
fraction of the DEG10 cDNA spanning from the 52nd codon to the stop codon. The
amplified, truncated DEG10 CDS was inserted into the pET151/D-TOPO vector (Life
Technologies)

by

directional

TOPO

cloning,

resulting

in

the

vector

pET151_DEG10CDSΔN51, fusing the truncated DEG10 CDS N-terminally to six His
codons.
For the complementation of Δdeg10-1 with a DEG10-6x-His construct, the fullength
DEG10 CDS without stop codon was amplified with the primers 5’-CACCATGCTGCTCCGGTCATTTCGC-3’ and 5’-GTT-TCA-ATGGTGATGGTGATGGTGAACCGCAGAACAAGAAGCCAACTCG-3’, tagging the DEG10 CDS C-terminally with
six His codons. The resulting PCR product was inserted into the pENTR/D-TOPO vector
(Life Technologies) and subsequently transferred into the vector pEG100 (Earley et al.,
2006) resulting in the plasmid pEG100_DEG10-6x-His. The DEG10 construct is under
control of the constitutive 35S promoter.
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To determine the tissue specificity of DEG10 promoter activity, the bona fide promoter
region of DEG10, including the 5´UTR of DEG10 and starting with the 3´UTR of CAT3,
the next gene upstream of DEG10, was amplified from A. thaliana WT genomic DNA by
PCR. Two slightly different reporter constructs were prepared: For a GFP-GUS double
reporter construct, the primers 5’-ttgtacaagaaagctgggTTATTTTCCGGTACTGCTTTT
TTGAG-3’ and 5’-tgtacaaaaaagcaggctGTCTACATGAAACCATCAATGGAAG-3’ were
used and the PCR product was inserted into pDONR221 (Life Technologies) by in vivo
recombination, from where it was transferred by LR recombination into the plant
transformation vector pHGWFS7 (Karimi et al., 2002). The final product, vector pCH10,
contains 854 bp upstream of the start codon of DEG10 followed by GFP and GUS. For the
second construct, the

promoter region was amplified with the primers

GATCTAGAGTCTACATGAAACCATCAATGGAAG-3´

and

5´-

5’-CTTCTAGAGAG

CAGCATTATTTTCCGGTACT-3’. The resulting PCR product was subcloned into pCRBlunt II (Life Technologies), excised with XbaI and inserted into the XbaI site of pCB308
(Xiang et al., 1999). Clones containing the promoter region in sense orientation were
selected by PCR and the resulting vector, pBJ03, contains in contrast to the vector pCH10
additionally the first three codons of DEG10 fused to the GUS gene. Integrity of all final
constructs was verified by sequencing.
For the vector pEG103_DEG10 and pEG100_DEG10-6x-His, Agrobacterium tumefaciens
strain LBA4404 and for pCH10 and pBJ03 strain GV3101 was used for floral dip
transformation of A. thaliana plants according to Clough and Bent (1998). For the vector
pEG100_DEG10-6x-His homozygous Δdeg10-1 mutants and for all the other vectors WT
plants were used for transformation. Transformants obtained with pCH10 were selected on
½ MS agar plates supplemented with 20 µg ml-1 hygromycin B, 150 µg ml-1 cefotaxime,
150 µg ml-1 ticarcillin and 2% (w v-1) sucrose, whereas seeds transformed with the
construct pEG103_DEG10, pEG100_DEG10-6x-His or pBJ03 were grown on soil and
after emergence of the first rosette leaves, transgenic plants were selected by spraying with
50 µg ml-1 BASTA (Bayer) solution.

5.3

DNA isolation and PCR

Genomic DNA was isolated from Arabidopsis leaves according to Edwards et al. (1991).
The final pellet was resuspended in 100-150 µl deionized water and centrifuged for 1 min
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at 16,100 g. The DNA solution was stored at -20°C until use. For standard PCR reactions,
1 µl DNA solution was used.

5.4

RNA isolation, cDNA synthesis and quantitative
real-time PCR (qPCR)

Inner leaves of the rosette were harvested from four plants per genotype, temperature and
time point. Total RNA was isolated and purified with the Direct-zolTM RNA MiniPrep Kit
(Zymo Research) from up to 50 mg leaf material. The concentration of total RNA was
determined with a Qubit fluorometer using the Quant-iTTM RNA BR Assay Kit (Life
Technologies). Per sample, 1 µg RNA was used for cDNA synthesis according to the
protocol provided by the manufacturer (Transcriptor High Fidelity cDNA synthesis Kit,
Roche). For quantitative detection of transcripts quantitative real-time PCR (qPCR) was
performed using GoTaq® qPCR Master Mix (Promega). In addition to the specific primers
(1.5 µM), 1 µl cDNA (corresponding to 16.7 ng total RNA) was used per 20 µl PCR
reaction mix. The qPCR was run on a 7500 Fast Real-Time PCR System (Applied
Biosystems) using a two-step protocol. Samples were measured in triplicates and means
were used for further analyses. At the end of each run, melting-curve analyses were
performed to confirm the specific amplification of the template and to exclude falsepositive fluorescence due to side reactions. Cycle threshold values and amplification
efficiencies were obtained with PCR Miner 4.0 (Zhao & Fernald, 2005). Relative transcript
levels were calculated according to Pfaffl et al. (2002) using the REST software tool and
the included statistical analyses. For normalization of DEG10 transcript levels the
reference gene At1g13320 was used which encodes a regulatory subunit of the Protein
Phosphatase 2A (PP2A), as At1g13320 is very stably expressed even under heat stress
conditions (Czechowski et al., 2005). The following gene specific primers were used in
this study: DEG10 (At5g36950): 5´-AACACAAAGGAGTGATCAGC-3´ and 5´AGGAAGGCGGGAAAATCATTATC-3´,

DEG14

(At5g27660):

5´-

TCACTGCTTTTGCGATCAACAC-3´ and 5´-AAGCTTCGTCCTGGAGACTG-3´, PP2A
(At1g13320, regulatory subunit of phosphatase 2A): 5´-TAACGTGGCCAAAATGATGC3´ and 5´-GTTCTCCACAACCGCTTGGT-3´ (Czechowski et al., 2005), AOX1a
(Alternative Oxidase 1a, At3g22370): 5´-GACGGTCCGTACGGTTTCG-3´ and 5´CTTCTGATTCGCGTCCTCCTCCT-3´ (Clifton et al., 2005), HSP18.2 (18 kDa Heat
Shock Protein 2, At5g59720): 5´-GGCCTGAAGAAGGAAGAAGTCAAGG-3´ and 5´-
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AGCACACAAGCTTTTTATTTGACACACC-3´ (Volkov et al., 2003). Primers for
DEG10 and DEG14 were designed with the NCBI Primer-Blast tool (Ye et al., 2012).

5.5

Genetic characterization of mutants

The position of the T-DNA insertion was confirmed for the Δdeg10-1, Δcat3-1 and
Δdeg14-2 mutants by sequencing (GATC Biotech AG; Source Bioscience) of PCR
products obtained with gene and T-DNA specific primers (for deg10-1: 5’GCAATGATGTCTCGCCATTTATG-3’ and 5’- CATTGGAACAAGAGATGGTAATG3’; for cat3-1: 5’-AGCTATGCAGCGTCAAGCTTC-3’ and 5’-AGTCGCCAGATTC
AACATAGTC-3’;

for

deg14-2:

5’-GATTCATCGTCCTGAGCAAAG-3’

TGCGATCAACACAACTAGCAC-3’;

for

T-DNA:

and 5’-

5’-TTCGGAACCACCATCA

AACAG-3’). To rule out the presence of additional T-DNA insertions for the Δdeg10-1
and Δdeg14-2 line, homozygous individuals of Δdeg10-1 and Δdeg14-2 mutants were
backcrossed with WT plants for three consecutive generations and in each generation the
heterozygous plants were selected by PCR. Heterozygous plants of the third (T3)
backcrossed generation were allowed to self-fertilize and individuals that were
homozygous for the T-DNA insert were selected by PCR. To confirm that the T-DNA
lines were true loss-of-function mutants, reverse transcription PCR (RT-PCR) and for
Δdeg10-1 additionally immunoblot analysis were performed. For the generation of
Δdeg10/Δdeg14 double mutants homozygous individuals of Δdeg10-1 and Δdeg14-2
mutants were crossed with each other. Plants of the first generation (T1) were allowed to
self-fertilize and individuals that were homozygous for both the T-DNA insertion in
DEG10 and DEG14 were selected by PCR.
In Δdeg10-1 mutants complemented with Arabidopsis DEG10 the presence of the inserted
DEG10-6x-His

construct

was

confirmed

by

PCR

with

the

primers

5´-

AACACAAAGGAGTGATCAGC-3´ and 5´-GTGGATTGATGTGATATCTCC-3´. The
overexpression of DEG10-6x-His was confirmed by immunoblot analyses with a
polyclonal anti-DEG10 immune serum and an anti-His conjugate.

5.6

Heterologous protein expression

Escherichia coli cells strain BL21 (DE) were transformed with the plasmid
pET151_DEG10CDSΔN51 and grown in 2x LB medium with 100 µg ml-1 carbenicillin
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under agitation at 37°C. At an OD600 of 0.4-0.5 protein expression was induced with
0.4 mM IPTG for 20 h. Cell densities were determined by measuring the OD600 and the
cells were lysed by boiling at 95°C for 5 min in SDS sample buffer. Total protein extracts
corresponding to 1.41*107 cells per lane were separated by SDS-PAGE and stained with
Coomassie brilliant blue. The concentration of DEG10 in the cell lysate was determined by
comparing the intensities of the DEG10 band with known amounts of BSA.

5.7

Isolation and fractionation of organelles

Mitochondria were isolated from up to 60 g of 10-day-old A. thaliana seedlings grown in
axenic liquid cultures. The preparation was adapted from Eubel et al. (2007) and Millar et
al. (2007) and the complete preparations were performed at 4°C. For all centrifugation
steps a fixed-angle rotor was used. The plant material was broken up in homogenization
buffer (0.4 M mannitol, 2 mM EDTA (pH 8.0), 40 mM MOPS-KOH (pH 7.8), 5 mM
tricine, 5 mM DTT, 0.1% (w v-1) BSA, 1% (w v-1) PVP-40) with a homogenizer (T 25
digital Ultra-Turrax, IKA) and the suspension was filtered through a 50 µm nylon mesh.
The homogenate was centrifuged twice at 4,900 g for 5 min and the pellets were discarded.
The supernatant was centrifuged at 20,200 g for 10 min, the resulting pellet was carefully
resuspended in washing medium (0.4 M mannitol, 1 mM EDTA (pH 8.0), 10 mM MOPSKOH (pH 7.2), 0.1% (w v-1) BSA) with a brush, diluted to 40 ml in washing medium and
centrifuged at 1,000 g for 5 min to sediment residual plastids. From the supernatant,
organelles were sedimented at 15,000 g for 15 min. The pellet was carefully resuspended
with a brush in a small volume of washing medium. Organelles from up to 30 g plant
material were layered onto a preformed Percoll gradient (35 ml) and centrifuged for 45 min
at 40,000 g with switched-off break. The continuous Percoll gradient (28% (v v-1) Percoll
(Sigma-Aldrich), 0.4 M mannitol, 10 mM MOPS-KOH (pH7.2), 0.1% (w v-1) BSA
(defatted, fraction V; Roth)) was freshly prepared by centrifugation at 4°C at 10,000 g for
30 min. After centrifugation, the mitochondria formed a buff-colored band below green
plastid fractions. The mitochondria were collected, diluted four-fold in washing medium
and centrifuged at 18,000 g for 15 min. The supernatant was discarded and the pellet was
resuspended in a small volume of washing medium without BSA, transferred into a 2 ml
reaction tube and centrifuged again. For further fractionation, the mitochondria were
washed in 0.2 M KCl solution according to Eubel et al. (2007). Afterwards, the
mitochondria were osmotically lysed according to Haussuehl et al. (2009) and sonicated
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twice for 3 s. The soluble and membrane fractions were separated by centrifugation at
130,000 g for 1 h in an ultracentrifuge.
Intact chloroplasts were isolated from A. thaliana WT plants grown on soil. Leaves of twoto three-week-old plants were shortly shredded with a homogenizer in cold HEPESsorbitol-MgCl2+ (HSM+) buffer (50 mM HEPES-KOH, 330 mM sorbitol, 10 mM
NaHCO3, 5 mM MgCl2, 5 mM EDTA (pH8.0), 5 mM cysteine, 5 mM ascorbic acid,
2.5 mM KCl, 2.5 mM MnCl2, pH 8.0). The resulting slurry was filtered through a 50 µm
nylon mesh and from a small volume proteins were precipitated (‘total protein’). The
homogenate was centrifuged for 2 min at 4,000 g. The supernatant was centrifuged again
for 10 min at 25,000 g to obtain ‘soluble proteins’ in the supernatant. The pellet from the
initial low-speed centrifugation was gently resuspended with a brush in a small volume of
HSM+ buffer, loaded onto a two-step Percoll gradient (35% (v v-1) Percoll in HSM+ buffer
over a 80% Percoll cushion in 0.4x HSM+ buffer) and centrifuged for 9 min at 2,700 g. The
intact chloroplasts were collected from the 35%/80% Percoll interphase, washed once with
HSM+ buffer and pelleted for 2 min at 2,700 g.

5.8

Generation of a polyclonal anti-DEG10 serum and
an anti-DEG10 peptide antibody

A polyclonal anti-DEG10 immune serum (Zeiser, 2007) was generated at the Animal
Research Facility of the University of Konstanz against the truncated fusion protein 6xHis-DEG10ΔN92 which was expressed in E. coli strain BL21 star (DE3) and purified
under denaturing conditions by metal affinity chromatography followed by size exclusion
chromatography (1 ml HisTrap FF and Superdex 200 10/300 GL columns, GE Healthcare)
using a FPLC system (Äkta Purifier, GE healthcare).
An anti-DEG10 peptide antibody was generated by Genscript. Based on the output of the
OptimumAntigenTM design tool from Genscript amino acids 60-73 of the DEG10 protein
were selected as antigen. This peptide seemed suitable due to its high antigenicity
including low homology to the host, high specificity in A. thaliana and a good accessibility
near the N-terminus in a probably unstructured region, predicted by the protein modeling
program PHYRE2 (Kelley et al., 2015). The company confirmed the recognition of the
antigen by the serum and provided affinity-purified antibodies.
Both antibodies were raised in a rabbit (Oryctolagus cuniculus).
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Protein isolation from leaves

Arabidopsis leaves (30 mg FW) were harvested in 1.5 ml reaction tubes and ground shortly
with a pestle in 60 µl extraction buffer (125 mM Tris-HCl (pH 6.8), 4% (w v-1) SDS,
100 mM DTT). Then 30 µl LDS buffer (20% (w v-1) LDS, 1 M Tris (pH 8.0), 1 M DTT,
2% (w v-1) bromphenol blue, 33.3% (v v-1) glycerol) were added and the material was
ground again until all leaf tissue was homogenized. The samples were shortly vortexed,
incubated for 30 min at room temperature, boiled for 5 min at 95°C and shortly incubated
on ice. After centrifugation of the samples at 25,000 g for 10 min at room temperature the
supernatant was transferred into a new 1.5 ml reaction tube and stored at -20°C until use.

5.10 Protein precipitation, -determination and -detection
Proteins were precipitated in 80% (v v-1) acetone at -20°C and the obtained protein pellet
was resuspended in protein extraction buffer (104 mM Tris-HCl pH 6.8, 3.3% (w v-1) SDS,
1.67x protease inhibitor (complete EDTA free, Roche), 83.3 mM DTT, 83.3 mM EDTA).
Protein concentration was determined with a kit (RC/DC assay, BioRad). For denaturing of
proteins, SDS-sample buffer was added and samples were boiled for 5 min at 95°C.
Proteins were separated by SDS-PAGE according to Laemmli (1970) using mini gels of
10% (w v-1) or 15% polyacrylamide. Equal amounts of protein (8 µg or 10 µg) were loaded
per lane unless stated otherwise. Immunoblotting was performed according to Towbin et
al. (1979). The proteins were blotted semi-dry (65 mA/gel for 90 min) onto a PVDF
membrane (0.2 µm pore size, Roche), blocked for 1 h at room temperature with blocking
solution (1x Roti Block (Roth) in 1x PBS-T (137 mM NaCl, 2.7 mM KCl, 10.2 mM
Na2HPO4, 2 mM NaH2PO4, 0.1% (v v-1) Tween-20, pH 7.4) and incubated in primary
antibody or conjugate solution for 1 h at room temperature. As secondary antibody, goat
anti-rabbit conjugated to horseradish peroxidase (Sigma-Aldrich) was used at 1:15,000
dilution. Proteins were detected with an enhanced chemiluminescence assay (ECL, GE
Healthcare Life Sciences). Optimal concentrations of polyclonal antibodies and conjugates
were determined empirically (Table 7). For staining of SDS-gels, Coomassie solution
(40% (v v-1) methanol, 10% (v v-1) acetic acid, 0.1% (w v-1) Coomassie Brilliant Blue
R250) or for a more sensitive staining InstantBlue (Expedeon) was used.
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Table 7: Antibodies and conjugates
Name

Organism

Dilution

Source (product nr.)

anti-Lhcb2

rabbit

1:15,000

Agrisera (AS01 003)

anti-COXII

rabbit

1: 1,000

Agrisera (AS04 053A)

anti-GDC-H

rabbit

1: 5,000

Agrisera (AS05 074)

anti-DEG10 immune serum

rabbit

1:

Zeiser (2007)

anti-DEG10 peptide antibody

rabbit

1: 2,000

this study

anti-Hcf101

rabbit

1: 3,000

Agrisera (AS06 163)

anti-arginase

rabbit

1: 5,000

Todd and Gifford (2002)

anti-His HRP conjugate

mouse

1: 5,000

Qiagen (34660)

500

5.11 Confocal microscopy
Protoplasts were isolated from leaves of several independent DEG10-GFP transformants,
preselected for GFP expression, as well as of WT plants by overnight incubation in
protoplast medium (0.45 M sorbitol, ½ MS salt mixture) supplemented with 10 mg ml-1
cellulase and 2.5 mg ml-1 macerozyme. Isolated protoplasts were incubated with 0.33 µM
MitoTracker Orange (Life Technologies) for 20-30 min in the dark before they were
embedded in an equal volume of protoplast medium supplemented with 0.1% (w v-1)
®

agarose in chambers with a coverglass bottom (Nunc Lab-Tek II #1.5, Thermo Fisher
Scientific). Pictures were taken with a Zeiss LSM 510 Meta confocal microscope with a
40x oil immersion objective (Plan Neofluar, numerical aperture 1.3). GFP, MitoTracker
and chlorophyll fluorescence signals were sequentially captured with the Meta detector of
the confocal microscope (GFP: 497–561 nm, MitoTracker: 572-615 nm, chlorophyll: 657–
690 nm). An argon laser at 488 nm and a He–Ne laser at 543 nm provided excitation
energies. Channel overlay, false coloring, adjustment to identical gain and offset and
contrast settings were performed in ImageJ and Adobe Photoshop.

5.12 Histochemical GUS assay
Plants were grown in the glasshouse under short-day conditions at 22°C. Untreated as well
as heat stressed plant material was used for GUS staining. In order to examine the effect of
heat stress, eight-week-old plants were incubated at 40°C. Furthermore, two-week-old
seedlings were incubated on ½ MS agar plates with and without 2% (w v-1) sucrose for one
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week in light thermostats at control (22°C) and elevated temperature (30°C) (detailed
information about light and temperature conditions see chapter 5.16). For investigation of
transgenic plants of the T2 generation of construct pCH10, seeds were grown on selective
medium (½ MS salt mixture, 2% (w v-1) sucrose, 1% (w v-1) agar, 20 μg ml-1 hygromycin
B). After selection, seedlings were transferred onto medium without antibiotics.
The histochemical β-glucuronidase (GUS) assay was modified from Jefferson et al. (1987).
Young seedlings, leaves, flowers and siliques were analyzed for GUS expression. Leaves
were incised at the tip and siliques were carefully pricked using a needle, in order to
facilitate vacuum infiltration with 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (X-Gluc)
solution (1 mM X-Gluc (Apollo Scientific Ltd.) dissolved in DMF, 100 mM Na-phosphate
buffer pH 7.2, 10 mM EDTA, 0.2% (v v-1) Triton-X-100). Samples were incubated for
20 h at 37°C. The reaction was stopped by replacing the staining solution with 80% (v v-1)
ethanol and subsequent incubation for 30 to 40 min at 60°C under shaking at 600 rpm until
all endogenous pigments were completely eluted. Pictures were taken with a
stereomicroscope (Stemi 2000-C, Zeiss) and an external light source (KL 1500 LCD,
Zeiss).

5.13 TEM analysis
For transmission electron microscopy (TEM) analysis five-day-old seedlings of two
parental lines per genotype (WT, Δdeg10-1 and Δcat3-1) were grown on ½ MS agar plates
without sugar. The seedlings were dissected into cotyledon, hypocotyl and root in fixation
solution (2% (v v-1) glutaraldehyde (of 25% (v v-1) EM Grade, Agar Scientific), 0.1 M Nacacodylate pH 7.0, 1 mM CaCl2, 1% (w v-1) sucrose) and incubated at 4°C for around 2 h.
The material was rinsed several times in fixation solution without glutaraldehyde and
postfixed with 1% (w v-1) osmium tetroxide in 0.1 M Na-cacodylate pH 7.0 at 4°C for 2 h.
After dehydration in a graded series of ethanol (15%, 30% and 50%), the material was
incubated for several hours at 4°C in Spurr´s exposy resin (Spurr, 1969) with increasing
concentrations ranging from 10% to 100% before the resin was polymerized at 65°C for
3 days. Ultra-thin sections (80–100 nm) were made with an ultramicrotome (Ultracut R,
Leica) and stained using 2% (w v-1) uranyl acetate and 0.4% (w v-1) lead citrate according
to standard methods. The sections were analyzed using a 912 Omega transmission electron
microscope (Zeiss). Brightness and contrast were adjusted with the AxioVision 4.8
software (Zeiss).
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5.14 Respiration measurements
For respiration measurements, 12- to 14-day old, intact seedlings grown on ½ MS agar
plates were used. Per genotype (WT, Δdeg10-1 and Δcat3-1) three batches of seedlings
from each of three different parent plants (n=3x3=9) were analyzed. Oxygen consumption
rates were measured with a Clark-type oxygen electrode (Chlorolab 2 system, Hansatech
Instruments). Calibration of the electrode was performed according to the manufacturer’s
instructions. Per measurement, 7 to 10 intact seedlings corresponding to 15 mg – 20 mg
fresh weight (FW) were incubated in 1 ml (15.2 mg FW)-1 respiration medium (5 mM
KH2PO4, 10 mM TES, 10 mM NaCl, 2 mM MgSO4, pH 7.2 (Sew et al., 2013)). In order to
shut down photosynthetic processes, the seedlings were adapted to darkness for 30 min.
Afterwards, the seedlings were transferred with the respiration medium into the dark
measuring chamber and equilibrated for further 5 min. Oxygen consumption rates were
monitored for 15 min at 22°C. Afterwards, the seedlings were transferred into a chamber
preheated to 40°C to continue respiration measurements at 40°C for 15 min, analyzing the
time period 5 min to 15 min.

5.15 Detection of reactive oxygen species (ROS) in root
tips
Hydrogen peroxide (H2O2) was histochemically detected in situ by 3,3′-diaminobenzidine
(DAB) staining (Thordal-Christensen et al., 1997). 10-day-old seedlings of two parental
lines per genotype (WT and Δdeg10-1) were grown on ½ MS agar plates. After 18 h of
treatment, stressed (40°C) and unstressed (22°C) seedlings of equal developmental states
were carefully harvested from plate, briefly immersed in 2.5 mM EDTA solution (pH 5.5),
in order to prevent Ca2+ mediated wounding responses, and transferred into 1.5 ml
microcentrifuge tubes containing 1.68 mg ml-1 DAB-HCl (pH 3.8; Sigma D5637).
Seedlings were vacuum infiltrated and incubated in the dark at room temperature.
Seedlings grown at 22°C were stained for 120 min, whereas heat stressed seedlings were
incubated for 80 min only to prevent a saturation of the staining. Afterwards, seedlings
were washed and fixed in 70% ethanol at 70°C for 15 min with gentle agitation. After
exchange of ethanol solution, seedlings were further incubated for 30 min at room
temperature and subsequently immersed in 60% (v v-1) glycerol. Tips of primary roots
were photographed with a 10x lens on a BX51 microscope (Olympus) equipped with an
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AxioCam MRc (Zeiss) digital color camera. The transmitted light was reduced with neutral
density filters (ND6, ND25) and additional incident light was provided via fiber-optics
(KL 1500 LCD, Zeiss). For all images, same settings of the microscope, camera and
illumination were used.

5.16 Seedling development
Per genotype (WT, Δdeg10-1 and Δcat3-1) seeds were pooled from three plants in equal
ratios. Surface-sterilized seeds were sown on agar plates (d=13.5 cm; ½ strength MS
medium, 1% (w v-1) agar, pH 5.8 with or without 2% (w v-1) sucrose). Per plate 18 seeds (6
seeds per genotype) were placed in a random order on a straight line on the upper third of
the plate, spacing the seeds 7 mm apart. After sealing the plates with Parafilm, they were
incubated vertically in four light thermostats (Ernst Schütt Laborgerätebau, Göttingen),
two per temperature regime, under long day conditions (16 h : 8 h, light : dark) with a
photon flux density of 180-200 µmol m-2s-1 (Osram Powerstar HQI-E/P 400 W/D light
bulbs). Each thermostat contained 18 plates (nine with sucrose, nine without) that were
arranged in two columns, alternating plates with and without sucrose. To minimize
position effects within thermostats, plate positions were rotated every other day. The
seedlings were grown with two different temperature regimes: room temperature (RT;
22°C : 20°C, light : dark) or elevated temperature (ET; 30°C : 25°C, light : dark).
Four measures of seedling development were scored: seedling establishment (a seedling
was considered to have established when it had formed a radicle (Figure 26b) and had two
fully unfolded, green cotyledons with an angle between the cotyledon blades ≥180° (Figure
26d)), continuous development until day 18 (developed at least one pair of leaves beyond
the cotyledons and/or a primary root of more than 1 mm (Figure 26e, f), number of true
leaves present at day 10 and primary root length at day 18. The primary root length was
determined with Image J (version 1.46f) on scans of the bottom side of the Petri dishes.
For the later developmental steps, only the fraction of plants that passed the previous step
was analyzed. The number of true leaves was only analyzed in the seedlings that had
successfully established; continuous seedling development and root length was only
determined for plants which survived until the time of analysis (sample size per trait see
Table 2).
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Figure 26: A. thaliana growth stages: (a) imbibed seed; (b) radicle emerged from the seed
coat; (c) emergence of hypocotyl and cotyledons; (d) fully opened cotyledons; (e)
development of rosette leaves >1 mm in length; (f) seedling with more than six rosette
leaves and a long primary root (Jakobs, 2015).

5.17 Analysis of vegetative and reproductive growth
Wildtype (WT) plants and the Δdeg10-1 and Δcat3-1 mutants were raised in a common
glasshouse environment for at least one generation to obtain seeds of comparable quality.
Such seeds were used to raise plants under field conditions in a garden lot at the
Wallenberg laboratories in Umeå, Sweden, during the summer periods (June to September)
of the years 2011, 2012 and 2014. The WT and mutant lines were cultivated as described
in Frenkel et al. (2008) and Wagner et al. (2011). The vegetative growth of WT plants and
Δdeg10-1 mutants was assessed by measuring the rosette diameter of three-, four- and fiveweek old plants. Seed production was analyzed by counting the seeds in five siliques per
plant and by counting all siliques per plant. Actual weather data were obtained from the
Department

of

Applied

Physics

and

Electronics,

Umeå

University,

Sweden

(http://www.tfe.umu.se), and were collected at a station 650 m from the growth site.
For studies in the glasshouse, plants were cultivated in soil (Einheitserde, type P, Gebr.
Patzer, Sinntal-Altengronau, Germany). Seedlings were transplanted to individual pots 10
days after sowing. With beginning of the reproductive phase, plants were cultivated under
long-day conditions. During the entire growth period, plants of the different lines were
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alternatingly placed in common trays to guarantee similar growth conditions. When plants
reached the senescence phase, seeds in 10 siliques harvested from the main shoot were
counted per plant. Additionally, all siliques per plant were counted.

5.18 Statistical analyses
Statistical analyses were performed using R software (v 3.1.0) (R Core Team, 2013).
Seedling development: To test whether genotypes differed in their responses to high
temperature, and whether the genotypes’ responses differed dependent on the presence or
absence of sucrose, linear mixed models were used as implemented in the lmer function in
the lme4 package of the R software (Bates et al., 2014). The fixed part of the model
included temperature (22°C vs. 30°C), medium (with vs. without sucrose) and genotype
(WT, Δdeg10-1 and Δcat3-1), and all possible interactions. The random part of the model
included plate and thermostat. Models with a binomial error term were used for seedling
establishment and continuous development until day 18, a Poisson error term for the
number of rosette leaves at day 10, and a Gaussian error term for primary root length at
day 18. Then, post-hoc Tukey contrasts were used to test for differences between each of
the genotype-treatment combinations through the glht function in the multcomp package
(Hothorn et al., 2008).
Vegetative and reproductive growth: Linear mixed models were applied using the lme
function in the nlme package (Pinheiro et al., 2015), in which the fixed part of the model
included genotype and the random part included plant. Where appropriate, data was
transformed to improve residual structure (Table 5 and Table 6).
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Figure S 1: Mitochondrial localization of DEG10-GFP in vivo: Confocal fluorescence
pictures of MitoTracker stained protoplasts isolated from two additional, independently
transformed DEG10-GFP expressing plants (2&3) (a-e) or wildtype plants (WT) (f-j). The
pictures are false-colored, both MitoTracker and Chl signals are depicted in red for a
better visualization of co-localization in merged pictures. (a+f) green fluorescence
(497 nm to 550 nm); (b+g): MitoTracker Orange (572 nm to 615 nm, depicted in
red);(c+h) merge of GFP (green) and MitoTracker (red) fluorescence showing overlap
(orange to yellow) of the most intense GFP signals with stained mitochondria except for
some cases in which the mitochondria moved slightly between acquisition of the two
pictures; (d+i) merge of GFP (green) and chlorophyll (Chl) auto-fluorescence (657 nm to
690 nm, depicted in red) showing very similar intensity ratios in WT and DEG10-GFPexpressing protoplasts; (e+j) merge of Chl auto-fluorescence (red) and a bright field
image. In each panel, offset, gain and contrast settings are identical for DEG10-GFP
expressing and WT protoplasts. Scale bars represent 5 µm.
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Table S 1: Primers used for PCR reactions to characterize the Δdeg10-1 and Δcat3-1 TDNA insertion mutants. Primers 17-22 are control primers, which were used pairwise in
the order indicated
Number

Name

a

Sequence 5´- 3´

1
CAT3-LP-1
AGCTATGCAGCGTCAAGCTTC
2
CAT3-LP-2
GCCCGTTTGTTCCGCTTTTGC
3
CAT3-LP-3
TGGGATTTCGCTCCTGCTTTGT
4
CAT3-RP-1
AGTCGCCAGATTCAACATAGTC
5
CAT3-RP-2
TGTAAATGCAACAAGTGTCCCGA
6
CAT3-RP-3
TTAAGCCAAAGAATGTCCAGAAGTGC
7
DEG10-LP-1
GCAATGATGTCTCGCCATTTATG
8
DEG10-LP-2
CAACGCACGCAGGTTCC
9
DEG10-LP-3
GTGCATCAATTTGATCAGCTTCC
10
DEG10-LP-4
ATGCTGCTCCGGTCATTTCGC
11
DEG10-RP-1
CATTGGAACAAGAGATGGTAATG
12
DEG10-RP-2
TCAAACCGCAGAACAAGAAGCC
13
DEG10-RP-3
CCACTACGAAGTTCACCATTCTCC
14
DEG10-RP-4
CTAGCTCCAAAGCATTCATACC
15
T-DNA-LB-1
TTCGGAACCACCATCAAACAG
16
T-DNA-RB-1
CAGACGTGAAACCCAACATAC
17
OAT-f
AGTCTTGGATTAACTTAGGAGAG
18
OAT-r
GTTCATAGGAAGCACCATATC
19
ProDH1-f
TCTCCTCTATCCCAACCTCTG
20
ProDH1-r
CGCAATCCCGGCGATTAATCTC
CACCATAATGGAGATTCTTCCGATTCC
21
P5CR-f
TGTGAGGTGAAACAATAGCAG
22
P5CR-r
a
OAT = ornithine-δ-amino-transferase; ProDH1 = proline dehydrogenase 1; P5CR =
pyrroline-5-carboxylate reductase; LP primers are orientated in the same direction as
DEG10 and CAT3 transcription, while RP primers bind to the sense strand.
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