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Abstract 

 
Succinate dehydrogenase (SDH) is a component of the electron transport chain (ETC), which reduces 

ubiquinone (UQ) to ubiquinol (UQH2), as well as part of the tricarboxylic acid cycle (TCA) where succinate 

gets oxidized to fumarate. The classic SDH consists of four core subunits, named SDH1 to 4, containing a 

Flavin adenine cofactor (FAD), iron-sulfur clusters (Fe-S) and a heme group. In plants four additional 

subunits were identified (SDH5 -8) with a yet unknown function. 

Previous studies on SDH mutations affecting subunit SDH1 revealed far reaching effects on plant 

metabolism and development as well as decreased stress response to certain plant pathogens. Knockout of 

SDH1 was shown to be embryo lethal, indicating the essential need of the catalytic SDH subunit. Studies 

performed within this thesis revealed that mutations affecting SDH1 structure or maturation result in 

severe decrease of salicylic acid (SA) dependent stress signaling and mitochondrial reactive oxygen species 

(ROS) production. A point mutation located at the succinate binding site led to a single amino acid change 

from Alanine to Threonine, causing a structural change that resulted in an altered substrate affinity as well 

as decreased enzymatic efficiency. This mutant was called dsr1, as it showed a disruption in stress response 

and was no longer able to respond to SA dependent stress signaling. Forward genetic approaches identified 

this mutant prior to studies performed in this thesis. Within this thesis, biochemical analysis performed on 

dsr1 and a SDH1 assembly factor knockdown line (sdhaf2) demonstrated that low concentrations of SA 

enhance SDH activity at the UQ site in WT to a threshold where increased ROS production occurs. This 

further induces a stress response in plants. Both mutant lines were unable to achieve the necessary enzyme 

activity due to either a structural change in SDH1 (dsr1) or the decreased abundance of mature SDH1 

(sdhaf2), demonstrating the important role of SDH1 in plant stress response and a potential SA acting site 

at or near the UQ binding site of SDH. 

Due to the variety of defects in plant metabolism and development as well as human neurodegeneration 

and tumor disease caused by SDH mutations, the correct assembly of SDH in plants and human is important. 

Based on studies in yeast and mammalian cells, 4 assembly factors have been identified to date, named 

SDHAF1 to 4. In Arabidopsis, SDHAF2 was previously identified as assembly factor involved in FAD insertion 

into SDH1. As the maturation of SDH1 is crucial for plant health and development as well as stress response, 

part of this study was to investigate the next essential step in SDH1 assembly after SDHAF2, which would 

involve the assembly of SDH1 to SDH2. Studies in yeast have identified SDHAF4 as assembly factor involved 

in binding to flavinated SDH1 and promoting assembly of SDH1/ SDH2 intermediate. An Arabidopsis SDHAF4 

orthologue (At5g67490) was identified and a T-DNA knockout line (sdhaf4) used to analyze the function of 

this potential assembly factor in Arabidopsis. Results obtained within this thesis revealed that plants lacking 

SDHAF4 show decreased SDH activity as well as lower succinate dependent respiration, indicating an 

important role of SDHAF4 in plant SDH function. Furthermore, sdhaf4 showed high presence of soluble 

flavinated SDH1 as well as high accumulation of SDHAF2 peptides, providing evidence for SDHAF4 being 

indeed involved in SDH1 stabilization and assembly of SDH1 to SDH2. A severe decrease for SDH2 peptides 

was observed in sdhaf4, showing its requirement for stabilization of SDH2 by promoting the formation of 

the intermediate of SDH1 and SDH2.  

Results obtained within this thesis revealed a new mitochondrial SA dependent plant stress signaling 

pathway with SDH being the major site of ROS production as well as identified the second SDH1 assembly 

factor in plants following SDHAF2.  
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Mitochondria are Essential Organelles in most Eukaryotes  

Mitochondria are double membrane-bound organelles, needed for energy production in the form of 

adenosine triphosphate (ATP) in most eukaryotic organisms. They evolved from alpha-proteobacteria 

about two billion years ago (Blackstone 2016). Mitochondria vary in size and structure but are 

commonly between 0.75 and 3 µm in diameter (Wiemerslage and Lee 2016). Besides providing cellular 

energy, they are also involved in cell signaling, cellular differentiation as well as cell death and are 

important for the regulation of the cell cycle and cell growth (McBride et al. 2006). In addition, 

mitochondria are involved in cellular metabolism by providing precursors of certain amino acids as well 

as reducing agent such as NADH, which is used in several biochemical reactions (Fernie et al. 2004). 

Mitochondria contain different compartments, each with specialized functions. These include the 

outer membrane (OMM), intermembrane space (IMS), the inner membrane (IMM) including the 

cristae, and the matrix. Mitochondria contain their own genome, independent from the cell’s nuclear 

genome, with substantial similarity to bacterial genomes (Andersson et al. 2003). Based on 

bioinformatic prediction tools, it is assumed that up to 2000 – 3000 types of proteins are present in 

mitochondria at any time dependent on cell type, developmental stage and environmental conditions 

(Millar et al. 2005; Millar et al. 2006; Cui et al. 2011).  

 

Embedded in the IMM is the electron transport chain (ETC), a series of four respiratory complexes 

which transfer electrons from donors to acceptors via redox reactions (Figure 1). These reactions are 

coupled to proton transfer across the IMM in the IMS, thereby creating a proton gradient, which drives 

ATP synthesis via the F1Fo ATP Synthase. Located in the mitochondrial matrix is the tricarboxylic acid 

cycle or citric acid cycle (TCA cycle), which forms a cyclic series of reactions starting when acetyl-Co-A 

is converted to citric acid (Figure 1). Within this cycle 3 NADH, 1 FADH2 and 1 ATP molecule will be 

produced using 1 acetyl-Co-A molecule. The electron carriers NADH and FADH2 will then be used by 

the ETC as electron donors. In Complex I (NADH:ubiquinone oxidoreductase or NADH dehydrogenase) 

NADH is oxidized and two electrons are transferred to ubiquinone (UQ) while four protons are pumped 

across the membrane. Complex I forms the main entrance for electrons into the ETC and is one of the 

main sites for electron leakage to oxygen which results in the generation of reactive oxygen species 

(ROS) (Raha and Robinson 2000; Sweetlove et al. 2002). In Complex II (Succinate:quinone 

oxidoreductase, commonly known as succinate dehydrogenase (SDH)), electrons are delivered from 

the oxidation of succinate and are then transferred into the quinone pool via flavin adenine 

dinucleotide (FAD). SDH forms an additional electron entry pathway into the ETC, but unlike Complex 

I, no protons are translocated to the IMS. SDH is the only complex that is part of both TCA cycle and 

ETC. It forms the link between these two reactions and is anchored into the IMM. Complex III 

(cytochrome bc1 complex) catalyzes the further electron transfer from ubiquinol (UQH2) to 
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cytochrome c (cyt c) coupled to proton translocation across the membrane. Complex IV (cytochrome 

c oxidase) forms the final electron acceptor within the ETC. Cyt c is oxidized and four electrons are 

transferred to molecular oxygen (O2), thereby forming two molecules of water. The F1Fo ATP Synthase 

(also called Complex V) produces ATP by transferring protons back into the matrix in a process overall 

referred to as oxidative phosphorylation. Mitochondria are widely known for their function in cellular 

energy production and regulation of cell metabolism, which makes them essential in almost all 

eukaryotes. Mutations in mitochondrial proteins or enzymes can cause severe genetic diseases in 

humans and leads to deficiency in plant growth and development (Hanson 1991; Kushnir et al. 2001; 

Taylor and Turnbull 2005; Meyer et al. 2009; Tuppen et al. 2010; Huang and Millar 2013).  

 

 

Figure 1: The role of succinate dehydrogenase in the electron transport chain (ETC) and the citric acid cycle 
(TCA cycle).  
Four complexes (CI – CIV) are involved in electron transfer from electron donors to acceptors within the ETC. At 
the same time protons (H+) are transferred across the membrane by CI, CIII and CIV, which creates a proton 
motive force that is used by ATP Synthase to transfer protons back into the matrix and concomitantly 
phosphorylate ADP to ATP. CII links the ETC to the TCA cycle by catalyzing the oxidation of succinate to fumarate 
and the transfer of electrons to FADH2 to enter into the ETC.  
UQ= Ubiquinone; Cytc= cytochrome c; Succ= succinate; Fum= fumarate; Mal= malate; OAA= oxaloacetate, 
AOX=Alternative oxidase; INT/EXT= Internal/ External NADPH dehydrogenase  
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Structure of Succinate Dehydrogenase in Mammals and Bacteria  

The structure of SDH was first resolved for the enzyme from Escherichia coli (E. coli) using X-ray 

crystallography (Yankovskaya et al. 2003). It was later confirmed to be similar in the mammalian 

mitochondrial SDH isolated from porcine heart (Sun et al. 2005). SDH consists of four subunits, which 

are named differently amongst species (Bullis and Lemire 1994; Daignan-Fornier et al. 1994; Iverson et 

al. 2012; Huang and Millar 2013), but within this thesis will be referred to as SDH1, SDH2, SDH3 and 

SDH4. SDH1 contains an FAD co-factor at its N-terminus (68 kDa). SDH2 (29 kDa) harbors three Fe-S 

clusters ([2Fe-2S], [4Fe-4S], [3Fe-3S]), with [2Fe-2S] ligated to its N-terminus while the others are 

attached to the C-terminus. Two membrane bound subunits named SDH3 and SDH4 (15 kDa), 

incorporate a bound heme group and contain a total of six transmembrane helices (Sun et al. 2005).  

 

The overall shape of the complex is in the shape of the letter “q”, formed by a hydrophilic head, facing 

into the matrix, and a hydrophobic transmembrane anchored tail. This arrangement is formed by the 

hydrophobic subunits SDH3 and SDH4 being embedded in the IMM to anchor the hydrophilic Fe-S 

subunit SDH2 and its attached flavoprotein subunit SDH1. Comparisons between bacterial and 

mammalian SDH structure revealed substantial differences in the transmembrane region (SDH3, 

SDH4), resulting in significant changes of the midpoint redox potential of SDH (Sun et al. 2005). The 

overall location of the FAD, Fe-S clusters and the heme group in the bacteria and mammalian 

mitochondrial SDH are almost equivalent. However, some of the residues surrounding the Fe-S clusters 

differ, causing altered environments for the prosthetic groups and possible differences in the redox 

potential of the clusters (Sun et al. 2005).  

 

Inhibitors have been important tools for the structural and mechanistic exploration of SDH. The 

succinate analog 3-nitropropionate (NPA) blocks the succinate binding site and inhibits substrate 

oxidation and enzyme activity. 2-thenoyltrifluoroacetone (TTFA) is able to bind at the UQ binding site 

and is a strong inhibitor for UQ reduction. Both inhibitors were co-crystallized with SDH and an 

inhibitor binding complex model was presented (Sun et al. 2005). In addition, oxaloacetate (OAA) 

shows very high affinity for the succinate binding site and acts as competitive inhibitor of the enzyme 

(Kotlyar and Vinogradov 1984). Based on biochemical studies, two UQ binding sites were shown to 

exist in eukaryotic SDH. One (Qp) on the matrix side face of the IMM and a second (Qd) on the opposite 

side of the membrane from Qp site, distal from the matrix (Sun et al. 2005). Studies in yeast identified 

several residues of Qp and Qd that could potentially function as UQ binding ligands (Oyedotun and 

Lemire 1999; Oyedotun and Lemire 2001). In addition, kinetic analysis of specific inhibitors of SDH also 

indicated the existence of two UQ binding sites (Yankovskaya et al. 1996). The inhibitor bound SDH 

structure showed one TTFA molecule very tightly bound to the Qp pocket, suggesting a high binding 



5 
 

affinity, which further confirms the existence as well as the location of the Qp site in SDH (Sun et al. 

2005). A second TTFA molecule was found to bind to the Qd site, which was suggested to exist opposite 

to the Qp site (Hagerhall 1997; Sun et al. 2005). Binding affinity of TTFA was found to be higher at the 

Qp than on the Qd site, indicating one strong and one weaker inhibitor binding site for UQ reduction 

(Yankovskaya et al. 1996; Sun et al. 2005). Altogether, those studies revealed the architecture of SDH 

with two distinct active sites. The coordination of the catalysis on both sites links the two biological 

pathways of succinate oxidation in the TCA cycle and UQ reduction in the ETC. Although separated 

from each other, their chemical turnover is coupled. Electron products from succinate oxidation 

become substrates for UQ reduction afterwards (Iverson 2013).  

 

During succinate oxidation to fumarate at SDH1, the FAD cofactor accepts two electrons. These 

electrons are transferred, one at a time, from FAD via the [2Fe–2S], [4Fe–4S], and [3Fe–4S] clusters in 

SDH2 to finally reduce UQ to UQH2 (Figure 2) at the Qp site. Based on SDH crystal structure and 

biochemical analysis, a direct role of the heme group in electron transfer to UQ is not supported. There 

is no data available to date that clarifies the role of heme or the function of the second (Qd) UQ site in 

the catalytic cycle of the enzyme (Sun et al. 2005; Oyedotun et al. 2007; Tran et al. 2007).  

 

Using a mild and micro-scaled immunoisolation followed by mass spectrometry analysis of bovine and 

mouse heart mitochondria led to the identification of several post translational modifications (PTMs) 

for SDH subunits (Schilling et al. 2006). N-terminal acetylation, deamidation of Asn and oxidation of 

several amino acids were observed. In addition, modification of FAD cofactor was observed (Schilling 

et al. 2006).  

 

Figure 2: Scheme of SDH showing the electron transfer pathway during succinate oxidation  
Two electrons get transferred during succinate oxidation via FAD cofactor in SDH1 and the three Fe-S clusters in 
SDH2 to reach SDH3 and SDH4 where UQ is reduced to UQH2.  
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Diseases caused by SDH Mutations in Humans 

In humans, loss of function mutations in the SDH core subunits can cause a variety of diseases, mainly 

cancer and neurodegeneration (Van Vranken et al. 2015). Examples are Paraganglioma (PGL) and 

Pheochromocytoma (PHEO) as well as Gastrointestinal Stromal Tumor (GIST) (reviewed in (Bezawork-

Geleta et al. 2017)). Mutations in all subunits and SDH1 assembly factor SDHAF2 are linked with PGL 

and PHEO. Mutations in SDH1 were found to cause Leigh syndrome, a neurodegenerative disorder 

disease (Bourgeron et al. 1995). Studies showed that SDH2 mutations can cause pancreatic 

neuroendocrine tumor (NET) and ganglioneuroma (Niemeijer et al. 2015). Mutations in the assembly 

factor SDHAF1, the first ever reported SDH assembly factor, were shown to be responsible for infantile 

leukoencephalopathy (Ghezzi et al. 2009; Ohlenbusch et al. 2012). Due to the increasing findings of 

SDH being involved in a variety of human disorder diseases, research of biogenesis and assembly of 

SDH became of great interest. Assembly of SDH and the involvement of different subunits and 

assembly factors in genetic disorder diseases have been reviewed recently (Bezawork-Geleta et al. 

2017).  

 

Succinate Dehydrogenase in Plants has a Unique Structure  

While the classic SDH complex of bacteria and animals consists of four subunits with a mass of ~110 

kDa, in plants four additional plant specific subunits were identified, increasing the mass of SDH to 

~160 kDa ((Eubel et al. 2003; Millar et al. 2004), (Table 1)). Named SDH5- 8, these additional subunits 

do not show a clear functional domain in their sequence. Recent studies suggested that SDH6 and 

SDH7 might have replaced helices in SDH3 and SDH4 during evolution (Schikowsky et al. 2017) and 

thus are functionally part of the membrane anchor. Based on sequence analysis, SDH3 and SDH4 were 

found to lack helices in plants that are conserved in other organisms. Phylogenetic analysis revealed 

that SDH6 and SDH7 potentially replaced these missing helices in plants. SDH5 is a hydrophilic protein, 

however, its sequence does not show any similarity to other known protein sequences. It is separated 

from SDH domains when treated with a mild detergent, indicating its location might be in the interface 

of the SDH1/SDH2 and SDH3/SDH4 domain (Schikowsky et al. 2017). SDH5 might act together with the 

hydrophilic regions of SDH6 and SDH7 as an additional plant specific function domain with yet 

unknown purpose (Schikowsky et al. 2017). SDH8 (4.9 kDa) is the smallest known subunit of any of the 

complexes in the ETC. It has been biochemically described only in Arabidopsis (Millar et al. 2004), 

however, homologs were found in the genomes of Brassicaceae and monocotyledoneous plants 

(Schikowsky et al. 2017). Amino acid sequences of SDH1 and SDH2 from plants showed an overall 80% 

alignment identity across other eukaryotes in regions needed for succinate, FAD and Fe-S binding, 

indicating a strong structure dependent function relationship in succinate oxidation (Huang and Millar 

2013). However, SDH3 and SDH4 subunits, including the UQ binding region, show great diversity in 



7 
 

sequences in plants, fungi and mammals, which further indicates SDH structure evolved differently 

amongst eukaryotes (Schikowsky et al. 2017). The existing diversity of SDH size and structure as well 

as assembling of the subunits among different organisms might result from differences in the 

physiological function of the complex in these species (Huang and Millar 2013).  

 

Whereas SDH1 and SDH2 subunits are highly conserved in their sequences, SDH3 and SDH4 show high 

divergence (Burger et al. 1996). During eukaryotic evolution, most mitochondrial genes were lost or 

transferred to the nucleus soon after the endosymbiotic origination of the mitochondrion (Gray 1992, 

1999; Gray et al. 1999). However, in plants, gene transfer to the nucleus is an ongoing process 

(reviewed in Palmer et al. 2000) . SDH1 is not present in any mitochondrial genome of eukaryotes (Lang 

et al. 1999), indicating a very ancient gene transfer to the nucleus. SDH2 could not be found in any 

characterized mitochondrial genome but SDH3 could be located in mitochondria in the liverwort 

Marchantia polymorpha (Oda et al. 1992) but not in vascular plants. SDH4 was found in mitochondrial 

genome in Marchantia and is present as a pseudogene in a few angiosperms mitochondrial genomes 

(Giege et al. 1998). Studies in angiosperms suggested that the seven genes encoding SDH3 and SDH4 

were transferred separately to the nucleus, some just very recent (Adams et al. 2001). In all analyzed 

animals and fungi, all four SDH genes were located in the nucleus (Boore 1999; Lang et al. 1999), 

indicating differences and divergence throughout SDH evolution between mammals and plants.  

 

Table 1: List of SDH Subunits Occurring in Plants 

SDH Subunit Gene Name Accession Number 

SDH1 SDH1-1; SDH1-2 At5g66760; At2g18450 

SDH2 SDH2-1; SDH2-2; SDH2-3 At3g27380; At5g40650; At5g65165 

SDH3 SDH3-1; SDH3-2 At5g09600; At4g32210 

SDH4 SDH4 At2g46505 

SDH5 SDH5 At1g47420 

SDH6 SDH6 At1g08480 

SDH7 SDH7-1; SDH7-2 At3g47833; At5g62575 

SDH8 SDH8 At2g46390 
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Phenotypes of Succinate Dehydrogenase Mutants in Plants 

A series of mutations affecting either subunits or assembly factors of SDH in plants have been reported 

that show effects on plant development, SDH function, alterations in organic acid levels, changes in 

respiration rate and altered mitochondrial ROS production rates (Leon et al. 2007; Gleason et al. 2011; 

Huang et al. 2013). Two genes exist for SDH1 in Arabidopsis, named SDH1-1 (At5g66760) and SDH1-2 

(At2g18450). SDH1-2 was only expressed at very low transcript levels and knockout lines of SDH1-2 did 

not show any effect on growth or development of Arabidopsis (Leon et al. 2007). Knockout of SDH1-1, 

on the other hand, is embryo lethal (Leon et al. 2007). Studies on knockdown lines of SDH1-1 showed 

pollen abortion and reduced seed set (Leon et al. 2007). Heterozygous SDH1-1/sdh1-1 plants showed 

low SDH activity but increased photosynthesis and improved growth in nitrogen limiting conditions 

due to alterations in their stomata conductance (Fuentes et al. 2011). It is speculated that less SDH1 in 

these mutants is the reason for the changes in stomatal function and photosynthesis performance. 

Studies on a knockdown line of SDHAF2 (sdhaf2), showed specific decrease of root elongation but a 

normal leaf development (Huang et al. 2013). Although sdhaf2 also showed reduced SDH activity, this 

did not seem to affect photosynthetic rate or stomatal conductance, which is in contrast to the SDH1 

knockdown lines (Huang et al. 2013). Knockout of SDHAF2 leads to seed abortion, indicating the 

importance of SDH1 assembly and maturation for seed development, similar to the lethal phenotype 

of SDH1 knockouts (Huang et al. 2013).  

 

The development of an SDH1-1 point mutation line (dsr1) at a conserved region in the succinate 

binding site further allowed the investigation of SDH1 function in plant metabolism. A single amino 

acid was mutated from Alanine to Threonine causing not only reduced SDH activity but also an 

interrupted salicylic acid (SA) dependent stress signal response. In addition, dsr1 plants showed lower 

mitochondrial ROS production, which lead to higher susceptibility to specific bacterial pathogens (P. 

syringae Pst DC3000) and fungal (A. brassicicola, R. solani) in these plants (Gleason et al. 2011). This 

study demonstrated a role of SDH, more precisely SDH1, in mitochondrial ROS production and SA-

dependent stress signaling, but the mechanism of this specific stress signaling pathway and how SDH1 

was involved was still unknown. Taking into account the immense losses of crop yield annually due to 

pathogen diseases, it is of great interest to better understand the biochemical mechanisms of plant 

stress responses. By gaining further knowledge about stress signaling pathways within the plant cell, 

more resistant plants can potentially be created in the future.  

 

SDH2, the iron-sulfur subunit, is encoded by three genes in Arabidopsis named SDH2-1 (At3g27380), 

SDH2-2 (At5g40650) and SDH2-3 (At5g65165). In Arabidopsis, SDH2-1 and SDH2-2 show distinct cell 

specific expression patterns, in fact, only SDH2-2 is expressed in root tips at high levels (Elorza et al. 
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2004). Knockout of SDH2-1 did not result in any phenotype. SDH2-3 is specifically expressed in the 

embryo during seed development (Elorza et al. 2006) and its disruption alone was shown to cause 

delayed seed germination (Roschzttardtz et al. 2009). In Solanum lycopersicum, RNA interference lines 

of SDH2-2 showed increased rates of photosynthesis and growth caused by their higher stomatal 

aperture (Araujo et al. 2011), similar to the reported SDH1-1/sdh1-1 plants mentioned above (Fuentes 

et al. 2011). To date it is not clear how and if SDH is directly involved in stomata regulation, 

nevertheless, a model exists suggesting that SDH is involved by altering malate and fumarate levels 

(Araujo et al. 2011). Overall, the different effects and extent of changes in plant metabolism and 

growth development in SDH1 and SDH2 mutants demonstrate the essential role of SDH in plants.  

 

The Role of SDH in Mitochondrial Stress Signaling and ROS Production  

For a long time Complex I and III were believed to be the major sources in mitochondrial ROS 

production, but recent studies in both mammalian and plant systems demonstrated that SDH can act 

as a significant source for ROS production as well (Gleason et al. 2011; Quinlan et al. 2012; Jardim-

Messeder et al. 2015). Based on studies in mammalian mitochondria, it was found that SDH can 

generate superoxide (O2
-) or hydrogen peroxide (H2O2) at high rates exceeding the maximum rates of 

Complex I and III, when Complex I and III are inhibited and the succinate concentration is low (Quinlan 

et al. 2012). ROS generated by SDH was shown to originate from both the forward reaction, where 

electrons are provided by succinate oxidation, as well as the reverse reaction, where electrons are 

supplied from UQH2 (Quinlan et al. 2012). Another study showed that SDH influences reperfusion 

injury in mammals through mtROS production that occurred during reverse electron transport after 

succinate accumulation (Chouchani et al. 2014). Bovine heart SDH was shown to generate ROS, mostly 

as O2
- , dependent on the fumarate/succinate ratio (Grivennikova et al. 2017). The highest rates of ROS 

production were observed when succinate concentration was low and a so called “ping pong” 

mechanism was suggested in which ROS is only generated where dicarboxylate-free reduced enzyme 

interacts with oxygen (Grivennikova et al. 2017).  

 

The ETC of higher plants includes a unique feature in order to transport electrons from reduced UQ to 

molecular oxygen, the cyanide insensitive alternative oxidase (AOX) pathway, an alternative pathway 

that exists parallel to the cyanide sensitive cytochrome c oxidase (Vishwakarma et al. 2015). AOX is 

known to be involved in many processes including biotic and abiotic stress response (Cvetkovska et al. 

2014), low oxygen (Clifton et al. 2005), nutrient limitation (Noguchi and Terashima 2006), salinity 

(Wang et al. 2010) and metal toxicity (Tan et al. 2010). Under stress conditions AOX dissipates excess 

energy in form of heat in order to prevent an overreduced UQ pool and the formation of ROS (Vassileva 

et al. 2009). In higher concentrations ROS can cause oxidative damage and cell death, therefore cellular 
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processes like AOX are important to prevent oxidative stress (Shah et al. 2001; Mittler 2002).  Recent 

studies in Arabidopsis thaliana and Oryza sativa have demonstrated that SDH is a direct source of ROS 

combined with the induction of ROS production by specific SDH inhibitors which were also shown to 

impair plant growth (Jardim-Messeder et al. 2015). It was demonstrated that this effect was 

accompanied by the down-regulation of cell cycle genes and the up-regulation of stress-related genes 

indicating an important role of SDH in plant development and stress response (Jardim-Messeder et al. 

2015). Mitochondrial ROS (mtROS) production was found to have influence on redox signaling, 

retrograde signaling, plant hormone action, programmed cell death and defence against pathogens 

and its importance for cellular function was reviewed and discussed recently (Huang et al. 2016). 

Gleason et al. showed that SDH1 is involved in a ROS induced stress signalling pathway likely triggered 

by SA, but the site of ROS production in this pathway is unclear as well as the mechanism by which SA 

and SDH would interact to induce a stress response.  

 

SA is involved in many different cellular and signaling functions such as hormone signaling as well as 

processes like thermogenesis (Raskin et al. 1987), ethylene synthesis, and fruit ripening (Leslie and 

Romani 1988). Additionally, it often acts as a stress regulator during plant defense response (Yalpani 

et al. 1991; Rao and Davis 1999; Senaratna et al. 2000). The accumulation of SA correlates with 

enhanced ROS production during plant stress response to regulate plant defense gene expression. This 

relationship has been reviewed recently (Herrera-Vásquez et al. 2015). The activation of SA signaling 

by accumulated ROS originating from various cell compartments is well known (Wrzaczek et al. 2013). 

Several studies demonstrated that increases in SA levels are followed by apoplastic H2O2 bursts 

generated by NADPH oxidases and extracellular peroxidases (A.-H.-Mackerness et al. 2001; Torres et 

al. 2002; Joo et al. 2005; Tsuda et al. 2008; O'Brien et al. 2012; Mammarella et al. 2015). However, 

there is also evidence for SA promoting ROS production in order to response to avirulent bacteria 

(Grant and Loake 2000), high light (Mateo et al. 2006), ozone (Yoshida et al. 2009) and salinity (Lee and 

Park 2010) stress. Previous studies also demonstrated increased mtROS production after SA treatment 

(Nie et al. 2015) and it was suggested that Complex III might interact with SA in order to generate ROS. 

Overall, various studies within recent years provided evidence for SDH being an important player in 

mtROS production and stress response.  

 

A Current Model for Assembly of Succinate Dehydrogenase  

Considering the importance of matured SDH for plant development and human health, investigating 

the biogenesis and assembly of SDH is of great interest. To date, four assembly factors have been 

reported to play a role in assembling of mature SDH holo-complex and are herein named: SDHAF1, 

SDHAF2, SDHAF3 and SDHAF4 (Table 2). Based on studies undertaken in yeast, Drosophila and 
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mammalian cells, SDH assembly was recently reviewed intensively and an assembly model was 

presented (Bezawork-Geleta et al. 2017).  

 

This model shows that as a first assembly step, SDH1 is flavinated by SDHAF2, which is required for the 

covalent attachment of FAD to the subunit SDH1 (Hao et al. 2009; Huang et al. 2013). Yeast as well as 

human SDHAF2 interact with catalytic subunit SDH1. Germline loss-of-function mutations in human 

SDHAF2 caused a neuroendocrine tumor disease (Hao et al. 2009). An orthologue gene in Arabidopsis 

was identified and was shown to be an SDH assembly factor in plants (Huang et al. 2013). SDHAF2 

knockout were shown to be lethal and SDHAF2 knockdown lines (sdhaf2) showed a short root 

phenotype as well as lower SDH activity (Huang et al. 2013). FAD bound protein in sdhaf2 was reduced, 

indicating its function in promoting the incorporation of FAD into SDH1 (Huang et al. 2013).  

 

The assembly factor SDHAF4 was identified in recent studies in yeast, Drosophila and mammalian cells 

(Van Vranken et al. 2014). SDHAF4 acts after SDHAF2 on the flavinated SDH1 to promote assembly to 

SDH2 (Van Vranken et al. 2014). The binding of flavinated SDH1 is necessary to reduce the risk of auto 

oxidation, which would result in excess ROS from the FAD protein in soluble SDH1 (Van Vranken et al. 

2014). The current model suggests that following FAD insertion into SDH1 via SDHAF2, SDHAF4 binds 

to flavinated SDH1 and promotes the assembly of SDH1 to SDH2 to form the stable SDH1/SDH2 

intermediate (Bezawork-Geleta et al. 2017).  

 

Further assembly factors are required for the insertion of Fe-S clusters into SDH2 and the maturation 

of SDH2. Studies in yeast and genetic mutations occurring in families suffering from infantile 

leukoencephalopathy lead to the identification of SDHAF1 and SDHAF3 (Ghezzi et al. 2009). SDHAF1 

encodes a LYR-protein motive, suggested to be a signature for Fe-S interacting proteins (Ghezzi et al. 

2009). Mutation of the yeast homolog SDHAF1 as well as the expression of variants corresponding to 

human mutants resulted in enzymatic SDH deficiency and failure of OXPHOS-dependent growth 

(Ghezzi et al. 2009). Mutations in SDHAF1 affects its interaction with SDH2 resulting in an altered 

biogenesis of the SDH holo-enzyme (Bezawork-Geleta et al. 2014; Na et al. 2014; Maio et al. 2016). 

Later it was demonstrated that two assembly factors, SDHAF1 and SDHAF3, are involved in maturation 

of SDH2 (Na et al. 2014). Studies in yeast and Drosophila lacking SDHAF3 showed decreased SDH 

activity and reduced levels of SDH2 expression. In addition, Drosophila showed muscular and neuronal 

dysfunction and was hypersensitive to oxidative stress when SDHAF3 was mutated (Na et al. 2014). 

SDHAF1 and SDHAF3 were proposed to act together to promote SDH2 maturation by binding to a 

SDH1/SDH2 intermediate, thereby, protecting it from oxidants (Ghezzi et al. 2009; Na et al. 2014; Maio 

et al. 2016). The chaperone like assembly factor SDHAF3 supports the binding of SDHAF1 to SDH2, 
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which promotes transfer and incorporation of Fe-S clusters into SDH2 (Na et al. 2014). Once the 

SDH1/SDH2 intermediate is formed, the membrane bound subunits SDH3 and SDH4 anchor these two 

subunits to the inner membrane. However, how many assembly factors might be involved in this step 

is still unknown. Chaperones or assembly factors for the maturation of SDH3 and SDH4 as well as the 

incorporation and function of the heme group has not been revealed at this stage.  

 

To date, only SDHAF2 of Arabidopsis has been identified as an SDH assembly factor in plants (Huang et 

al. 2013). Assembly of SDH1 is essential for optimal plant development and metabolism. Therefore, 

investigating the next step in the assembly machinery of SDH1 after FAD insertion, is of great interest. 

It is still unknown if a plant SDHAF3 exists as no ortholog gene could be identified and although an 

Arabidopsis SDHAF1 gene was identified, it is questionable if this protein is part of the SDH assembly 

pathway in plants as no data is yet available about the function of AtSDHAF1. Maturation of SDH2 in 

plants might be differently regulated than in yeast or mammalian system and still needs to be 

investigated.  

 

Table 2: SDH Assembly Factors in Humans and Yeast and likely Plant homologs 

SDH Assembly 

Factor 

Human 

(Homo sapiens) 

Yeast 

(Saccharomyces 

cerevisiae) 

Plant 

(Arabidopsis 

thaliana) 

SDHAF1 SDHAF1 

NM_001042631 

SDH6 

YDR379CA 

Orthologue gene 

At2g39725 

SDHAF2 SDHAF2 

NM_017841 

SDH5 

YOL071W 

SDHAF2 

At5g51040 

SDHAF3 SDHAF3 

NM_020186 

SDH7 

YDR511W 

No orthologue gene 

SDHAF4 SDHAF4 

NM_145267 

SDH8 

YBR269C 

Orthologue gene 

At5g67490 

 

 

Aim of this study 

The overall aim of this study was to investigate the function of SDH in plant metabolism and stress 

response. In particular, to determine the role of SDH1 in plant stress response and mtROS production 

in the presence and absence of SA using the dsr1 together with sdhaf2 mutant. Furthermore, the 

interaction of SA with SDH during plant stress signaling was one focus within this thesis (Chapter 2). 

Given the importance of mature SDH1 for plant development and metabolism, the assembly of SDH1 
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was the second main focus in this study (Chapter 3). Based on previous work that revealed SDHAF2 as 

a first SDH assembly factor in plants, essential for FAD insertion into SDH1, I investigated the next 

important step in the assembly pathway, which would be the formation of the SDH1/SDH2 

intermediate.  

 

The knowledge gained from this thesis will give further insights into the SA-dependent mitochondrial 

stress signaling pathway as well as SDH-mediated mtROS production in plants. By getting a better 

understanding of the plant stress response machinery on a biochemical level, this work has the 

potential to contribute to attempts to influence pathogen resistance/ stress response in plants in the 

future. 
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Abstract  

 

Mitochondria are known for their role in ATP production and generation of reactive oxygen species, 

but little is known about the mechanism of their early involvement in plant stress signaling. The role 

of mitochondrial succinate dehydrogenase (SDH) in salicylic acid (SA) signaling was analyzed using two 

mutants: disrupted in stress response1 (dsr1), which is a point mutation in SDH1 identified in a loss of 

SA signaling screen, and a knockdown mutant (sdhaf2) for SDH assembly factor 2 that is required for 

FAD insertion into SDH1. Both mutants showed strongly decreased SA-inducible stress promoter 

responses and low SDH maximum capacity compared to wild type, while dsr1 also showed low 

succinate affinity, low catalytic efficiency, and increased resistance to SDH competitive inhibitors. The 

SA induced promoter responses could be partially rescued in sdhaf2, but not in dsr1, by supplementing 

the plant growth media with succinate. Kinetic characterization showed that low concentrations of 

either SA or ubiquinone binding site inhibitors increased SDH activity and induced mitochondrial H2O2 

production. Both dsr1 and sdhaf2 showed lower rates of SA-dependent H2O2 production in vitro in line 

with their low SA-dependent stress signaling responses in vivo. This provides quantitative and kinetic 

evidence that SA acts at or near the ubiquinone binding site of SDH to stimulate activity and contributes 

to plant stress signaling by increased rates of mitochondrial H2O2 production, leading to part of the SA-

dependent transcriptional response in plant cells.  
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Introduction 

 

Within the mitochondrial electron transport chain, Complex II (succinate dehydrogenase [SDH]) 

oxidizes succinate to fumarate by transferring electrons to ubiquinone (UQ), which is reduced to 

ubiquinol. The enzyme is formed by four subunits: a flavoprotein (SDH1), which contains the FAD 

cofactor, an iron sulfur (Fe-S) protein (SDH2) housing three Fe-S clusters, and two small integral 

membrane proteins (SDH3 and SDH4), anchoring the enzyme to the inner membrane and forming the 

UQ binding site (Lemire and Oyedotun, 2002; Sun et al., 2005; Huang and Millar, 2013). Several 

assembly factors have been identified that facilitate FAD and Fe-S insertion into SDH subunits (Ghezzi 

et al., 2009; Hao et al., 2009) and one of these, SDHAF2, has been characterized in Arabidopsis 

(Arabidopsis thaliana; Huang et al., 2013). 

 

Complex I and III have been long considered to be the major sources of reactive oxygen species (ROS) 

production inside mitochondria (mtROS), but recent studies in both mammals and plants have demon- 

strated that Complex II can also be a significant source of mtROS (Quinlan et al., 2012; Jardim-Messeder 

et al., 2015). In mammals, Complex II influences reperfusion injury through mtROS production via 

reverse electron transport after succinate accumulation (Chouchani et al., 2014). However, the relative 

importance of mtROS generated from Complex II in plants has been unclear, and knockout of the SDH 

complex or its assembly factors in plants is lethal, largely preventing its direct study through gene 

deletion in plants (León et al., 2007; Huang et al., 2013). This limitation changed when a point mutation 

of SDH1-1 (dsr1) was identified that did not knockout SDH, but instead lowered SDH activity and 

decreased mitochondrial ROS production. It was first identified as a mutant that had lost salicylic acid 

(SA) but not H2O2-dependent stress response using a GST GSTF8 promoter stress response assay 

(Gleason et al., 2011). The dsr1 mutant showed steady-state decrease expression of peroxidases, 

glutaredoxins, and trypsin and protease inhibitor family genes and reduced expression on SA induction 

of a set of SA-responsive genes normally induced in response to exposure of Arabidopsis to bacterial, 

fungal, or viral pathogens (Gleason et al., 2011). The dsr1 mutant also had higher susceptibility to 

fungal and bacterial pathogens, indicating that mitochondrial SDH is involved in response to biotic 

stress in vivo in plants. However, despite this evidence for the involvement of a mutated SDH1 and 

recovery of signaling when wild-type SDH1 was overexpressed (Gleason et al., 2011), it was still unclear 

how a mutation in SDH such as dsr1 could affect mitochondrial ROS production and the downstream 

stress response induced by SA. 

 

SA acts as a hormone in plant processes like thermogenesis (Raskin et al., 1987), ethylene synthesis, 

and fruit ripening (Leslie and Romani, 1988), but it also acts as a stress regulator during plant defense 
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response (Yalpani et al., 1991; Rao and Davis, 1999; Senaratna et al., 2000). Accumulation of SA is often 

correlated with an increase in ROS production during plant stress response (for review, see Herrera-

Vásquez et al., 2015). A series of SA binding proteins has been identified, notably catalase (Chen et al., 

1993a), peroxidase (Durner and Klessig, 1995), and methyl-salicylate esterase (Forouhar et al., 2005) 

that appear to explain this correlation, but their roles as general SA receptors have been controversial 

(Bi et al., 1995; Attaran et al., 2009). Further sets of SA binding proteins in Arabidopsis have been 

identified by affinity screens and include several mitochondrial enzymes and also GSTs including 

GSTF8, which showed enzymatic inhibition by SA (Tian et al., 2012; Manohar et al., 2015). However, as 

these enzymes are not classical transcription regulators, they are unlikely to directly regulate gene 

expression. Recently, there is clear evidence for NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES1 

(NPR1), NPR3, and NPR4 acting together as SA receptors based on their binding properties, direct role 

in defense gene expression, and their impact on disease resistance (Fu et al., 2012; Wu et al., 2012). 

However, studies beyond defense responses have shown an involvement of SA in thermotolerance 

and drought resistance combined with an induction of mitochondrial ROS production (Okuma et al., 

2014; Nie et al., 2015). SA at high concentration is also reported to act as an inhibitor of respiration in 

isolated mitochondria, but applied in lower concentrations it has been shown to stimulate the 

respiration rate of whole-cell tobacco (Nicotiana tabacum) culture (Norman et al., 2004). This indicates 

the importance of kinetic analysis at an enzymatic level to uncover the role of SA in respiratory 

responses in plants. 

 

To define the role of SDH in this SA signaling process, we utilized two Arabidopsis mutant lines that 

have decreased SDH1 function. The fortuitous dsr1 point mutation acts directly to reduce SDH1 

function, while knockdown of an SDH assembly factor (sdhaf2) acts indirectly to limit the amount of 

functional SDH1. We show that both mutants decrease SA-dependent promoter activity in vivo, with 

dsr1 more effective than sdhaf2. Kinetic analysis of SDH activity in these lines showed that while both 

mutants had reduced maximum capacity, dsr1 also differed in succinate affinity and enzymatic 

efficiency. To determine the nature of the effect of SA and its interaction with SDH for stress signaling, 

we measured the change in SDH activity in isolated mitochondria in the presence of different 

concentrations of SA. We observed an SA-dependent increase of SDH activity in the presence of 

micromolar SA concentrations but only when succinate-dependent electron transport was directed 

through the UQ binding site of SDH, increasing the succinate:quinone reductase (SQR) activity. We 

show that succinate-dependent mtROS production increased significantly after the addition of SA in 

wild type, but less so in dsr1 and sdhaf2. In vivo, we showed that blocking SA-induced promoter activity 

could be partially relieved in sdhaf2 by addition of exogenous succinate, but this was not possible with 

dsr1, consistent with our analysis of the differing SDH kinetics in the two mutant lines. Together, this 
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provides quantitative and kinetic evidence for a direct involvement of SA in a SDH-dependent signaling 

pathway in plants that involves mitochondrial ROS production. 

 

Results 

 

Altered Stress Promoter Response to Stress in dsr1 and sdhaf2 

We previously identified a mutant (dsr1), carrying a single SDH1-1 point mutation, and demonstrated 

a disruption in SA-induced promoter activity in these plants using a GSTF8 promoter-driven LUC 

reporter assay (Gleason et al., 2011). While this effect was linked to SDH1 through a complementation 

assay, it could not be independently confirmed with knockout plants, because loss of SDH1 is embryo 

lethal in Arabidopsis (León et al., 2007; Huang et al., 2013). To independently investigate the link 

between SDH and SA-induced GSTF8 response, we therefore crossed an SDH assembly factor 

knockdown line, sdhaf2, that has lower SDH activity (Huang et al., 2013) with Col-0 containing the 

GSTF8:luciferase (GSTF8:luc) reporter gene (JC66, referred to as wild type in this manuscript; Gleason 

et al. (2011)). We then treated both mutant lines (dsr1 and sdhaf2) with SA to compare stress promoter 

response of 4-d-old seedlings (Fig. 1A, at 7 mM SA; Supplemental Fig. S1, at 1 mM SA). Both mutants 

showed low or no responses to the treatment compared to wild type (ANOVA P= 0.01); however, unlike 

dsr1, sdhaf2 showed significant LUC expression above untreated samples at some time points in the 

20-h period following SA application (Fig. 1A, posthoc pairwise test). This strengthened our previous 

evidence for SDH being involved in SA signaling and showed the effect was independent of the specific 

amino acid mutation in dsr1 (Gleason et al., 2011). Both dsr1 and sdhaf2 showed a significant LUC 

expression following H2O2 treatment that was not significantly different from wild type (Supplemental 

Fig. S1). 

 

To further confirm that this signaling pathway was SDH dependent, the SDH inhibitor malonate was 

added in concentrations of 5 and 10 mM to the growth media, and GSTF8 promoter response was 

measured after SA treatment. No change in seedling growth and development could be observed in 

the presence of malonate over a period of 4 d. However, 5 mM malonate could significantly reduce 

the signal responses in wild type and sdhaf2 (ANOVA P≤ 0.01), but the induction of SA signaling in wild 

type was still possible (Fig. 1B, posthoc pairwise test). At 10 mM, malonate inhibited the LUC promoter 

response almost to zero in all genotypes (Fig. 1C). The reduction of stress promoter response that we 

observed in both SDH mutant lines and the further inhibition of SDH by treatment with malonate in 

wild type indicate that the degree of function of the SDH enzyme can titrate the degree of stress 

signaling via this pathway. 



23 
 

 

Figure 1: GSTF8:luc induction in sdhaf2 and dsr1 after SA treatment compared to wild type.       
Average of total fluorescence signal generated by each seedling (n = 10) per hour after treatment of 7 mM SA in 
the presence of 0 mM (A), 5 mM (B), and 10 mM (C) malonate (mal) in the growth media. Two-factor ANOVA 
between genotypes (P≤ 0.01), posthoc Tukey test comparing signal induction to time point zero within genotype 
*P≤ 0.05; **P≤ 0.01. 

 

 

Catalytic Efficiency of SDH is Significantly Lower in dsr1 

To further characterize the GSTF8 promoter response in dsr1, sdhaf2, and wild type, we investigated 

the kinetics of SDH activity in these lines using phenazine methosulfate (PMS) and dichlorophenol-

indophenol (DCPIP; Fig. 2A). We isolated mitochondria from each line and compared the SDH 

enzymatic catalytic efficiency and substrate affinity using Michaelis-Menten kinetics and Brooks Kinetic 

Software (Brooks, 1992). 

To calculate the Km of succinate for SDH, a series of succinate concentrations ranging from 0.1 to 10 

mM were used for SDH activity measurements (Fig. 2B). Comparing the activity between genotypes 

over the range of different succinate concentrations, sdhaf2 and wild type shared a similar trend 

(ANOVA P= 0.1), but dsr1 showed significantly lower activity than wild type and sdhaf2 (ANOVA P< 

0.01), even when a high concentration of succinate was applied, demonstrating a probable difference 
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in succinate affinity between the two mutants. Looking at the maximum velocity, measured at 

saturating concentration of succinate (10 mM), there was a significant distinction in both mutant lines 

compared to wild type (Fig. 2C). It should be noted that in the case of sdhaf2, the lower amount of the 

SDH enzyme (one-half compared to wild type) is responsible for the lower activity rate per mg 

mitochondria (Huang et al., 2013), whereas in dsr1 the same amount of SDH enzyme as wild type is 

present in mitochondria (Gleason et al., 2011). Calculation of the Km (succinate) value of SDH (Fig. 2D) 

showed that dsr1 had a significantly higher Km than wild type and sdhaf2. A concentration slightly 

above 0.4 mM of succinate was required to reach one-half maximum velocity in wild type and sdhaf2, 

but over twice as much substrate concentration was needed for dsr1 (0.86 mM). The catalytic 

efficiency (Vmax/Km), which takes catalytic potential (activity rate at saturating succinate concentration) 

and enzyme affinity for its substrate (Km) into account, was 3-fold lower in dsr1 compared to wild type 

and sdhaf2 (Fig. 2E), showing that dsr1 was kinetically distinguishable from sdhaf2. 
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Figure 2. Lower succinate affinity and catalytic efficiency in dsr1. 
Concentrations of 0.1 to 10 mM of succinate were used to calculate maximal SDH activity, measured as 
absorbance change of DCPIP at 600 nm. Km (succinate) of SDH was calculated using Hanes-Plot and Brook Kinetics 
Software. A, Scheme of SDH showing electron transfer from succinate to UQ binding site. B, correlation of SDH 
activity and succinate concentrations of the wild type, sdhaf2, and dsr1. C, Maximal enzyme velocity (Vmax). D, 
Calculated Km of succinate for SDH using Brooks kinetic software. E, catalytic efficiency (µmol DCPIP/min) for 
sdhaf2 and dsr1.  
SE of six biological replicates. Two-factor ANOVA comparing SDH activity between genotypes (B) P≤ 0.01 (dsr1 
compared to the wild type and sdhaf2). Single-factor ANOVA comparing catalytic efficiency and succinate affinity 
(D and E) between genotypes. Different letters indicate significant differences (P≤ 0.05) between genotypes. n.d., 
not detected.  
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dsr1 Shows Lower Affinity to the Competitive Inhibitors Malonate and OAA 

The changes in SDH kinetics observed in dsr1 were most likely caused by the point mutation that occurs 

in the substrate binding site. To further prove that this causes a change in the binding affinity, the 

competitive inhibitor malonate together with a low concentration (Km (succinate) value of SDH) of 

succinate were added to isolated mitochondria from each genotype and SDH activity was measured. 

Because of the low catalytic efficiency of dsr1, twice as much succinate was used in the assay to reach 

one-half maximum velocity (0.5 mM for the wild type and sdhaf2; 1 mM for dsr1). Using malonate 

concentrations in a range from 10 to 100 µM (Fig. 3A, top), inhibition of SDH activity was calculated to 

determine the IC50 value for malonate. The inhibition in dsr1 has less effect on enzyme activity when 

compared to wild type and sdhaf2, showing that a higher concentration of inhibitor is necessary to 

inhibit SDH in dsr1. An IC50 value of ~70 µM of malonate was determined for dsr1 compared to a IC50 

of ~20 µM for wild type and sdhaf2 (Fig. 3B). To confirm that the changes in malonate inhibition were 

independent of the higher concentration of succinate used in the assay for dsr1, the assay was 

repeated with a saturating (5 mM) concentration of substrate (Supplemental Fig. S2A). A significant 

inhibition in wild type and sdhaf2 could be reached using 0.1 (wild type) and 0.5 mM (sdhaf2) 

malonate. But for dsr1, no significant inhibition was caused, and SDH was not significantly inhibited 

even when a concentration of 1 mM was applied. A significantly higher IC50 of 0.4 mM was calculated 

for dsr1 compared to ~0.2 mM for sdhaf2 and wild type (Supplemental Fig. S2B). Based on these kinetic 

results, we hypothesized that other succinate competitive inhibitors would also show a lower binding 

affinity in dsr1. We applied a second, physiologically more relevant competitive inhibitor, oxaloacetic 

acid (OAA), together with the same succinate concentrations used in the malonate assay (Fig. 3A, 

bottom) to isolated mitochondria. A significantly higher IC50 of 9.6 µM of OAA for dsr1 compared to 7 

µM and 6.2 µM for sdhaf2 and wild type was calculated (Fig. 3B). Together, these findings 

demonstrated that the single point mutation in dsr1 changed the kinetics of SDH and led to a lower 

binding affinity for the substrate succinate, which results in a lower catalytic efficiency as well as a 

lower affinity for the competitive inhibitors malonate and OAA. This is a clear distinction to the 

knockdown line sdhaf2, which has reduced SDH1-1 content (Huang et al., 2013) but does not show any 

kinetic alterations compared to wild type (Figs. 2 and 3). 
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Figure 3. IC50 of SDH competitive inhibitors malonate and oxaloacetate are higher in dsr1. 
Inhibition of SDH was measured using increasing amounts of malonate and OAA together with the Km 
concentration of succinate (0.5 mM for wild type and sdhaf2; 1 mM for dsr1). IC50 was calculated using Brooks 
Kinetic Software. A, Percentage inhibition of SDH activity in the presence of malonate and OAA. B, Calculated IC50 
of malonate (left) and OAA (right). SE of four biological replicates. Single-factor ANOVA comparing IC50 between 
genotypes. Different letters indicate significant differences, P≤ 0.07.  



28 
 

High Concentrations of Succinate Stimulate Stress Promoter Response in sdhaf2 But Not in dsr1 

Because our data showed that dsr1 has a low affinity for succinate compared to sdhaf2 and wild type 

(Fig. 2, C–E), we investigated if succinate itself would enhance SA-induced signaling. We repeated the 

GSTF8:luc assay with 20 mM succinate added to the growth media. No significant induction of 

promoter activity could be measured in dsr1 when succinate was present (Fig. 4, bottom), presumably 

due to its very low catalytic efficiency. However, the promoter activity in sdhaf2 was significantly 

induced within 3 h after the SA treatment in the presence of added succinate (Fig. 4, bottom, posthoc 

pairwise test). Because sdhaf2 shares the same SDH kinetic features as wild type, we hypothesized a 

higher amount of succinate might induce a higher signal response in wild type; however, the signal 

was apparently already saturated by the higher SDH enzymatic activity. Nevertheless, we observed a 

shift in signal response in wild type, leading to an earlier peak of signal induction. Higher amounts of 

succinate might not further increase the signal in the wild type but could possibly cause a faster 

response that also declines more rapidly compared to no additional succinate (Fig. 4, bottom). 

 

 

Figure 4: SA-induced GSTF8 signal can be rescued in sdhaf2 using high concentrations of succinate.  
Average of total fluorescence signal generated by each seedling (n = 10) per hour after treatment of 7 mM SA in 
the presence of 0 (top) and 20 mM succinate (succ, bottom) in the growth media. Error bars: SE, posthoc Tukey 
test comparing signal induction to time point zero within genotype, *P≤ 0.05, **P≤ 0.01. 
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Low Concentrations of SA Increase SQR Activity  

To investigate the role of SA and its interaction with SDH during stress signaling, SQR activity in the 

presence of SA (0.01– 0.05 mM) was measured in isolated mitochondria using different electron 

acceptors. No significant effect of SA was observed for measurements of succinate-dependent DCPIP 

reduction in the presence of PMS that enables direct acceptance of electrons from the flavin in SDH1 

(Figs. 2A and 5A). However, within SDH, electrons are normally transferred from the succinate binding 

site in SDH1, through SDH2, and finally to the UQ binding site in the membrane. When the assay was 

repeated, measuring electron transfer to coenzyme Q1 and then to DCPIP (Fig. 2A), a significant 

increase in SQR activity was observed in the presence of SA (Fig. 5B; Supplemental Fig. S3A; 

Supplemental Table S1). This suggested that the interaction of Complex II with SA occurred not at the 

succinate binding site, but along the electron transfer to UQ or even directly at the UQ binding site. 

For both mutant lines, a significant increase in electron flow could be measured following SA addition 

(Supplemental Fig. S3A; Supplemental Table S1), but their overall activity response was lower 

compared to wild type (ANOVA P< 0.05). dsr1 showed the lowest SA-induced activity, significantly 

distinguishable from both sdhaf2 (ANOVA P= 0.04) and the wild type (ANOVA P< 0.01). Previous studies 

suggested Complex III contained a potential SA binding protein (Nie et al., 2015) and showed inhibition 

of Complex III activity in the presence of 0.1 and 0.5 mM SA. To confirm whether Complex III activity 

would be affected by SA, we performed an activity assay using cytochrome c (cyt c) and ubiquinol- 10 

as substrates and added SA concentrations from 0.01 to 1 mM to the assay (Supplemental Fig. S4). 

Enzyme activity was determined spectrophotometrically, following the reduction of cyt c. In our hands, 

no significant differences could be observed in either the genotypes or the response to the SA 

treatment (Supplemental Fig. S4), confirming that the SA effect observed in this study is Complex II 

dependent (Fig. 5B). To further investigate the hypothesis that SA interacts with SDH at the UQ site, 

compounds known to bind to the UQ site (thenoyltrifluoroacetone (TTFA), carboxin) were added at 

similar concentrations to SA (Supplemental Fig. S5, A and B). SQR activity showed a significant increase 

in wild type in the presence of TTFA, and a similar trend was observed in carboxin treatment. Both 

TTFA and carboxin are commercial Complex II inhibitors with a reported IC50 of 5.8 µM and 1.1 µM in 

mammals (Miyadera et al., 2003). Nevertheless, using wild-type Arabidopsis, in our hands, low 

concentrations of these inhibitors appear to stimulate significantly the electron flow to UQ in a similar 

manner and at similar concentrations to SA, leading to a faster reduction of DCPIP and a higher SQR 

activity. Inhibition in Arabidopsis mitochondria was achieved using concentrations of 1 mM 

TTFA/carboxin (Supplemental Fig. S5), consistent with other reports in Arabidopsis (León et al., 2007; 

Jardim-Messeder et al., 2015). 
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To determine if this increased electron transfer to Q1 in the presence of low concentrations of SA would 

also be observed via UQ to O2 in intact mitochondrial electron transport, isolated mitochondria of 

sdhaf2 and dsr1 were treated with SA in the presence of 5 mM succinate, and oxygen uptake was 

measured using a Clark type oxygen electrode. No significant changes in respiration rate across the 

lines could be observed after adding low concentrations of SA (Fig. 5C; Supplemental Fig. S3B; 

Supplemental Table S1). Using higher concentrations of SA (0.1–1 mM), a gradual inhibition of 

respiration rate could be observed (Fig. 5D; Supplemental Fig. 3B; Supplemental Table S1), which is 

consistent with previous studies (Norman et al., 2004). This suggested that enhanced electron transfer 

from the UQ site to DCPIP in the presence of SA is not observed to significantly increase total 

respiratory rate in isolated mitochondria ending in the respiratory oxidases. 

 

To test whether other ETC complexes were affected in these genotypes, O2 uptake in the presence of 

SA was measured using the substrates NADH, and malate with glutamate (Supplemental Fig. S6A). All 

genotypes showed sufficient oxygen consumption with these substrates, and no significant differences 

were observed between the mutants and wild type. Also, no inhibitory effect of SA was observed with 

either substrate. This confirmed that the decrease in basal respiration observed in dsr1 and sdhaf2 

(Fig. 5, C and D) was specific to succinate and Complex II.  
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Figure 5. Low concentrations of SA increase SQR activity.  
A, SDH activity measured at the succinate binding site (PMS + DCPIP) in the presence of SA. B, SQR activity 
measured at UQ binding site (Q1 [80 µM] + DCPIP) in the presence of SA. As a negative control, activity was 
measured in the absence of Q1 in wild-type mitochondria (yellow bars). In both cases, SDH activity was measured 
in µmol DCPIP/min/mg Mit. in the presence of 5 mM succinate and SA concentrations ranging from 0.01 to 0.05 
mM. C and D, Succinate-dependent oxygen consumption was measured using a Clark type oxygen electrode in 
the presence of 5 mM succinate and SA concentrations ranging from 0.01 to 1 mM. Fisher’s LSD test was used to 
determine differences (different letters indicate significant differences; for P values and letter distribution, see 
Supplemental Table S1 and Supplemental Fig. S3); P≤ 0.05. 
 
 

 
Low Concentrations of SA Induce Mitochondrial H2O2 Production 

While respiration rate was not affected by low concentrations of SA, another possibility was that 

leakage of electrons occurs at the UQ site, which would result in partial reduction of oxygen and the 

formation of reactive oxygen species (ROS) such as O2
- and H2O2. As ROS production is typically only 

3% to 4% of the total respiratory rate, we might not expect to see these changes by monitoring total 

O2 consumption (Kudin et al., 2004; Andreyev et al., 2005). To test this hypothesis, freshly isolated 

mitochondria from plants were treated with SA (0.03 mM) in the presence of 5 mM succinate and 0.5 

mM ATP (Fig. 6). We measured succinate-dependent mitochondrial H2O2 production using the 

fluorescent dye 2’, 7’-dichlorofluorescein diacetate (DCFDA; Fig. 6). O2
- has a short lifetime and is a 

highly reactive molecule that is rapidly converted into H2O2. H2O2 is able to leave the mitochondrion 

(Henzler and Steudle, 2000; Bienert et al., 2007). Therefore, the resulting reactive oxygen species that 

are measured using DCFDA can be assumed to be H2O2. To determine the basal rate of mitochondrial 



32 
 

H2O2 production, 5 mM succinate and 0.5 mM ATP were added to isolated mitochondria as SDH gets 

allostericially activated by ATP (Gutman et al. 1971; Huang and Millar 2013). To determine if any 

background fluorescence signal occurred, negative controls for all assays were used (Supplemental Fig. 

S7). These controls showed that a background signal did occur with just mitochondria and in the 

absence of respiratory substrate in the sample (Supplemental Fig. S7). Adding SA in the absence of 

respiratory substrate to these samples increased the signal significantly, giving the impression of a high 

ROS induction, but the actual difference in signal intensity between the plus and minus succinate 

samples shows that only a small fraction of this signal is succinate-dependent (Supplemental Fig. S7). 

This fraction was taken as the actual succinate dependent H2O2 production value in our measurements 

(Fig. 6). Both dsr1 and sdhaf2 lines have a lower basal rate of H2O2 production when compared with 

wild type (Fig. 6). Antimycin A (AA) was used as a positive control, as it is known to induce production 

of H2O2 (Dröse and Brandt, 2008), and we observed a significant increase in H2O2 generation when AA 

was added to mitochondria from all genotypes. To investigate the SA effect on H2O2 production, 0.03 

mM SA together with succinate and ATP were added to mitochondria. Adding SA caused a significant 

inductioninH2O2 production compared to the basal rate (Fig. 6), but the overall rate of H2O2 production 

was still lower in both mutant lines, which showed no significant difference in SA induction compared 

to the AA treatment.  

 

To test whether other ETC complexes could be a source of SA-stimulated ROS production, as was 

reported in previous studies (Nie et al., 2015), we measured H2O2 production in the presence of NADH 

and malate together with glutamate (Supplemental Fig. S6B). In our hands, we did not observe any 

significant ROS production above the background signal without any substrates, as well as no 

differences between genotypes. Nie et al. (2015) did not use controls in their experiments to show the 

effects observed were dependent on the presence of respiratory substrates. Their measured signals 

and SA responses may come from background reactions independent of an active respiratory system 

inside mitochondria. 
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Figure 6. mtH2O2 production is lower in dsr1 and sdhaf2.  
mtH2O2 production was measured using DCFDA with excitation/emission wavelengths of 490/520 nm. Succinate 
(5 mM), 0.5 mM ATP, 5 µM AA, and 0.03 mM SA were added to freshly isolated mitochondria immediately before 
the measurement. Fluorescence intensity was measured over 10 min and the rate of fluorescence/min was 
calculated. SE of eight biological replicates. Wilcoxon signed rank test between genotypes, different letters 
indicate significant differences, P≤ 0.05.  
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Discussion 

 

SDH-Deficient Plants Show Altered SA-Dependent Signaling Responses 

In plants, GSTs are induced by SA, ROS (H2O2), and biotic/abiotic stresses (Moons, 2005), and GSTF8 is 

a well-described representative marker for early stress/ defense gene induction (Chen et al., 1996; 

Sappl et al., 2009). In this study, we show that the lack of induction of GSTF8:luc by SA in dsr1 (Gleason 

et al., 2011) can be mimicked by reduced FAD insertion and assembly of SDH1-1 through knockdown 

of the SDH assembly factor SDHAF2. This strengthens the hypothesis that quantitative changes in SDH 

function are required for at least one pathway of SA-induced signaling in plants. The level of promoter 

activity observed in the sdhaf2 background was between that of dsr1 and wild type (Fig. 1A; 

Supplemental Fig. S1, top) demonstrating that the impairment in sdhaf2 was not completely disabled 

like it was in dsr1, which showed no induction in signal at any time point (Fig. 1A; Supplemental Fig. 

S1, top). Addition of the SDH competitive inhibitor malonate confirmed that the SA-induced signal is 

SDH dependent and that it can be titrated, even in wild type (Fig. 1, B and C). 

 

Despite general similarities between dsr1 and sdhaf2 in promoter activities, the GSTF8:luc signal could 

be partially rescued in sdhaf2 by the addition of excess succinate, suggesting some different properties 

of SDH in the two mutants. Kinetic analysis in dsr1 showed that the SDH enzyme has a significant 

difference in succinate affinity, catalytic efficiency, and inhibition by competitive inhibitors 

malonate/OAA compared to the wild type (Fig. 2, B and C). This made sense, as dsr1 has a point 

mutation located at the succinate binding site, which leads to an amino acid change from Ala to Thr 

(A581T; Gleason et al., 2011). This change appeared to cause a lower affinity for succinate and 

therefore a lower catalytic efficiency in dsr1 (Fig. 2, D and E). Alteration in SDH kinetics has also been 

shown in human SDH1 mutations. A point mutation A409C in the succinate binding site of SDH1 led to 

a 50% reduction of SDH activity and caused optic atrophy and myopathy (Birch-Machin et al., 2000; 

Sun et al., 2005). Mutation of R554Y in SDH1 caused an unstable SDH1 helix domain and also a 50% 

decrease in SDH activity and loss of ATP activation resulting in the neurodegenerative disorder Leigh-

like syndrome (Bourgeron et al., 1995; Sun et al., 2005). To our knowledge, dsr1 is the first SDH1 

mutation shown to alter the Km of the enzyme for succinate. 

 

These data infer that a certain threshold of SDH activity is required to induce the GSTF8 SA-dependent 

promoter stress signal. This activity threshold cannot be reached in dsr1, and even with higher amounts 

of succinate no signal induction and no GSTF8 promoter response occurred (Fig. 4, bottom), leading to 

pathogen susceptibility (Gleason et al., 2011). This shows that a relatively subtle change in the Km of a 

metabolic enzyme can produce a binary switch in stress signaling, raising the possibility that natural 
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variation in metabolic kinetics could be acted upon to improve plant stress sensitivity and tolerance to 

pathogens. In addition, endogenous inhibitors of SDH like oxaloacetate and malonate act as 

competitive inhibitors and therefore will change the apparent Km for succinate of SDH, thus acting 

dynamically in a manner not unlike the dsr1 mutation, as illustrated by the effect of malonate on wild-

type signaling (Fig. 1, B and C). 

 

Low Concentrations of SA Increase SQR Activity  

SA is an effective signaling molecule, and only micromolar concentrations are required for these effects 

inside plant cells (Raskin et al., 1987; Wu et al., 2012). The basal level of SA can vary between species 

and even within the same plant family (Raskin et al., 1990). For Arabidopsis, basal levels of SA between 

2 µmol and 8 µmol g-1 FW have been reported (Brodersen et al., 2005; Klessig et al., 2016; Nawrath 

and Métraux, 1999; Wildermuth et al., 2001), with SA rising to ~40 µmol g-1 FW during infection, which 

has been equated to ~70 µM inside infected plant cells (Bi et al., 1995). The importance of SA in 

response to biotic and abiotic stress and its involvement in the transcriptional regulation of defense 

genes has been extensively studied and reviewed (Herrera-Vásquez et al., 2015). Previous studies of 

the effect of SA on respiration have focused on the notion of this hormone as an inhibitor and 

uncoupler of the respiratory chain at concentrations >100 µM (Norman et al., 2004), but no systemic 

investigations of the effect of low µM levels on respiratory functions have been undertaken. We show 

here that SA influences the function of Complex II at concentrations as low as 10 µM SA when applied 

to isolated mitochondria (Fig. 5B), potentially placing the effects in the physiological range for 

Arabidopsis and other SA binding proteins in plants with NPR4 and NRP3 having an SA affinity in 

nanomolar and micromolar range (Fu et al., 2012; Moreau et al., 2012) as well as several potential 

effector proteins (catalase, ascorbate peroxidase, carbonic anhydrase) that bind SA with an affinity of 

3.7 to 14 µM (Chen et al., 1993a, 1993b; Durner and Klessig, 1995; Slaymaker et al., 2002). 

 

SA Likely Interacts with the UQ Binding Site of Complex II 

We show the effect of SA on SDH activity did not occur when electrons were accepted directly from 

SDH1, but only when they were accepted via a quinone. A chemical reaction between SA and the 

acceptor DCPIP can be excluded, as only very low activity was measured when no Q1 was present in 

the sample (Fig. 5B), showing that SA together with Q1 is necessary to allow the induction in activity. 

This implies that SA does not act via the succinate binding site of SDH1 but instead via or near the UQ 

binding site of SDH (Fig. 5, A and B). We also show that known UQ binding site inhibitors (TTFA, 

carboxin) can lead to an increase in SQR activity at low micromolar concentrations (Supplemental Fig. 

S5). TTFA and carboxin are generally described as Complex II inhibitors in mammalian and plant 

systems, causing decreased SQR activity and mitochondrial respiration rates at high micromolar to 
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millimolar concentrations (Ramsay et al., 1981; Miyadera et al., 2003; León et al., 2007; Byun et al., 

2008; Jardim- Messeder et al., 2015). As noted previously, sensitivity of SQR to these inhibitors varies 

between different species; mammals show a very high sensitivity with IC50 values in micromolar 

concentrations (Miyadera et al., 2003), whereas Arabidopsis SQR is less sensitive, showing inhibitory 

effects at millimolar concentrations (Supplemental Fig. S5; León et al. (2007); Jardim-Messeder et al. 

(2015)). It has also been shown that TTFA binds to a site within SDH3/4 based on x-ray crystallography 

(Sun et al., 2005). Two binding sites in SDH for quinones have been described for mammals and 

Escherichia coli (Yankovskaya et al., 2003; Sun et al., 2005): one site (Qp), located on the matrix side, 

and a second (Qd) near the intermembrane space site (Hagerhall 1997). UQ reduction is a single 

electron two-step transfer, forming an ubisemiquinone after the transfer of the first electron, before 

the complete reduction to ubiquinol occurs following the acceptance of the second electron (Hagerhall 

1997). Inhibitors like TTFA are proposed to block the electron transfer between these two sites, causing 

electron leakage (Yankovskaya et al., 2003). SA may act similarly to these inhibitors and prevent 

complete reduction of UQ by blocking the electron transfer from Qp to Qd, which could cause electron 

leakage. Structural similarity between UQ, TTFA, and carboxin is not high in strictly chemical terms, but 

it would appear that SA could structurally mimic some features of both UQ and/or these inhibitors 

(Supplemental Fig. S8). If SA binds to membrane-embedded SDH3/4 at the UQ binding site as 

proposed, then this may explain why SDH subunits have not been identified in affinity assay screens 

for SA binding in Arabidopsis that focused on soluble proteins (Manohar et al., 2015; Tian et al., 2012). 

Neither the point mutation in dsr1 nor the assembly defect in sdhaf2 should affect the UQ site directly, 

and we did not observe a difference in the SA effect on SQR activity in either line. Although both mutant 

lines show SA induction, their overall SA-induced SQR activity level was still significantly lower than 

wild type and this threshold could be the basis of these mutant effects. 

 

Previous studies have reported Complex III as a potential SA binding enzyme (Nie et al., 2015). Within 

this study, we could not observe any SA effect on Complex III activity in any of the lines; neither was 

there a genotypic difference among the SA treatments (Supplemental Fig. S4). Our results also showed 

that only when using succinate as substrate, and not when using NADH or malate + glutamate, could 

SA drive H2O2 production above background levels in the absence of respiratory substrates. This 

strengthens our hypothesis that Complex II has a SA binding site near the UQ site and is the major 

source of H2O2 in Arabidopsis mitochondria. 
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SA Stimulates SDH-Dependent H2O2 Production 

The effect of SA stimulation of SDH activity in a manner associated with the UQ binding site could lead 

to reactions with oxygen to form ROS including superoxide (O2
-). Within mitochondria, superoxide is 

rapidly dismutated by MnSOD to form H2O2. Our previous study showed a clear correlation between 

SA treatment and accumulation of H2O2 (Gleason et al., 2011). Wild-type seedlings treated with SA and 

the H2O2 scavenger catalase showed a reduced GSTF8 signal, showing that this signaling pathway is 

H2O2 dependent (Gleason et al., 2011). We also showed that exogenous H2O2 induces GSTF8 response 

in wild type as well as in sdhaf2 and dsr1, indicating that SDH is involved upstream of ROS signaling 

(Supplemental Fig. S1, bottom). We measured ROS in isolated mitochondria in the presence and 

absence of SA, together with succinate and ATP, using DCFDA as a fluorescent marker of H2O2 (Fig. 6). 

DCFDA reacts with any ROS, but as O2
- is highly reactive, unstable, and non-membrane permeable, 

H2O2 is the ROS that dominates DCFDA fluorescence in isolated mitochondria (Bienert and Chaumont, 

2014; Huang et al., 2016). Both mutant lines show a lower basal H2O2 production rate compared to 

wild type. Micromolar concentrations of SA induced H2O2 production in all genotypes, but significantly 

less in the mutant lines compared to wild type (Fig. 6) and not significantly higher compared to AA 

treatment. Lower H2O2 production in both lines can be explained by their decreased SDH activity (Fig. 

2B), even when stimulated by SA at the UQ site (Fig. 5B). Due to the lower rate of succinate oxidation 

in dsr1 and sdhaf2, fewer electrons are transferred to the UQ pool, decreasing its redox poise and 

slowing the rate of side reactions that would lead to superoxide and then H2O2 production. It appears 

that a threshold of SDH activity needs to be reached for increased H2O2 production to occur. This 

observation of enzymatic dependency is similar to the threshold we observed in the GSTF8:luc 

induction by SA (Figs. 1 and 4; Supplemental Fig. S1). Considering that sdhaf2 compared to dsr1 showed 

a higher GSTF8 promoter signal in the presence of exogenous succinate addition, one might expect to 

measure a higher H2O2 production in this line as well, but this could not be observed (Fig. 6). 

Differences in the mutants downstream of the SA stress signal pathway might occur to explain these 

observations. 

 

We noted earlier that we observed a significant background signal with DCFDA that is caused by 

reactions independent of the respiratory substrate (Supplemental Fig. S7). We found it essential to run 

control samples parallel to the actual samples to exclude background signals (Fig. 6) that might be 

caused by site reactions in the sample itself or the auto-fluorescence of other sample components. 

Previous studies investigated the effect of SA in mitochondrial ROS production in Arabidopsis and 

reported a significant ROS induction after SA addition (Jardim- Messeder et al., 2015). However, no 

negative controls were used to exclude substrate-independent signals, which could mean that the 

actual substrate-dependent signal was significantly lower. In another study, H2O2 production in 
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isolated mitochondria has been measured in the presence of different SA concentrations and different 

substrates for Complex I and Complex II (Nie et al., 2015). A very high induction of H2O2 production 

was shown after SA was added, but this study also lacks a negative control without substrate. 

Therefore, the scale of the measured signals in these reports might need reconsideration, as they could 

be substrate independent and might be mainly caused by background signals occurring in both assays. 

We did not observe any significant ROS production above background signals when NADH or malate 

together with glutamate was used as substrate (Supplemental Fig. S6B), showing that firstly, negative 

controls without any substrate are essential to determine that any significant signal is not independent 

of mitochondrial respiration and secondly, that succinate together with SA drives enhanced H2O2 

production. This demonstrates that Complex II can act as a major source of ROS production with higher 

rates than Complex I,III or alternative NADH dehydrogenases, a phenomenon that has previously be 

shown in mammalian mitochondria where SDH was found to produce the highest amounts of ROS 

(Ralph et al., 2011; Quinlan et al., 2012; Dedkova et al., 2013) and recently in barley (Hordeum vulgare) 

roots, where Complex II-derived ROS was shown to be the major source of mitochondrial ROS during 

mercury toxicity (Tamás and Zelinová, 2017). 

 

The interplay between SA and H2O2 and which of these molecules acts first in plant defense appear to 

vary depending on the pathway being examined (Vlot et al., 2009). We have previously shown that 

GSTF8 regulation is H2O2 dependent (Gleason et al., 2011; Supplemental Fig. S1, bottom) and that 

accumulation of H2O2 follows the SA effect and quantitatively depends on the degree of function of 

the mitochondrial SDH complex. Earlier studies also showed that SA can enhance H2O2 production 

(Shirasu et al., 1997). Recent studies identified GSTF8 as a SA binding protein (Manohar et al., 2015; 

Tian et al., 2012), but the biological consequences of that interaction and whether it is involved in 

stress signaling remain unclear. Based on our data, it does not seem to interact with GSTF8:luc 

signaling, as dsr1 does not show a signal response after SA treatment (Fig. 1; Supplemental Fig. S1, 

top).  

 

Besides mitochondria, ROS are also produced in the apoplast, chloroplasts, and peroxisomes (Love et 

al., 2008; Vlot et al., 2009; Herrera-Vásquez et al., 2015) under different stress conditions, and the 

interaction between organelles is important for an efficient stress response (Herrera-Vásquez et al., 

2015). Microarray analysis showed that 18 genes were differentially expressed after SA treatment in 

dsr1 vs wild type (Gleason et al., 2011), showing that SA induces only a selection of plant defense genes 

via this pathway and, notably, it does not directly affect the expression of classical NPR1 targets 

(Gleason et al., 2011). The SDH-dependent SA pathway described here is thus one part of SA signaling 
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in plants that likely operates independently of how SA is perceived via NPR1/3/4 in plants and in 

parallel to other ROS-linked pathways that depend on SA-binding proteins (Moreau et al., 2012).  

 

Finally, our results add to a growing body of work showing the importance of mitochondria in plant 

stress/defense responses (Huang et al., 2016), at least in part through the increased production of 

H2O2 from mitochondrial respiratory complexes. 
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Materials and Methods 

 

Growth of Arabidopsis Hydroponic Plants 

Arabidopsis (Arabidopsis thaliana; Col-0) transgenic lines (JC66, called wild type throughout the 

manuscript), dsr1, and sdhaf2 mutant seeds were washed in 70% (v/v) ethanol for 2 min and in 

sterilization solution (5% [v/v] bleach, 0.1% [v/v] Tween 20) for 5 min with periodical shaking. Seeds 

were washed five times in sterile water before being dispensed into 250-mL plastic vessels containing 

80 mL of half-strength Murashige and Skoog (MS) media (without vitamins, half-strength Gamborg B5 

vitamin solution, 5 mM MES, and 2.5% [w/v] Suc, pH 7). Hydroponic cultures were grown under a 16-

h-light/8-h-dark period with light intensity of 100 to 125 µmol m2 s-1 at 22°C shaking at 220 rpm for 2 

weeks or continuously in the dark for the DCFDA measurements. 

 

GSTF8:luc Signaling of Arabidopsis Seedlings 

Four-day-old seedlings of wild type, dsr1, and sdhaf2 (in the JC66 background) were grown on MS 

media plus luciferin. 1/2 MS medium without vitamins, 1% (w/v) Suc, pH 7.0, 50 µM luciferin (Biosynth) 

with or without malonate or succinate using 92 x 16 mm petri dishes as described previously (Gleason 

et al., 2011). After incubation with 7 mM SA for 40 min, whole plant bioluminescence was captured 

over 24 h using a NightShade imager (Berthold Technologies with data calculated in average light units 

(counts/s) per seedling using IndiGo (v 2.0.3.0) software (Berthold Technologies). 

 

Isolation of Mitochondria from Hydroponic Cultures 

Mitochondria were isolated from 2 week old hydroponically grown Arabidopsis plants using a 

previously described method from Millar et al. (2001), with slight modifications. Plant material was 

homogenized in grinding buffer (0.3 M Suc, 25 mM tetrasodium pyrophosphate, 1% [w/v] PVP-40, 2 

mM EDTA, 10 mM KH2PO4, 1% [w/v] BSA, and 20 mM ascorbic acid, pH 7.5) using mortar and pestle 

for 2 to 5 min, twice. The homogenate was filtered through four layers of Miracloth and centrifuged at 

2, 500 g for 5 min; the resulting supernatant was then centrifuged at 14, 000 g for 20 min. The resulting 

pellet was resuspended in Suc wash medium (0.3 M Suc, 0.1% [w/v] BSA, and 10 mM TES, pH 7.5) and 

carefully layered over 35 mL PVP-40 gradient (30% Percoll and 0– 4% PVP). The gradient was 

centrifuged at 40, 000 g for 40 min. The mitochondrial band was collected and washed three times in 

Suc wash buffer without BSA at 20, 000 g for 20 min.  
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Measurement of SDH Activity and Kinetic Calculations 

SDH activity was measured directly at the subunit SDH1-1 by succinate-dependent DCPIP reduction at 

600 nm. Isolated Arabidopsis mitochondria (50 µg) were used in 1 mL of reaction medium (50 mM 

potassium phosphate, pH 7.4, 0.1 mM EDTA, 0.1% [w/v] BSA, 10 mM potassium cyanide, 0.12 mM 

DCPIP, and 1.6 mM PMS). To calculate SDH activity, an extinction coefficient of 21 mM-1 cm-1 at 600 

nm for DCPIP was used. Brooks Kinetic Software and linear Hanes-Plot calculations were used for 

kinetic calculations. For measurements targeting the UQ binding site of SDH (SQR activity), 80 µM 

Coenzyme Q1 instead of PMS was used in the reaction medium (Miyadera et al., 2003). 

 

Measurement of Complex III Activity 

The assay was performed as previously described in Petrosillo et al. (2003). Isolated mitochondria (50 

µg) were used in a 1-mL reaction mixture containing 3 mM sodium azide, 1.5 µM rotenone, 50 µM cyt 

c, and 50 mM phosphate buffer, pH 7.2. The reaction was started by the addition of 50 µM ubiquinol 

Q10. Complex III activity was determined spectrophotometrically at 550 nm following the reduction of 

cyt c, and a rate in nmol cyt c/min/mg Mit. was calculated using extinction coefficient (EmM) of 28.0 

(reduced cyt c). 

 

Measurement of Oxygen Consumption Using an O2 Clark Electrode 

Oxygen consumption was measured using an O2 Clark electrode. Isolated Arabidopsis mitochondria 

(100 µg) were used and oxygen uptake measured as previously described in Huang et al. (2013) in the 

presence of 5 mM succinate, 1 mM NADH, or 10 mM malate + glutamate. To investigate the effect of 

SA on respiration, concentrations from 0.01 to 1 mM were added after the substrate. 

 

Mitochondrial ROS Measurements Using DCFDA 

DCFDA, a cell permeant reagent that is reacting with ROS within the cell, was used. DCFDA is 

deacetylated by cellular esterases and forms the fluorescent compound 2’, 7’-dichlorofluorescein once 

it is oxidized by ROS. 2’, 7’- dichlorofluorescein can be detected by fluorescence spectroscopy using 

excitation/emission spectra of 480/520 nm. Freshly isolated mitochondria (10 µg) from hydroponically 

grown Arabidopsis plants (continuously in the dark) were transferred in 50 µl buffer (0.3 M Suc, 5 mM 

KH2PO4, 10 mM TES, 10 mM NaCl, 2 mM MgSO4, and 0.1% [w/v] BSA, pH 7.2). DCFDA was diluted to 

10 µM, a final volume of 50 µL in the same buffer solution together with the individual substrates. Both 

solutions were transferred and mixed in a 96-well plate to a final volume of 100 µL. Fluorescence was 

measured over 10 min and the slope was calculated.   
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Assembly factor SDHAF4 is required for promoting assembly 

of flavinated SDH1 to SDH2 in Arabidopsis  
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Abstract 

 

Succinate dehydrogenase (Complex II; SDH) plays an important role in mitochondrial respiratory 

metabolism as an enzyme of both, the electron transport chain (ETC) as well as the tricarboxylic acid 

cycle (TCA). It consists of four core subunits which need to be assembled correctly in order for SDH to 

function. Maturation and assembly of subunit SDH1 is essential as it forms the catalytic subunit of SDH 

and to date only SDHAF2 has been identified as an assembly factor for SDH in plants. SDHAF2 is 

required for FAD insertion into SDH1 in Arabidopsis. We herein report the identification of a second 

SDH assembly factor by analyzing the T-DNA knockout line of At5g67490, an orthologous gene to the 

previous identified yeast and human SDH assembly factor SDHAF4, which was shown to promote the 

assembly of SDH1 to SDH2. Knockout of At5g67490 (sdhaf4) resulted in decreased SDH activity and 

succinate dependent respiration rate as well as a high accumulation of succinate in Arabidopsis 

seedlings. Mass spectrometry analyzes showed an elevated abundance of soluble flavinated SDH1 in 

sdhaf4, together with an accumulation of SDHAF2 but a decreased abundance of SDH2 compared to 

WT. The loss of SDHAF4 may have caused destabilization of SDH2 and inhibited the formation of SDH1/ 

SDH2 intermediate, leading to an accumulation of soluble SDH1 but loss of SDH2. The increased 

presence of SDHAF2 may indicate that stabilization of soluble flavinated SDH1 depends on SDHAF2 

availability. It is concluded that SDHAF4 acts on the flavinated SDH1 and promotes its assembly to 

SDH2, thereby stabilizing SDH2.  
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Introduction 

 

Mitochondria are dynamic and essential organelles that are involved in a series of cellular processes 

including adenosine triphosphate (ATP) synthesis, signal transduction and ROS production. Embedded 

in the inner mitochondrial membrane (IMM) is the electron transport chain (ETC), which consist of four 

complexes (I to IV). These complexes are essential to the formation of a proton gradient formed by 

redox reactions along the ETC and the translocation of protons across the IMM, which in turn, drives 

the production of ATP via ATP synthase (Complex V). Within the ETC, succinate dehydrogenase (SDH; 

Complex II) is the smallest complex and uniquely forms part of both the ETC and tricarboxylic acid (TCA) 

cycle. In addition, it is the only complex within the classical ETC that does not pump protons across the 

IMM. SDH catalyzes the oxidation of succinate to fumarate and in doing so, reduces ubiquinone (UQ) 

to ubiquinol (UQH2). It forms a heterotetrameric protein complex, anchored to the IMM by two integral 

membrane proteins (SDH3, SDH4), which dimerize to bind a heme and generate the ubiquinone 

binding sites. The SDH3/SDH4 dimer binds to subunit SDH2, which contains three iron sulfur (Fe-S) 

clusters and is assembled to the catalytic subunit SDH1. SDH1 carries a covalently bound flavin adenine 

dinucleotide (FAD) cofactor (Lemire and Oyedotun 2002; Sun et al. 2005; Huang and Millar 2013a).  

 

Comparisons of plant SDH with other organisms showed that the plant SDH complex is very divergent. 

Although SDH1 and SDH2 subunits are highly conserved in their sequences, SDH3 and SDH4 show high 

divergence between different species, and notably between plants and animals (Burger et al. 1996).  

Furthermore, the purified plant SDH complex contains four additional subunits (SDH5 to SDH8) with 

yet unknown function. A recent study suggests that SDH6 and SDH7 may act as substitutes for missing 

helices in SDH3 and SDH4 which are not present in plants, but are conserved in other organisms 

(Schikowsky et al. 2016). This demonstrates once more a complex evolutionary history for plant SDH 

(Huang and Millar 2013b) . For SDH to function it must be assembled and a series of cofactors must be 

inserted into the different subunits. Four SDH assembly factors (named SDHAF1 to SDHAF4) have been 

identified in mammals and yeast to build SDH1 and SDH2 into a complex intermediate, and three of 

them (SDHAF1, SDHAF2, SDHAF4) have putative orthologues in Arabidopsis.  

 

SDHAF1 has been studied in yeast (YDR379C-A; SDH6) and is suggested to function in Fe-S insertion 

into SDH2. SDHAF1 contains a highly conserved LYR motif, which is suggested to be a signature for 

proteins involved in Fe-S metabolism (Ghezzi et al. 2009). More recently, it was shown that SDHAF1 

contributes to Fe-S cluster incorporation into SDH2 by transiently binding to SDH2 through an arginine-

rich region in its C-terminus, which specifically engages with the Fe-S domain (Maio et al. 2016). In 

humans it was demonstrated that mutations in SDHAF1 can cause infantile leukoencephalopathy 
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disease due to Complex II deficiency (Ghezzi et al. 2009; Ohlenbusch et al. 2012). An orthologous gene 

(At2g39725) has been shown to exist in Arabidopsis but there are no data available that would suggest 

a role for this gene in SDH assembly in plants.  

 

Analysis of an uncharacterized but highly conserved mitochondrial protein in yeast led to the 

identification of Sdh5, later named SDHAF2 (Hao et al. 2009). SDHAF2 was shown to interact with SDH1 

in both yeast and human and it was demonstrated that SDHAF2 is required for SDH-dependent 

respiration as well as for FAD insertion into SDH1 (Hao et al. 2009). Germline loss-of-function 

mutations in the human SDHAF2 was shown to cause hereditary paraganglioma disease (Hao et al. 

2009).  

 

SDHAF3 was identified in yeast (YDR511W; SDH7) and Drosophila (CG14898; Sdhaf3) and suggested to 

act together with SDHAF1 to generate maturation of Fe-S clusters in SDH2 (Na et al. 2014). However, 

an orthologous gene for SDHAF3 has yet to be found in plants, making it difficult to investigate the 

function of this gene further.  

 

Recently, studies in yeast, Drosophila and mammalian cells revealed an additional SDH assembly 

factor, later named SDHAF4 (C6orf57 in human), which was shown to bind specifically to the flavinated 

SDH1 subunit, thereby promoting the assembly of SDH1 to SDH2 after the FAD cofactor is incorporated 

into SDH1 (Van Vranken et al. 2014). The correct assembly of SDH core subunits is crucial in mammalian 

system as the loss of function of these subunits is associated with a range of human diseases including 

diabetes, neurodegeneration, cancer and tumor syndromes (Ghezzi et al. 2009; Hao et al. 2009; Na et 

al. 2014). The assembly of SDH and its intermediates formed by the four identified and potentially 

more yet unidentified assembly factors as well as the role of SDH in human disease has been reviewed 

intensively (Van Vranken et al. 2015; Bezawork-Geleta et al. 2017).  

 

In plants, one assembly factor (SDHAF2) has been successfully characterized to date (Huang et al. 

2013). According to Huang et al. (2013), knockdown of SDHAF2 in Arabidopsis resulted in a significant 

reduction of the mature SDH complex, as only 50% of assembled SDH holo-complex could be found in 

sdhaf2. Reduced abundance of SDH1 protein as well as decreased FAD bound protein in SDH1 was 

shown for sdhaf2, indicating an important role of SDHAF2 for FAD insertion into SDH1 and SDH1 

maturation in Arabidopsis (Huang et al. 2013). Additionally, recent studies demonstrated the 

importance of matured and assembled SDH1 in SA induced stress response (Belt et al. 2017). A mutant, 

carrying a point mutation at the succinate binding site of SDH1 (dsr1), showed a change in substrate 

affinity and catalytic efficiency and was, together with sdhaf2, used to measure SA induced stress 
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signaling. Due to the kinetic changes in dsr1 and the lower abundance of mature SDH1 in sdhaf2, stress 

response was severely decreased in both lines (Belt et al. 2017). In addition, previous studies 

demonstrated that reduced expression of SDH1 or SDH2 resulted in seed abortion as well as reduced 

seed set (Leon et al. 2007). Besides the incorporation of FAD into SDH1 via SDHAF2, not much is known 

about the assembly and maturation of SDH1 and its binding to SDH2. As SDH1 maturation is essential 

for functional mitochondrial metabolism and plant development, it is important to investigate its 

assembly further by determining the next essential step, the assembly of SDH1 to SDH2.  

 

Based on sequence orthology with SDHAF4 from human and yeast, a gene in Arabidopsis (At5g67490, 

herein named SDHAF4), with a yet unknown function, was identified. To investigate the role of this 

gene and its potential to be an assembly factor for SDH1 in plants after SDHAF2, reverse genetic 

approaches were used in this study. A T-DNA insertion line (Landsberg erecta (Ler) background) for 

SDHAF4 (sdhaf4) was obtained to analyze SDHAF4 function. Knockout of SDHAF4 resulted in 

accumulation of succinate, together with decreased SDH activity and succinate dependent respiration 

rate. Interestingly, it was found that SDH1 protein accumulated in the soluble mitochondrial protein 

fraction, suggesting that SDH1 was made, but it was not assembled into the mature SDH holo-complex 

in sdhaf4. Additionally, SDHAF2 accumulated about three fold in sdhaf4, likely to prevent 

destabilization of soluble SDH1 but also hinting at a function of SDHAF4 downstream of SDHAF2. 

Comparisons of sdhaf2, sdhaf4 and an additional SDH1 silenced Arabidopsis line (RNAi_SDH1-1, Leon 

et al. (2007)) showed that SDH2 protein was consistently decreased, likely because all these genotypes 

show decreased amounts of SDH1, demonstrating the importance of mature SDH1 for further 

assembly of SDH2. Within this study, evidence will be provided for SDHAF4 acting on the flavinated 

SDH1 subunit and promoting assembly of SDH1 to SDH2. The results obtained in this study extend the 

model of the assembly pathways of SDH1 in plants, following the FAD insertion aided by SDHAF2.  
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Results  

 

SDHAF4 is Located in Mitochondria and Shares a Conserved Protein Region at the C-terminus 

Previous studies described the first SDH assembly factor identified in plants, which is involved in FAD 

insertion into SDH1 (Huang et al. 2013). Following FAD insertion, the next step in SDH1 assembly is the 

formation of a SDH1/SDH2 intermediate. In order to investigate this crucial step in plants, the 

orthologue Arabidopsis gene (At5g67490), noted in the studies of the previous identified assembly 

factor SDHAF4 in yeast and human (Van Vranken et al. 2014), was investigated as a potential SDHAF4 

in Arabidopsis. Alignment of SDHAF4 amino acid sequences showed an overall sequence similarity of 

~28% between humans (H. sapiens), yeast (S. cerevisiae) and plants (A. thaliana, Brassica napus, 

Eutrema salsugenium). Although sequences showed great variability between species, a conserved 

region located at the C-terminus could be identified (blast.ncbi.nlm.nih.gov, Fig. 1A) 

(http://www.pantherdb.org). Using subcellular localization information (SUBA4), a mitochondrial 

targeting sequence could be predicted for At5g67490 and it was reported as unknown protein in mass 

spectrometry analysis of mitochondrial extracts, (http://suba.plantenergy.uwa.edu.au/,(Taylor et al. 

2011). The At5g67490 gene consists of one single exon in Arabidopsis and is expressed in all 

Arabidopsis plant tissue as well as seeds with the highest expression patterns found in cotyledons 

(http://bar.utoronto.ca). AtSDHAF4 has a molecular weight of approximately 12 kDa 

(www.arabidopsis.org). To further confirm the localization of SDHAF4, green fluorescent protein (GFP) 

was fused to the N-terminal of SDHAF4 and transiently expressed in Arabidopsis cell culture. 

Microscopic analysis of SDHAF4:GFP as well as mitochondrial alternative oxidase fused to red 

fluorescent protein (AOX-RFP) as marker, confirmed mitochondrial localization for SDHAF4 (Fig. 1B). 

Combined evidence of localization prediction and identification by mass spectrometry as well as the 

GFP localization makes At5g67490 a clear mitochondrial protein and the lead candidate for SDHAF4 in 

plants.  

 

To prove this protein is a second assembly factor for SDH, acting after SDHAF2, it can be hypothesized 

that its loss will affect the assembly of SDH1 to SDH2 once FAD is inserted into SDH1. The aim of this 

study was thus to determine the role of AtSDHAF4 in regards to SDH function and assembly of SDH1 

through study of a knockout line. A knockdown line of SDHAF2 (sdhaf2) was also included in this study 

to determine possible similarities or distinctions between the two assembly factor mutant lines and to 

determine the different steps and order of these two assembly factors that are involved in maturation 

of SDH1 and assembly of SDH1 to SDH2.  

 

 

http://www.pantherdb.org/
http://suba.plantenergy.uwa.edu.au/
http://bar.utoronto.ca/
http://www.arabidopsis.org/
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Characterization of SDHAF4 T-DNA insertion line and phenotypic analysis 

To analyze the function of the SDHAF4-like gene in Arabidopsis (At5g67490; SDHAF4), a T-DNA 

insertion line (GT_5_75821, in Landsberg erecta (Ler) background, hereafter referred to as sdhaf4) 

from the Nottingham Arabidopsis Stock Center (NASC) (http://signal.salk.edu/cgi-bin/tdnaexpress) 

was obtained and genotyping analysis revealed homozygous lines (Supplemental Fig. 1). The T-DNA 

insertion was located within the exon of At5g67490 (SDHAF4, Figure 1C). Reverse Transcriptase PCR 

(RT-PCR) was used to determine the expression level of SDHAF4 in sdhaf4 compared to Ler (Fig. 1D). 

Primers covering a region outside the T-DNA insertion (Fig. 1C, red arrows, Supplemental Table 2) were 

designed. A significant decrease in expression level of about 60% could be observed in sdhaf4 (Fig. 1D), 

showing that due to the T-DNA insertion, gene expression is reduced but not completely inhibited. In 

order to investigate if SDHAF4 protein translation would still occur in sdhaf4, multiple reaction 

monitoring (MRM) was used to detect peptides for SDHAF4 as well as other SDH subunits and SDHAF2 

(Fig. 1D). Peptide amount was calculated as the ratio of sdhaf4 to Ler. From the results obtained, SDH1 

is slightly decreased in sdhaf4. SDH2 is severely decreased in sdhaf4 and SDHAF4 was not detectable 

in the mutant, demonstrating that, although gene expression still occurs, translation to SDHAF4 

protein is inhibited or a truncated protein is unstable (Fig. 1D), indicating an effective knockout of 

SDHAF4. SDHAF2 is three times more abundant in sdhaf4, indicating a possible compensatory response 

to the loss of SDHAF4.  

 

Looking at phenotypic differences between sdhaf4 and Ler, we did not observe any change in plant 

growth or development when lines were grown on soil under long day condition (Supplemental Fig. 

2A). As it is known from previous studies that knockdown of SDH assembly factor 2 (sdhaf2) affects 

root elongation in Arabidopsis (Huang et al. 2013), root development of sdhaf4 against Ler as well as 

sdhaf2 against Col-0 (background of sdhaf2) lines (Supplemental Fig. 2B) were compared. As previously 

published, growing sdhaf2 on MS media with a pH of 5.8 results in strong decrease in root elongation 

after 6 days (Huang et al. 2013). For sdhaf4, no such inhibition of root growth could be observed 

(Supplemental Fig. 2B). Root elongation is slightly slowed down in sdhaf4 between 6th and 9th day after 

germination but reaches the same root length as Ler after 15 days. So unlike sdhaf2, sdhaf4 does not 

have a strong root phenotype (Supplemental Fig. 2B).  
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Figure 1: SDHAF4 sequences contain a conserved region at the C-terminus amongst different species, the 
Arabidopsis protein is located within mitochondria and sdhaf4 is an effective knockout Arabidopsis line at the 
protein level for SDHAF4. 
A) Sequence alignment of SDHAF4 between Saccharomyces cerevisiae (YBR269C), Homo sapiens (NM_145267), 
Arabidopsis thaliana (At5g67490), Brassica napus (XM_013885343) and Eutrema salsugenium (XM_006393894) 
(Clustal Omega). Conserved region is highlighted in red.  
B) GFP_SDHAF4 and RFP_AOX constructs were transiently expressed in Arabidopsis cell culture. GFP localization 
of SDHAF4 in mitochondria was performed macroscopically.  
C) Location of T-DNA insertion in At5g67490 (SDHAF4) within the exon region. Red arrows show region of primers 
used for RT-PCR. 
D) SDHAF4 gene expression and protein detection in Ler and sdhaf4. RT-PCR using primers outside the T-DNA 
region (red arrows in C) was performed to determine gene expression. Expression levels were normalized to actin 
and expression of SDHAF4 in Ler was set as 1 (left). Protein peptide detection of SDH subunits, SDHAF2 and 
SDHAF4 was determined using mass spectromerty. Isolated mitochondria of Ler and sdhaf4 were used and 
protein specific peptides were used for identification. Samples were normalized to ATP Synthase (right). Shown 
is the ratio of sdhaf4 to Ler. SE, standard error of n=4; **P≤ 0.01 (t-test) 
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sdhaf4 Shows High Accumulation of Succinate as well as Decreased SDH Activity and Succinate 

Dependent Respiration  

In order to determine whether metabolomic changes occur in sdhaf4, GC/MS analysis of metabolites 

extracted from whole plant tissues of 10 days old seedlings was performed. sdhaf4 showed a 

significant increase in the abundance of succinate, approximately 5-fold compared to Ler (N=4, p= 

0.015, Figure 2A, Supplemental Table 1). Besides succinate, 51 metabolites were quantified, including 

20 with an unknown classification. Besides succinate, glycine showed the next most significant increase 

in abundance (2 fold, (N=4, p= 0.07). To determine whether knocking out SDHAF4 would directly affect 

SDH function, SDH activity was measured in isolated mitochondria obtained from Ler and sdhaf4 plants 

(Figure 2B). Phenazine methosulfate (PMS) and 2,6-dichloro-indolephenol (DCPIP) were used to accept 

electrons being generated at the succinate binding site of SDH. Within this assay, SDH activity is 

measured directly at subunit SDH1. PMS acts as acceptor of electrons that are liberated through 

succinate oxidation, which then are transferred to DCPIP. DCPIP is then reduced and changes its 

absorbance at 600 nm. By measuring this change in absorbance spectrophotometrically, a rate of µmol 

DCPIP/ min/ mg mito-chondria (Mit.) is calculated and this illustrates SDH activity (Figure 2B). Using a 

range of 0.1 to 10 mM succinate, a significant decrease in SDH activity was observed in sdhaf4 in 

comparison to Ler at most substrate concentrations (Figure 2B). Approximately one third of the activity 

seen in Ler could be measured in sdhaf4 (Figure 2D). Looking at the calculated Km value for succinate 

of SDH (R software, Supplemental Fig. 3, 4), which describes the substrate concentration necessary to 

reach half maximum enzyme velocity, no significant difference between sdhaf4 and Ler could be 

observed (t-test p> 0.1, Figure 2E, Supplemental Fig. 3, 4). Both lines showed a Km of approximately 0.4 

mM of succinate, indicating that this key kinetic property of SDH in Ler is maintained in sdhaf4. Due to 

its low SDH activity even at high concentrations of succinate, the catalytic efficiency (Vmax/Km) is only 

about a third as high in sdhaf4 compared to Ler (Figure 2F). Overall, these data show that knockout of 

SDHAF4 leads to a decrease in SDH activity, which results in an accumulation of succinate and a lower 

catalytic efficiency of SDH, when considered on a mitochondrial protein basis.  

 

To determine if succinate-dependent oxygen (O2) uptake would be altered in sdhaf4, mitochondrial 

respiration rate was measured using a Clark-type O2 electrode (Figure 2C). 5 mM succinate were added 

to 100 µg of freshly isolated mitochondria in a 1 ml reaction solution and respiration was calculated as 

nmol O2/ min/ mg Mit. From the results obtained, a significant decrease in respiration rate in sdhaf4 

was observed (Figure 2C), it was about half the rate of Ler (Figure 2C), which again, is very similar to 

what was observed in sdhaf2 (Huang et al. 2013). To confirm that respiration through complexes other 

than SDH of the ETC were not affected in sdhaf4, the assay was repeated using 1 mM NADH as 

substrate (Figure 2C). No significant differences between genotypes could be observed and both Ler 
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and sdhaf4 showed substantial mitochondrial respiration rates of ~ 100 nmol O2/ min/ mg Mit (Figure 

2C). Mitochondria from both lines also showed almost complete sensitivity of their respiratory rate to 

1 mM cyanide (KCN) treatment (Figure 2C). This indicates that AOX capacity was similar in both 

genotypes in vitro.  

Taken together, these data showed that sdhaf4 had a decreased mitochondrial respiration rate when 

electron flow passes through SDH in a succinate-dependent manner.  

 

 

Figure 2: sdhaf4 shows high succinate accumulation together with lower SDH activity and succinate dependent 
oxygen consumption compared to Ler. 
A, GC/MS analysis of whole leave tissue of sdhaf4 and Ler were performed to determine differences in succinate 
content ( N=4, p= 0.015); B, SDH activity at different succinate concentrations in a range from 0.1 to 10 mM; C, 
Oxygen consumption in the presence of 5 mM succinate or 1 mM NADH. Kinetic analysis using Michaelis-Menten 
calculations were performed to determine maximum SDH velocity (D), Km value of succinate (E) and catalytic 
efficiency (µmol DCPIP/min) of SDH for succinate (F) in sdhaf4 and Ler. Error bars, SE, t-test was performed to 
determine significant differences between genotypes (n=4); *p< 0.05, **p< 0.01, ***p< 0.001 
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Protein Abundance of SDH2 and SDHAF2 is Altered in sdhaf4 Mitochondria  

The above results showed that the loss of functional SDHAF4 resulted in decreased SDH activity and 

succinate dependent respiration. Based on the model in yeast, it was hypothesized that SDHAF4 would 

act as an assembly factor of the flavinated SDH1 and would be important for assembly of a SDH1/SDH2 

intermediate. To further investigate this hypothesis, the abundance of protein peptides of SDHAF4 as 

well as SDHAF2 and the subunits SDH1, 2, 6 and 7, obtained from isolated mitochondria, was 

determined using MRM analysis of gene specific peptides. Samples of mitochondrial proteins from 

sdhaf4 and Ler plants, sdhaf2 and Col-0 were analyzed as well as mitochondria from a SDH1 RNAi 

silencing line (Leon et al. 2007) to further investigate alterations of SDHAF2 and SDHAF4 abundance 

when SDH1 is reduced.  

 

Comparing protein abundance in sdhaf4 and Ler, SDH1 was only slightly reduced in sdhaf4. Although 

SDH1 abundance was not severely changed (Figure 3A) in sdhaf4, SDH2 was reduced by half in sdhaf4 

compared to Ler (Figure 3A). The reduced abundance of SDH2 provides further evidence that SDHAF4 

may be an assembly factor of SDH and acts during incorporation of SDH2 in SDH1/SDH2 assembly 

intermediates. The loss of SDHAF4 would result in reduction of SDH2 and a change in stoichiometry of 

SDH1 to SDH2 in sdhaf4. Looking at sdhaf2, both SDH1 and SDH2 abundances were decreased, 

indicating that without SDHAF2 and without the inserted FAD, SDH1 was not stable enough to 

accumulate, leading to decreased amounts of SDH1 and therefore most likely causing reduced 

accumulation of SDH2 as well.  

 

The SDH1 silencing line only shows slightly reduced abundance of SDH1, similar to sdhaf4, but highly 

reduced amounts of SDH2, demonstrating that, similar to the decreased amount of SDH2 in sdhaf2 

and sdhaf4, stability of SDH2 is dependent on abundance of available mature SDH1. The abundances 

of SDH6 and 7 peptides were slightly reduced in the mutant lines. Being potential replacements of 

helices for SDH3 and 4 (Schikowsky et al. 2017), SDH6 and 7 can be used as representations for subunits 

SDH3 and 4, as specific peptides for these subunits could not be identified by mass spectrometry (MS). 

Nevertheless, the lack of severe consequences in stability or abundance of SDH6 and 7 indicated that 

the assembly of the SDH3/4/6/7 membrane aim might occur independently from SDH1/SDH2.  

 

Looking at SDHAF2 and SDHAF4 peptides in the different lines, the results showed a significant increase 

of about 3 fold of SDHAF2 in sdhaf4 (Fig. 4A). It could be hypothesized that due to the loss of SDHAF4, 

SDHAF2 may accumulate in order to keep SDH1 stable as a soluble protein. Depending on where 

SDHAF4 acts, one might expect to see the same effect in sdhaf2 with accumulation of SDHAF4 in order 

to keep SDH1 as stable as possible. However, from the results obtained, sdhaf2 plants did not show an 



57 
 

increase in SDHAF4 abundance, in fact, it was reduced by half compared to Col-0 (Fig. 4A). The fact 

that SDHAF2 is accumulated in sdhaf4, but not the reverse, provides evidence that SDHAF2 is acting 

upstream of SDHAF4 in the assembly pathway of SDH. The SDH1 silencing line with slightly decreased 

SDH1 peptides showed decreased abundance of both SDHAF2 and SDHAF4, demonstrating that both 

SDHAF2 and SDHAF4 are involved in SDH1 maturation and the accumulation of both is dependent on 

the abundance of SDH1. Together, these findings indicate that SDHAF4 abundance was dependent on 

SDH1 presence, which is reduced in sdhaf2 and the SDH1 silencing line. SDHAF2, on the other hand, is 

highly increased in sdhaf4, demonstrating that it is involved in SDH1 maturation and stability and acts 

upstream of SDHAF4.  

 

In previous work, the sdhaf2 line showed reduced FAD bound SDH1 protein (Huang et al. 2013). As 

SDHAF4 is suggested to act after SDHAF2, following the incorporation of FAD into SDH1, sdhaf4 should 

not show any differences in FAD binding compared to Ler. To test this theory, a FAD bound protein 

assay developed by Bafunno et al. (2004) was performed (Figure 3B). Based on gel band area 

comparisons calculated in Image J (Supplemental Fig. 5), no differences could be detected between 

Ler and sdhaf4, showing that FAD insertion into SDH1 is unaltered in sdhaf4 and strengthens the 

hypothesis that SDHAF4 acts upon the already flavinated SDH1 subunit in plants.  

 

 

Figure 3: SDH2 and SDHAF2 is altered in sdhaf4 but FAD bound protein is not changed in abundance 
Multiple reaction monitoring (MRM) was used to detect peptides of SDH subunits and assembly factors (A), 
shown is the ratio of peptides (mutant/WT) based on whole mitochondria protein samples (50 µg, N=4). FAD 
bound protein assay was performed to compare FAD binding in SDH1 in sdhaf4 (af4) and Ler (B), 10 µg 
mitochondrial protein were separated on SDS PAGE, following a gel incubation in 10% acetic acid for 30 min. FAD 
fluorescence scans were performed before and after the acetic acid treatment using Typhoon Trio Laser 
(Amersham Biosciences) and filters Cy5 (670 bp) and Cy3 (580 bp). The FAD band becomes visible after acetic 
acid incubation, marked here with a black arrow.  
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SDH1 Protein Accumulates in the Soluble Fraction of sdhaf4 Mitochondria  

Based on the MRM assay results, sdhaf4 displayed decreased amounts of SDH2 but increased amounts 

of SDHAF2 while SDH1, 6 and 7 were mainly unaltered in abundance (Figure 3A). Furthermore, FAD 

binding in SDH1 was unaltered in sdhaf4 (Fig. 4B). From these results, it was hypothesized that in the 

case of sdhaf4, SDH1 may be stable and accumulate as a soluble protein, however, is unable to be 

attached to SDH2, which therefore becomes unstable as a result. To test this idea, the MRM assays 

were repeated but mitochondria samples were firstly separated into soluble and membrane fractions. 

Mitochondria were freeze/ thawed three times before membrane and soluble fraction were separated 

by a 20 min high speed centrifugation at 20 000 x g. The supernatant (soluble fraction) was removed 

and the pellet (membrane fraction) was resuspended in sucrose wash buffer. To compare possible 

differences in SDH components and SDH assembly factors, peptide detection of SDH subunits 1 and 2 

as well as the assembly factors SDHAF2 and 4 was determined in sdhaf4, Ler, sdhaf2 and Col-0 (Figure 

4). To visualize differences in the mutant lines, peptide detection was calculated as the ratio of mutant 

to WT (Fig. 4A). Results showed that within the membrane samples (M), the abundance of SDH1 and 

2 proteins is reduced to half in the two assembly factor mutants (Figure 4A), indicating that there is 

less membrane assembled SDH holo-complex present. However, comparing soluble fractions (S), 

sdhaf4 showed significantly higher amounts of SDH1 (t-test; p= 0.04) compared to its matched 

membrane sample with about the same amount of SDH1 protein as in Ler. On the other hand, sdhaf2 

showed no significant difference in abundance between its membrane and soluble fractions (t-test; p> 

0.1, Figure 4A). In both cases the mutant had about half the protein amount measured in Col-0. There 

was no SDH2 protein accumulation in the soluble fraction in sdhaf4, as shown for whole mitochondria 

samples (Figure 3A). It was about half the amount compared to Ler (Figure 4A). SDH2 did not 

accumulate as a soluble protein like SDH1 in sdhaf4 line and may be degraded by proteases in this 

background (Figure 4A). In agreement with MRM analyzes on whole mitochondria, SDHAF2 protein 

was accumulated in both fractions in sdhaf4, however, this accumulation was significantly higher in 

the soluble fraction (Fig. 4A). Looking at the sdhaf2 line compared to Col-0, there was not a clearly 

reduced amount of SDHAF4, which was previously shown in whole mitochondria samples (Fig. 3A). 

Nevertheless, SDHAF4 also did not accumulated in any of the mitochondrial fractions of sdhaf2, still 

consistent with SDHAF2 acting upstream of SDHAF4.  

 

By visualizing the data as ratio of soluble to membrane protein amounts (Figure 4B) we could consider 

partitioning of proteins during the assembly process. Col-0 and Ler showed half as much SDH1 and 

SDH2 protein in the soluble fraction compared to their respective membrane fractions. sdhaf2 had 

approximately a fourth of its protein of SDH1 and SDH2 content in the soluble mitochondrial fraction 

(Figure 4B). In contrast, sdhaf4 has about the same amount of SDH1 protein in its soluble mitochondria 
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fraction compared to its membrane fraction (Figure 4B), a significantly higher soluble to membrane 

ratio than in Ler. These findings are in agreement with the hypothesis that SDHAF4 is acting on the 

flavinated SDH1 and promotes assembly of SDH1 to SDH2. Due to the knockout of SDHAF4, SDH1 

assembly to SDH2 is inhibited, resulting in accumulation of soluble SDH1 and degradation of SDH2. The 

assembly factors SDHAF2 and SDHAF4 were more abundant in the soluble fraction in all lines, 

indicating that they are mostly present as soluble proteins in mitochondria.  

 

To further confirm that SDH1 is accumulated as a soluble FAD-bound protein in sdhaf4, the FAD binding 

assays were also repeated with soluble and membrane mitochondrial samples (Figure 4C, 

Supplemental Fig. 6). Quantitation of the fluorescence of the FAD gel bands, visualized on SDS PAGE 

(Supplemental Fig. 6), were calculated using Image J. Comparisons were made between genotypes in 

soluble and membrane fractions and are shown as ratios of mutant to WT of FAD bound protein (Figure 

4C). No significant differences in sdhaf2 could be observed between soluble and membrane fractions. 

Both samples showed reduced FAD binding with a more severe reduction in the soluble sample (Figure 

4C). These results are in agreement with the MRM findings and previous studies in sdhaf2 (Huang et 

al. 2013). In contrast, sdhaf4 showed decreased amounts of FAD protein in the membrane section but 

increased amounts in the soluble fraction (t-test, p=0.08) with approximately the same amount of FAD 

bound protein in the mutant as in Ler (Figure 4C). This provides further evidence for SDH1 being 

accumulated in the soluble fraction as a FAD-bound protein in sdhaf4 and SDHAF4 is thus important 

for SDH1 assembly.  
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Figure 4: SDH1 accumulates as a soluble FAD-bound protein in sdhaf4 
A, Peptide abundance of soluble (S) and membrane (M) mitochondrial protein fraction compared between 
mutant lines and WT (N=3); B, Ratio of protein abundance of soluble to membrane mitochondrial fraction 
compared within each genotype (N=3); C, Comparison of gel band area of FAD bound protein between mutant 
lines and WT in soluble and membrane mitochondrial fraction (N=4); M=membrane, S=soluble; t-test *p≤ 0.08, 
**p≤ 0.05 

 
 
Having a high amount of free flavinated SDH1 in the soluble fraction of mitochondria isolated from 

sdhaf4 plants might also lead to a higher SDH activity or ROS production in that fraction. Therefore, to 

check for either scenario, SDH activity was measured in soluble and membrane fractions of isolated 

mitochondria of Ler, sdhaf4, sdhaf2 and Col-0 (Supplemental Fig. 7A). Based on total protein amount 

no increased activity rate in the soluble fraction in sdhaf4 could be observed, but rather quite the 

opposite was demonstrated (Supplemental Fig. 7A). The soluble fraction in all genotypes showed less 

DCPIP-dependent SDH activity rates than in the membrane fraction. Similar results were obtained from 

ROS detection of soluble and membrane fractions using DCFDA as a fluorescence dye (Supplemental 

Fig. 7B). Soluble mitochondria samples showed less than half the rates of ROS production compared 

to membrane samples (Supplemental Fig. 7B). A possible explanation could be that flavinated SDH1 by 

itself is not enough to achieve functional electron transfer and it might need to be further assembled 

to SDH2, and potentially reach a Fe-S cluster, in order to promote electron transfer from succinate to 

DCPIP. 
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Assembly of SDH holo-complex is decreased in sdhaf4 

To further visualize that SDH1 is less assembled into SDH holo-complex in sdhaf4, mitochondria of Ler 

and sdhaf4 were loaded on a blue native (BN) gel and polyacrylamide gel electrophoresis (PAGE) was 

performed (Fig. 5 left). SDH1 antibody (provided by Professor Braun, Germany) was used to detect 

SDH1 protein after BN gel was blotted on PVDF membrane (Fig. 5 right). Ler shows a strong SDH1 signal 

coming from the SDH holo-complex (~ 170 kDa). In case of sdhaf4, two distinct bands could be 

detected, one about the same as Ler, representing mature SDH complex, but showing only a weak 

signal compared to Ler. A second slightly lower band, which is absent in Ler, was detected in sdhaf4 

with a stronger signal and likely represents the soluble SDH1 (~ 70 kDa) which could not be 

incorporated into the holo-complex (Fig. 5 right).  

 

This demonstrates, that majority of SDH1 protein is not assembled into the mature enzyme complex 

in sdhaf4, which is in agreement with the previous findings and the hypothesis of SDHAF4 being 

required as assembly factor for SDH1. 

 

 

Figure 5: SDH1 is less incorporated in SDH holo-complex and accumulates as soluble protein in sdhaf4. 
SDH1 antibody was used to detect SDH1 abundance in whole mitochondria samples of Ler and sdhaf4 loaded on 
a BN gel (left) and blotted on PVDF membrane (right). Indicated by arrows are the two bands representing SDH 
holo-complex and soluble SDH1 protein.  
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Discussion 

 

The important role of SDH in plants is demonstrated by the variety of dysfunctions that can occur in 

plant development and metabolism (Leon et al. 2007; Gleason et al. 2011; Huang et al. 2013; Belt et 

al. 2017). Functional assembly of SDH1 is crucial as it forms the catalytic subunit where succinate is 

oxidized to fumarate. In addition, availability of matured SDH1 is also important for the assembly of 

SDH2 and the formation of SDH1/SDH2 intermediate. SDHAF2 was previously identified as the first 

assembly factor of SDH in Arabidopsis (Huang et al. 2013), inserting the FAD cofactor into SDH1. Within 

this study, we now present evidence for a second SDH assembly factor in Arabidopsis, named SDHAF4, 

promoting the next essential assembly step, the formation of SDH1/ SDH2 intermediate. An analog 

gene to the SDHAF4 version in human was identified in Arabidopsis (At5g67490). Based on analysis of 

an At5g67490 T-DNA knockout line (sdhaf4), evidence was provided demonstrating the importance of 

AtSDHAF4 for SDH2 stability and SDH1/SDH2 intermediate assembly. Results obtained from this study 

bring us one step closer to unravel the complex machinery of SDH assembly in plants.  

 

The protein sequence of the putative plant SDHAF4 showed a conserved region in the C-terminus 

amongst different yeast and animal species as well as broadly within the plant kingdom ( 

Figure 1A). Studies in yeast, Drosophila and mammalian cells have demonstrated that the SDHAF4 

homologs in these species are SDH assembly factors and that the C-terminus is the part that is 

conserved throughout evolution (Van Vranken et al. 2014). Van Vranken et al. first identified SDHAF4 

and introduced a model that indicated SDHAF4 might act directly at the FAD bound protein in SDH1, 

thereby blocking the production of ROS during assembly and also facilitating the assembly of SDH1 to 

SDH2. Within this study, a SDHAF4 knockout line (sdhaf4) was used to establish evidence that the 

homologous AtSDHAF4 is a SDH assembly factor in Arabidopsis. Using this mutant, a decrease of SDH 

activity and succinate dependent respiration was shown (Figure 2), demonstrating that SDHAF4 is 

important, but not essential, for SDH function as low enzyme activity and respiration rate could still be 

achieved. This finding was also previously shown for mutants of SDHAF4 in yeast and Drosophila (Van 

Vranken et al. 2014). No significant changes in SDH1 abundance or FAD bound protein on the whole 

mitochondria level were observed in sdhaf4 compared to Ler (Figure 3), demonstrating that in contrast 

to sdhaf2, the amounts of available SDH1 and SDH1-FAD bound protein are not reduced in sdhaf4. In 

contrast, SDH2 abundance was reduced by half, indicating that the assembly of SDH1 to SDH2 was 

likely disrupted. Furthermore, a mismatch of stoichiometry of SDH1 and SDH2 occured in sdhaf4. 

Comparison of an additional decreased SDH1 mutant line (RNAi silencing of SDH1, Leon et al. 2007) 

also showed decreased SDH2 abundance as well as decreased amounts of both assembly factors. This 

is in agreement with studies performed in yeast, where knockout of SDHAF4 caused a decrease 
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abundance of SDH2 (Van Vranken et al. 2014). Altogether, this further strengthens the evidence of 

SDH2 stability being dependent on SDH1 availability and maturation. Interestingly, in Drosophila, 

SDHAF4 deletion demonstrated that dSDHAF4 is necessary for SDH1 stabilization and maintaining of 

SDH1 levels, indicating that possibly in higher eukaryotes, SDHAF4 orthologues are required to support 

the hydrophilic head of SDH by maintaining SDH1 subunit stability (Van Vranken et al. 2014).  

 

No phenotype, like short root growth in sdhaf2, was observed in sdhaf4 (Supplemental Fig. 2B). Studies 

of other SDH1 mutants in plants did not report a short root phenomenon either (Leon et al. 2007; 

Gleason et al. 2011). sdhaf2 is the only mutant with decreased abundance of flavinated SDH1 and 

potentially accumulates free FAD. One scenario that could be further tested is whether FAD 

accumulation influences root growth in Arabidopsis by creating an environment that inhibits root 

elongation.  

 

Looking at mitochondrial membrane and soluble fractions, an accumulation of soluble flavinated SDH1 

protein in sdhaf4 was determined (Figure 4). Looking at membrane bound SDH1 and SDH2 abundance, 

both proteins were clearly reduced by half in sdhaf4 compared to Ler (Figure 4A), which indicates that 

there was a reduced amount of membrane bound SDH holo-complex. Once again, this is in agreement 

with studies in yeast and Drosophila, which also showed decreased steady-state levels of the SDH holo-

complex (Van Vranken et al. 2014). In addition, SDHAF2 was increased about three fold in sdhaf4, likely 

to prevent destabilization of SDH1. In the case of sdhaf2, SDHAF4 was not accumulated but reduced in 

abundance. Together, these results indicate that SDHAF2 acts upstream of SDHAF4 (Figure 3). A high 

availability of non-assembled SDH1 protein in the soluble fraction is good evidence for SDHAF4 being 

involved in SDH1/SDH2 assembly as described in previous studies (Van Vranken et al. 2014). It most 

likely will also be acting on the FAD bound protein in SDH1 (Van Vranken et al. 2014), following FAD 

insertion by SDHAF2 (Hao et al. 2009; Huang et al. 2013). It could be shown that SDHAF4 binds to SDH1 

independently of any other core subunit and SDHAF2. In addition, the interaction of SDHAF4 and SDH1 

has been shown to be dependent on covalent binding of FAD to SDH1 as SDHAF4 was shown to fail to 

interact with SDH1 if the FAD cofactor is missing (Van Vranken et al. 2014). Furthermore, BN-PAGE 

analysis revealed that SDHAF4 forms a stable sub-complex with SDH1 which is not associated with SDH 

holo-complex and which accumulates if SDH2 is not present (Van Vranken et al. 2014). This is in 

agreement with data obtained in this study showing decreased SDH holo-complex in sdhaf4 and the 

formation of a slightly smaller sub-complex of soluble SDH1 (Fig. 5).  
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The high abundance of flavinated SDH1 in sdhaf4 could in theory have toxic effects. ROS could be 

generated by solvent-accessible FAD, which could be capable of oxidizing succinate to fumarate 

independently of the SDH complex. This would lead to the reduction of FAD, which could be auto-

oxidized by molecular oxygen and result in the formation of superoxide (Messner and Imlay 2002; Guzy 

et al. 2008). However, measurement of SDH activity via DCPIP reduction as well as ROS measurements 

using DCFDA as a fluorescence dye, in soluble and membrane fractions of isolated mitochondria 

showed no increase in SDH activity or ROS accumulation in the soluble samples of sdhaf4 

(Supplemental Fig. 7). As a matter of fact, SDH activity and ROS production rates were lower in the 

soluble mitochondria samples compared to the membrane ones in sdhaf4 (Supplemental Fig. 7), 

indicating that in Arabidopsis, free flavinated SDH1 is not sufficient to promote succinate oxidation. 

These results are in contrast to previous findings, where deletion of SDHAF4 resulted in a high 

sensitivity to oxidative stress induced by hyperoxia in Drosophila and accumulation of ROS in yeast 

(Van Vranken et al. 2014), indicating that assembly of SDH1 and its catalytic capability may be 

regulated differently in plants. Studies to date on SDH disagree in regards to the site of autoxidation 

responsible for ROS production. Some studies point to the FAD site within SDH (Imlay 1995; Messner 

and Imlay 1999, 2002), while others indicate ubisemiquinone and Fe-S centers to be the responsible 

sites (Guo and Lemire 2003; Liang and Patel 2004; Huang and Lemire 2009). Furthermore, studies in 

mammalian cells showed that knockdown of SDH2 but not SDH1 caused an increase in ROS production 

(Ishii et al. 1998; Guzy et al. 2008). Based on results obtained within this study, FAD does not seem to 

be the site responsible for ROS production in Arabidopsis SDH. It is possible that Fe-S clusters or the 

UQ site form the reactive site or a combination of FAD and Fe-S centers.  

 

Overall, it is concluded that SDHAF4 forms a second SDH assembly factor in plants. It likely acts 

downstream of SDHAF2 action, on the flavinated SDH1 subunit (Fig. 6), and is likely involved in the 

formation of SDH1/SDH2 intermediate given the decreased abundance of SDH2 but high accumulation 

of SDHAF2 in sdhaf4. Recent studies in yeast showed that SDH1/SDH2 dimers can exist in the absence 

of either or both membrane bound subunits SDH3 and SDH4, indicating that SDH1/SDH2 is assembled 

before being linked to SDH3 and SDH4 (Kim et al. 2012). Assembly of the SDH holo-complex has been 

intensively studied and reviewed in mammals and yeast (Van Vranken et al. 2015; Bezawork-Geleta et 

al. 2017) largely due to increasing evidence of the impact of SDH mutations in human disease (Rutter 

et al. 2010; Hoekstra and Bayley 2013). Within the mitochondrial matrix, SDHAF2 is proposed to act 

during FAD insertion into SDH1 and is required to ensure covalent attachment of FAD (Hao et al. 2009; 

Huang et al. 2013). But previous studies also showed that additional, species specific factors, may play 

a role as catalytically active SDH1 is still formed in the absence of SDHAF2 in thermophilic bacteria 

(Kounosu 2014). In addition, recent studies in human breast cancer cells showed that despite the 
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depletion of SDHAF2, flavinated SDH1 was still assembled and SDH activity retained (Bezawork-Geleta 

et al. 2016). In Arabidopsis, knockout of SDHAF2 is embryo lethal, indicating that SDHAF2 is essential 

for SDH1 flavination in plants (Huang et al. 2013). However, it remains unclear how different organisms 

are still able to assemble flavinated SDH1 without SDHAF2. Knockout of SDHAF4, on the other hand, 

did not result in embryo lethality in Arabidopsis and SDH activity could still be achieved demonstrating 

that SDHAF4 is important but not essential for SDH assembly and function. Interestingly, as mentioned 

earlier, the loss of SDHAF4 shows different consequences between organisms (Van Vranken et al. 

2014). Drosophila had a more severe phenotype with mutants showing reduced SDH activity and 

destabilization of both, SDH1 and SDH2 as well as a significant decrease of SDH holo-complex (Van 

Vranken et al. 2014). Yeast and mammalian cells, on the other hand, were able to maintain 40 – 50% 

of WT SDH activity and showed similar level of mature SDH complex assembly (Van Vranken et al. 

2014). Furthermore, while yeast mutants showed relatively unaltered levels of SDH1, Drosophila had 

highly reduced abundance of SDH1, which potentially is responsible for the almost complete loss of 

holo-complex (Van Vranken et al. 2014). Similar to yeast and mammalian cells, Arabidopsis was also 

able to maintain SDH1 levels in form of soluble protein as well as maintain some SDH activity, 

suggesting that either other additional assembly factors might exist in plants, yeast and mammalian 

cells that are still functioning in the absence of SDHAF4, or the process of SDH1/SDH2 intermediate 

assembly occurs at a low rate without the requirement for assembly factors.  

 

 

 

Figure 6: Scheme of FAD insertion into SDH1 and assembly of SDH1 to SDH2.  
As a first SDH1 assembly step, SDHAF2 is required to insert FAD cofactor into SDH1. SDHAF4 likely binds to the 
FAD site in SDH1 and promotes assembly of SDH1 to SDH2 (left). Loss of SDHAF4 causes decreased assembly of 
SDH1/SDH2 intermediate, leading to degradation of SDH2 (right).  
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Materials and Methods  

 

Growing of Arabidopsis Plants on Soil  

Seeds of Arabidopsis lines were sown on a 1:3:1 perlite: shamrock compost: vermiculite soil mix and 

covered with a transparent acrylic hood. After 3 days of stratifying in the dark at 4°C, plants were 

transferred in a growth chamber with controlled long day conditions (16 hour light/ 8 hour dark, light 

intensity of 200 µmol m-2 s-1, relative humidity of 70%, 22°C day/ 17°C). 

 

Growth of Arabidopsis Hydroponic Plants  

Arabidopsis seeds were washed in 70% (v/v) ethanol for 2 min and in sterilization solution (5% (v/v) 

bleach, 0.1% (v/v) Tween 20) for 5 min with periodical shaking. Seeds were washed 5 times in sterile 

water before being dispensed into 250 ml plastic vessels containing 80 ml of MS media (half-strength 

Murashige and Skoog medium without vitamins, half-strength Gamborg B5 vitamin solution, 5 mM 

MES, 2.5% (w/v) sucrose, pH 7). Hydroponic cultures were grown under long day conditions (described 

above) shaking at 220 rpm for 2 weeks.  

 

Isolation of Mitochondria from Hydroponic Cultures 

Mitochondria were isolated from 2 weeks old hydroponically grown Arabidopsis plants based on the 

method described in Millar et al. (2001) with slight modifications. WT and sdhaf4 plant material was 

homogenized in grinding buffer (0.3 M sucrose, 25 mM tetrasodium pyrophosphate, 1% (w/v) PVP-40, 

2 mM EDTA, 10 mM KH2PO4, 1% (w/v) BSA, 20 mM ascorbic acid, pH 7.5) using mortar and pestle for 

2 to 5 min, twice. The homogenate was filtered through four layers of Miracloth and centrifuged at 

2500 x g for 5 min. Supernatant was centrifuged at 14 000 x g for 20 min and the resulting pellet was 

resuspended in sucrose wash buffer (0.3 M sucrose, 0.1% [w/v]) BSA, 10 mM TES (N-

tris[hydroxymethyl]- methyl-2- aminoethanesulfonic acid], pH 7.5). Resuspended tissue material was 

carefully layered over 35 ml PVP-40 gradient (30% Percoll, 0 – 4% PVP). The gradient was centrifuged 

at 40 000 x g for 40 min. The mitochondrial band was collected and washed 3 times in sucrose wash 

buffer without BSA at 20 000 x g for 20 min and aliquots of isolated mitochondrial protein were stored 

at -80°C. 

 

Determination of Root Growth  

Plant line seeds were washed in 70% (v/v) ethanol for 2 min and in sterilization solution (5% (v/v) 

bleach, 0.1% (v/v) Tween 20) for 5 min with periodical shaking. Seeds were washed 5 times in sterile 

water before individual seeds were transferred onto 100 mm square petri dishes containing MS media 

(half-strength Murashige and Skoog medium without vitamins, half-strength Gamborg B5 vitamin 
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solution, 5 mM MES, 2.5% (w/v) sucrose, pH 5.8). Plates were wrapped in aluminium foil and kept at 

4°C for 48 hours before being transferred into a growth chamber set up with controlled conditions 

(16/8-h light/dark period with light intensity of 100–125 µmol m2 sec-1 at 22°C). Over a time period of 

2 weeks root length development was documented and root area calculated using Image J.  

 

Designing SDHAF4 GFP Construct  

Gateway Technologies (ThermoFisher) was used to design GFP construct. Full length SDHAF4 genomic 

sequence was amplified in a PCR reaction designing primers with attb overlap: 

Primer Forward: GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACCATGGCGACGAACAACATCGTACG 

Primer reverse: GGGGACCACTTTGTACAAGAAAGCTGGGTCGAAATCAGAGCATCGACCACGTTG 

PCR fragments were loaded onto 1.5% agarose gel, followed by gel purification (Qiagen). Purified DNA 

of SDHAF4 was cloned into GFP vector (pDest/NGFP, Gateway Technology) under the control of 35S 

promoter of cauliflower mosaic virus using BP and LR reaction kit (Thermofisher), followed by 

transformation into E.coli (DH5α). A plasmid isolation using Plasmid Midi Kit (Qiagen) was performed 

as described by the manufacturer (www.qiagen.com) and plasmids of GFP constructs of SDHAF4 were 

stored at -20°C.  

 

Arabidopsis Transient Transformation using Gold Particle Bombardment  

As a mitochondria marker, red fluorescent protein was fused to Glycine max alternative oxidase 

(RFP_AOX). Arabidopsis suspension cell culture was used for transient transformation. Arabidopsis 

cells were cultured in a 250 ml conical flask containing cell culture media (1x Murashige and Skoog 

medium without vitamins, 3% (w/v) sucrose, 0.5 mg/liter naphthalene acetic acid, 0.05 mg/liter 

kinetin, pH 5.8). Cell cultures were sub-cultured every 7 days. For transformation, 4 to 5 days after sub-

culturing, 1 to 2 ml of culture is placed onto sterile Whatman filter paper and placed onto cell culture 

MS plates containing mannitol as osmoticum 2 hours prior to transformation. 0.03 g of 1 micron gold 

particles were weight into a 1.5 ml microcentrifuge tube and 1 ml of 70% ethanol was added. It was 

votexed intensively for 3 to 5 min and quickly spinned afterwards. Supernatant was removed and 1 ml 

of 100% ethanol was added and soaked for 15 min, followed by a quick centrifugation and the discard 

of the supernatant after. Gold was washed twice with 1 ml 70% ethanol and resuspended in 500 µl 

50% (v/v) glycerol and aliquoted in 50 µl aliquots for transformation use.  

To 50 µl of gold, 5 µl of DNA (SDHAF4, AOX; 1 µg/µl) were added and mixed. Whilst vortexed, 50 µl of 

2.5 M CaCl2 and 20 µl of 100 mM Spermidine were added straight after each other. Tubes were mixed, 

quickly centrifuged and supernatant was removed. 140 µl of 70% ethanol was added, mixed and 

supernatant removed, followed by adding 140 µl of 100% ethanol, vortex and removal of supernatant. 

At last 56 µl of 100% ethanol were added.  

http://www.qiagen.com/
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7 macrocarriers were prepared for each and precipitated gold was resuspended before 8 µl were 

transferred onto the center of each macrocarrier. Ethanol was allowed to dry.  

Arabidopsis cell culture was transformed using PDS-1000 system according to the manufacturer’s 

instructions (Bio-Rad). Gold particles were fired under vacuum at an approximately pressure of 1300 

psi onto cells. Cells were kept at 22˚C in the dark for 12 – 24 hours before GFP and RFP were visualized 

at 100 x magnification using a BX61 Olympus microscope with the excitation of 460/480 nm (GFP) and 

535/555 nm (RFP), and emission wavelengths of 495–540 nm (GFP) and 570–625 nm (RFP). Images 

were captured using CellR imaging software as previously described (Carrie et al. 2009).  

 

Metabolite Extraction and GC/MS Data Analysis of Arabidopsis Leaves  

2 weeks old plant leaves grown on MS petri dishes under long day conditions were collected in 2 ml 

microfuge tubes and kept in liquid nitrogen. Stainless grinding balls were added and leave tissue was 

homogenized twice using a mixer mill (MM 301, Retsch) at frequency 20/ s for 1 min each. 150 µl of 

metabolite extraction medium (MEM, 20 ml of HPLC grade methanol, 2 ml fresh MilliQ water and 1 ml 

Ribitol (0.2 mg/ml)) per 10 mg leave material was added to samples, mixed and incubated at 65°C for 

20 min. Samples were centrifuged at maximum speed for 10 min and 60 µl of supernatant was 

transferred into verex insert (6 mm diameter, phenomenex) tubes and set in 2 ml tubes. Samples were 

vacuum dried and derivatized before analyzed on an Agilent GC/MSD system (Agilent Technologies). 

Data pre-processing and statistical analysis were performed using METABOLOME-EXPRESS software 

(version 1.0, http://www.metabolome-express.org) as described previously (Carroll et al. 2010).  

 

Quantitative RT-PCR to determine SDHAF4 gene expression  

Ler and sdhaf4 plants were grown on soil under long day conditions for 3 weeks. RNA isolation was 

performed using RNAeasy extraction kit (Qiagen), following the manufacturer’s instructions. 3 µg of 

DNA free RNA sample was used for cDNA synthesis using reverse-Transcriptase (RT) provided in 

Superscript III kit (Invitrogen). 1 µl of 25 fold diluted RT reaction was used for quantitative RT-PCR 

reaction. Samples were loaded to 384-well plates and mixed with 4 µl of SYBR Green I Master Mix 

(Roche Diagnostics). Samples were analyzed using the LightCycler 480 Roche real-time PCR system as 

described previously (de Longevialle et al. 2008). Primers are listed in Supplemental Table 2.  

 

SDH Activity and Kinetic Analysis  

SDH activity was measured spectrophotometrically, following the reduction of DCPIP at 600 nm, using 

succinate as substrate directly at the subunit SDH1. Isolated Arabidopsis mitochondria (50 µg) of WT 

and sdhaf4 were used in 1 ml of reaction medium (50 mM potassium phosphate pH 7.4, 0.1 mM EDTA, 

0.1% (w/v) BSA, 10 mM potassium cyanide, 0.12 mM dichlorophenolindophenol (DCPIP) and 1.6 mM 

http://www.metabolome-express.org/


69 
 

phenazine methosulfate (PMS)). To calculate SDH activity, an extinction coefficient of 21 mM-1 cm-1 at 

600 nm for DCPIP was used. Kinetic calculations of Michaelis-Menten constant Km and Vmax were 

determined using R Software (script can be found in Supplemental Fig. 4).  

 

Measurement of Oxygen Uptake Using Clark Electrode  

Oxygen consumption was measured using an O2 Clark electrode. Isolated Arabidopsis mitochondria 

(100 µg) of WT and sdhaf4 were used and oxygen uptake measured as previously described (Huang et 

al. 2013) in the presence of either 5 mM succinate or 1 mM NADH with the addition of 1 mM cyanide 

(KCN).  

 

Measurement of Flavin-protein Binding  

Isolated mitochondria protein samples were separated on a SDS mini-gel (Mini-PROTEAN, any kD, 

Biorad). 10 µg of mitochondrial protein was mixed with β-mercaptoethanol and 2x SDS buffer (8% SDS, 

125 mM Tris-HCL, 20% glycerol, spatel bromphenolblue (BPB)) in a 1:4 ratio and samples were 

incubated at 95°C for 3 min before loaded onto the mini-gel. The gel run was set to a constant voltage 

of 200 V for 20 min. Flavin-protein binding was measured based on the method described in Bafunno 

et al. (2004). After electrophoresis, the gel was incubated in 10% acetic acid solution and scanned 

before and after the treatment using a Typhoon Trio Laser Imager (Amersham Biosciences) using the 

filter Cy5 (670 bp) and Cy3 (580 bp). Bounded FAD can be measured based on Gel band area that 

becomes visible after acetic acid treatment. ImageJ was used to determine band area between 

different genotypes.  

 

Blue Native PAGE and Western Blot SDH1-1 Detection 

A pre-cast gradient gel (4.5% - 16%, Invitrogen) was used to load mitochondria samples of WT and 

sdhaf4. 30 µg of mitochondria pellet was resuspended in 10 µl solubilization buffer (30 mM HEPES, pH 

7.4; 150 mM potassium acetate, 10% glycerole, 0.5 g digitonin/ 10 ml) per 100 µg mitochondrial 

protein. Samples were incubated on ice for 20 min, followed by a second centrifugation for 20 min at 

18 300 x g at 4°C. Supernatant was transferred into a new 1.5 ml microfuge tube and 1 µl 5% Serva 

Blue G per 20 µl of solubilisation buffer was added. Gel electrophoresis was running for 150 V for 2 to 

3 hours following manufacturer’s protocol.  

For western blot transfer, the protein gel was soaked in transfer buffer (25 mM Tris-HCL (pH 7.6), 192 

mM glycine, 20% methanol, 0.03% SDS) for 30 min before assembled in a Hoefer semiphor semi-dry 

blotting apparatus in between 3 layers of whatman paper on the bottom, followed by a layer of PVDF 

membrane, the gel on top of the membrane and another 3 layers of whatman paper on top of the gel. 

All layers were soaked in transfer buffer and the membrane was incubated in methanol for 2 min, 
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followed by incubation in transfer buffer for 5 min prior to assembly. Blot transfer was set up for 0.8 

mA/ cm2 membrane area and voltage was limited to 100 V. After blot transfer, the membrane was 

incubated in blocking solution (3 ml of 10 x blocking solution (Sigma), 27 ml of 1x TBS Tween buffer 

(1.5 M NaCl, 100 mM Tris-HCL pH 7.4) at room temperature for 1 hour before incubated with primary 

antibody in a 1:1000 dilution in TBS Tween buffer (SDH1-1 purified from rabbit, kindly provided by 

Prof. Hans-Peter Braun, Germany) overnight at 4°C on a shaker. Membrane was washed in TBS Tween 

solution 3 times (rinse, 15 min, 5 min) before incubated with secondary antibody (Anti-rabbit IgG 

(Sigma)) for 1 hour at room temperature. Washing steps in TBS Tween buffer were repeated and 

membrane was detected using 3 ml of western blot detection substrates in a 1:1 ratio (Clarity Western 

Blotting Substrates, Biorad).  

 

Multiple Reaction Monitoring (MRM) Sample Preparation and Analysis 

50 to 100 µg of isolated mitochondrial protein extraction (see Isolation of mitochondria) per plant line 

were used for MRM analysis. Whole mitochondria protein samples as well as membrane and soluble 

fractions were used. To separate soluble and membrane mitochondrial fractions, whole mitochondria 

samples were frozen and thawed 3 times while being vortexed in between. To separate fractions, 

samples were centrifuged at 20 000 x g for 20 min. Supernatant was transferred into a new tube 

(soluble fraction) and the pellet was resuspended in sucrose wash buffer (membrane fraction). 

4 volumes of acetone (pre-chilled at -20°C) were added to the samples and incubated overnight at -

20°C for acetone precipitation. Protein samples were centrifuged at 20 000 x g for 20 min at 4°C and 

the pellet was washed twice with 100% chilled acetone before centrifuged at 20 000 x g again as 

described before. Acetone was removed and the samples were centrifuged in a vacuum centrifuge for 

15 min to completely remove the acetone. Pellets were resuspended in buffer containing 7 M Urea, 2 

M Thiourea, 50 mM NH4HCO3 and 10 mM DTT. Samples were solubilized at room temperature (RT) 

shaking with 500 rpm. Iodacetamide (IAA) was added to a final concentration of 25 mM and samples 

were incubated for 45 min at RT in the dark before diluted to a final concentration to ≤ 1 M urea using 

50 mM NH4HCO3. Trypsin (0.8 µg/ µl) was added to the samples in a 1:20 ratio of trypsin to protein 

content and samples were incubated overnight at 37°C, followed by acidification to 0.1% using formic 

acid (FA). Peptides from trypsin digested protein extracts from soluble and membrane fractions were 

analyzed by triple-quadrupole mass spectrometry as described previously (Huang et al. 2013). The 

following peptide sequences were used: 
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Protein  Peptide sequence 

SDH1 AVIELENYGLPFSR 

SMTMEIR 

SSYTIVDHTYDAVVVGAGGAGLR 

SDH2 NEMDPSLTFR 

SDH6 FMEWWER 

LSFFENYTR 

SDH7 ALLAEDASLR 

SDHAF2 AAAGQPWVR 

SDHAF4 YGDWEQR 

 

A 6495 triple-quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) regulated 

by MassHunter Workstation Data Acquisition software (version B.07.01, build 7.1.7112.0, Agilent 

Technologies) was used and MRM data was analyzed in Skyline (version 3.5.0.9319, MacCoss Lab, 

University of Washington, USA; https://skyline.gs.washington.edu) by integrating peak areas for each 

quantifier ion. To correct for differences, the sum of all detected peptides in each run was normalized 

to the sum of ATP Synthase peptides. 
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Loss or mutation of SDH subunits and/or assembly factors can result in decreased SDH activity, 

accumulation of succinate and alteration in the concentration of other organic acid abundances, 

decreased respiration rate and ROS production as well as changes in plant development and stress 

response (Leon et al. 2007; Gleason et al. 2011; Huang et al. 2013). Given the variety of plant defects 

caused by SDH mutations, it is important to understand the function of SDH in plant metabolism and 

development as well as its assembly mechanism in plant mitochondria and the potential for 

accumulation of partially assembled SDH sub-complexes in mutants. Mutations affecting the catalytic 

subunit SDH1, either, by changing its structure slightly via a point mutation near the succinate binding 

site (dsr1) or by silencing the assembly factor necessary for SDH1 maturation (sdhaf2), were shown to 

alter a plant’s ability to respond to SA induced stress signalling and made plants susceptible to certain 

pathogens (Gleason et al. 2011; Belt et al. 2017). Huge annual losses of crop yield are due to plant 

pathogens, therefore, enhancing pathogen resistance and stress response in plants is a major research 

focus. Based on investigations on SDH mutants which showed a decreased stress response, a new SA 

dependent plant stress signalling pathway was revealed involving SDH as a direct source for ROS and 

possible interacting site of SA ((Belt et al. 2017), Chapter 2).  

 

Single Mutations Capable of Changing Enzyme Affinity for the Better or for Worse  

Analysis of two SDH1 mutants (dsr1, sdhaf2) revealed a new SA-dependent plant stress signalling 

pathway with SDH being the major site for ROS production (Gleason et al. 2011; Belt et al. 2017). As 

knockout of SDH1-1 is lethal, the discovery of dsr1, a mutant that carries a point mutation affecting 

SDH1-1 and SDH activity, but not showing an effect on plant viability opened up new opportunities to 

study SDH1 function in plant metabolism and stress response (Gleason et al. 2011; Belt et al. 2017). 

For the first time a SDH mutant was presented that was capable of changing enzyme affinity by 

switching a single amino acid at the substrate binding site. The fact that single mutations can alter 

enzymatic kinetics has been described previously (Ma et al. 2001; Funke et al. 2006). Mutations in 

barley beta-amylase were shown to improve substrate binding affinity (Ma et al. 2001). There are three 

allelic forms of barley beta-amylase, each having a different thermostability and kinetic properties, 

which influence the malting quality of barley varieties. Ma et al. discovered that an R115C mutation is 

the reason for the differences in kinetic properties. The different thermostabilities of beta-amylase 

forms are caused by two amino acid substitutions, V233A and L347S, which are responsible for an 

enhanced enzyme thermostability index (Ma et al. 2001). By combining the preferred amino acid 

residues for higher substrate binding affinity as well as higher thermostability, a better malting quality 

barley variety could be generated (Ma et al. 2001). Another example for a single point mutation 

changing enzyme kinetics was described for EPSP synthase (5-enolpyruvylshikimate 3-phosphate), 

engineered from bacteria in transgenic crops, resistant to the broad-spectrum herbicide glyphosate. 
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Kinetics and crystallography studies on a synthetic EPSP synthase showed that a single point mutation 

in the active site (Ala-100-Gly) changes kinetics of the enzyme, allowing glyphosate to bind in an 

inhibitory conformation instead of the usual non-inhibitory conformation (Funke et al. 2006). This is 

similar to dsr1, which also showed inhibitory effect of SDH due to a possible conformational change at 

the succinate binding site (Gleason et al. 2011; Belt et al. 2017). In another study, substitution of Arg-

220 with Thr caused a total loss of enzyme activity of catechol-O-methyltransferase, an enzyme that 

degrades drugs and substances containing catechol and catecholamines such as epinephrine or 

norepinephrine, in rat liver (Hoffmann et al. 2001). Alterations of Asp-58 to Ala and Gln-61 to Ser 

resulted in an increased Km for caffeoyl coenzyme A and caused a decreased catalytic efficiency 

(Hoffmann et al. 2001) similar to the changes in SDH kinetics observed for the dsr1 mutant (Belt et al. 

2017). In plants, O-methyltransferases are involved in phenylpropanoid biosynthesis. Deletion of two 

plant specific amino acid sequences was shown to abolish activity (Hoffmann et al. 2001), 

demonstrating again that small changes near the substrate sites of enzymes have the power to alter 

their kinetic properties and in doing so either inhibit or enhance enzyme activity.  

 

Plant Mitochondrial ROS Production, Oxidative Stress and Signalling  

Two terminal oxidases, Complex IV and alternative oxidase (AOX), are present in mitochondria that 

reduce O2 to water. The ETC is known to be a source for ROS production under normal conditions. 

Usually, under steady state conditions, high levels of ROS are prevented by antioxidant enzymes like 

superoxide dismutase, catalase or ascorbate peroxidase in order to prevent cellular damage. 

Nevertheless, under stress conditions (biotic/abiotic) those defence mechanisms can get over-

whelmed and ROS start to accumulate (Jacoby et al. 2012). The UQ pool and Complex I are major sites 

for ROS production but recent studies (as well as data obtained within this thesis) demonstrated that 

SDH can act as a major site for ROS under certain circumstances (Quinlan et al. 2012; Jardim-Messeder 

et al. 2015; Belt et al. 2017). The rate of ROS production within mitochondria depends on the 

concentration of O2 as well as the redox poise of the ETC complexes. Therefore, ROS generation is low 

under hypoxic conditions (Noctor et al. 2007). ROS production occurs when inhibitors block respiratory 

ETC and cause an over reduction of ETC components (Maxwell et al. 1999). This can be altered by 

environmental factors as well as chemicals that are able to influence the rate of electron transfer 

within the ETC (Moller 2001; Moller et al. 2007; Noctor et al. 2007). Specific inhibitors of the ETC are 

usually used to investigate sites of ROS production within the ETC. High rates of ROS were observed 

when both terminal oxidases were inhibited by cyanide (KCN) and Salicylhydroxamic acid (SHAM) 

(Purvis et al. 1995). Antimycin A blocks electron transfer at the Complex III site, causing leakage of 

electrons and ROS production. Rotenone is an inhibitor for Complex I, leading to increased ROS at the 

Complex I site in the presence of glutamate as substrate (Chen et al. 2003). However, if succinate is 



77 
 

the supplied substrate, antimycin A still increases ROS production, whereas rotenone can decrease 

ROS (Panov et al. 2005; Panov et al. 2007). ROS production also decreased when AOX was activated, 

which can be achieved by exogenous addition of pyruvate (Purvis 1997; Braidot et al. 1999). This way, 

potential pathways of ROS have been identified by using substrates and inhibitors, however, there are 

many seemingly contradictory observations in the literature.  

 

Studying and measuring ROS rates in isolated mitochondria is challenging and usually involves a 

fluorescent detection system like Amplex Red, MitoSOX or 2’,7’- dichlorofluorescein (DCFDA) (Gleason 

et al. 2011; Martin et al. 2013; Belt et al. 2017). However, there are concerns about the specificity of 

these systems and possible interference with endogenous redox biology within mitochondria. Based 

on ROS measurements obtained within this thesis, it was concluded that a significant ROS 

accumulation can occur from just mitochondria itself without the supply of substrates (Belt et al. 2017). 

In order to determine a substrate or chemical specific ROS signal, it is essential to compare measured 

signals with a negative mitochondria control lacking the substrate/inhibitor or chemical substance. 

Failing to use these controls can lead to false assumptions of ROS accumulation, like in previous studies 

(Jardim-Messeder et al. 2015; Nie et al. 2015).  

 

The interconnected ROS signalling network in plant cells is complex, which makes it difficult to 

determine if specific cellular responses are due to mtROS signals alone or a combination of ROS signals 

and downstream signalling pathways (Mittler et al. 2004; Moller and Sweetlove 2010). Therefore, 

investigating certain gene expression patterns that occur after treatment of respiratory inhibitors or 

transcriptional alterations in plants carrying mutations of mitochondrial genes are useful tools to 

determine gene clusters that could be used as markers for mtROS signals or mtROS signal responses. 

One example are glutathione-s-transferases (GSTs) which are used as molecular stress markers as they 

are upregulated by mtROS. dsr1 was a mutant developed in a forward genetics approach that showed 

a loss of specific GSTF8 promoter element activity after SA treatment. Promoter activity could be 

restored by exogenous H2O2, suggesting the ROS signal occurs downstream of SA (Gleason et al. 2011). 

Studies within this thesis revealed that low concentrations of SA increase SDH activity at the UQ site, 

leading to an increase in ROS accumulation, which enhances GSTF8 promoter activity. This 

demonstrates that SDH is directly involved in plant stress response in a manner of SA dependent 

mitochondrial ROS signalling pathway (Belt et al. 2017).  

 

SA is known to be beneficial in the relationship between plants and pathogens and together with other 

plant phytohormones like abscisic acid (ABA), ethylene and jasmonic acid (JA), it forms part of a 

complex signalling network involved in many stress related pathways (Bandurska and Stroi ski 2005; 



78 
 

Yasuda et al. 2008; Tamaoki et al. 2013; Ben Rejeb et al. 2014). Exposure to abiotic or biotic stress 

activates specific ion channels and kinase cascades (Sinha et al. 2011), followed by accumulation of 

ROS and/ or specific phytohormones (Ben Rejeb et al. 2014; Huang et al. 2016). This leads to 

reprogramming of the genetic machinery in order to adequately react to stress and increase plant 

tolerance as well as minimize plant cell damage (Fujita et al. 2006). SA is the most pervasive stress 

defence hormone in interactions with biotrophic pathogens (Loake and Grant 2007).  

 

One important signaling pathway regulated by SA is the mitogen-activated protein kinase (MAPK) 

pathway with substrates located in the cytoplasm, mitochondria, endoplasmic reticulum and, in 

particular, the nucleus (Yoon and Seger 2006). It gets activated by pathogen attack and results in the 

induction of pathogenesis-related (PR) genes which trigger a defence reaction (Xiong and Yang 2003). 

MAPK cascades respond to a variety of abiotic stresses and regulate many fundamental cellular 

processes such as growth, proliferation and differentiation (Ichimura et al. 2000; Gudesblat et al. 2007; 

Shaul and Seger 2007). In order to specifically respond to certain stress, SA often acts antagonistically 

with other phytohormones like ABA and JA (Asselbergh et al. 2008; Liu et al. 2008; Jaillais and Chory 

2010), but recent studies also demonstrated that SA can activate JA signaling (Liu et al. 2016).  

 

Many mitochondrial proteins are known to be involved in plant stress response including alternative 

oxidase, NADH-dehydrogenases or heat shock proteins (Clifton et al. 2005; Taylor et al. 2009; Giraud 

et al. 2012) as well as many proteins with an unknown function (Van Aken et al. 2009).  

Studies of AtOM66, an outer mitochondrial membrane stress-responsive gene, suggested, that it is 

involved in cell death and amplifying SA signalling (Zhang et al. 2014). AtOM66 silencing lines did not 

show any particular change in phenotype. Overexpression lines (AtOM66OX), on the other hand, 

resulted in abnormal rosette development and altered response to cell death and pathogen infection 

(Zhang et al. 2014). ATOM66 is strongly induced by biotic and abiotic stress. The overexpression lines 

were shown to be more tolerant to drought stress. In addition, they had a decrease in stomatal 

conductance and high accumulation of SA (Zhang et al. 2014). Previous studies showed that mutant 

plants with high levels of SA result in reduced stomata closure as well as drought tolerance in an SA-

dependent manner (Miura and Tada 2014). AtOM66OX lines showed reduced resistance to the hemi-

biotrophic pathogen P. syringae p.v. tomato (Pst DC3000), similar to the dsr1 phenotype (Gleason et 

al. 2011; Zhang et al. 2014). Studies in dsr1 showed SDH is involved downstream of SA whereas the 

AtOM66 overexpression seems to induce the high levels of SA in the mutants, thereby, acting possibly 

upstream of SA. A possible interaction between AtOM66 and SDH subunits was tested by yeast-two-

hybrid assays, but no interactions with any of the eight subunits could be detected (Zhang et al. 2014).  
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Overall, SA is a widespread plant hormone signalling molecule and high levels can have far reaching 

consequences for biotic and abiotic stress response. Mitochondria play a significant part within the 

global plant stress signaling pathway by being a source of ROS and harbouring many stress responsive 

genes, enzymes and proteins (Huang et al. 2016; Sewelam et al. 2016; Belt et al. 2017).  

 

Studies are controversial in regards to the site of ROS production of ETC components. FAD cofactor as 

well as Fe-S centres are suggested (Messner and Imlay 2002; Guo and Lemire 2003; Carrie et al. 2009; 

Huang and Lemire 2009). In E. coli it was shown that O2
- and H2O2 can be produced by flavoprotein, 

purified from sulfite reductase containing only the FAD and flavin mononucleotide cofactor, at about 

the same rate as the holoenzyme (Messner and Imlay 1999). Studies of E.coli fumarate reductase, 

which catalyses the opposite reaction to SDH by reducing fumarate to succinate, also demonstrated 

FAD as the most likely site for ROS production (Messner and Imlay 2002). Studies in yeast SDH, on the 

other hand, suggested the UQ site might likely be responsible for ROS production rather than FAD (Guo 

and Lemire 2003). Designed mutations in yeast SDH2 and SDH3, as they occur in paraganglioma- and 

mev-1-like mutations in human, resulted in decreased succinate-ubiquinone oxidoreductase activities 

and hypersensitivity to oxygen and paraquat. Although the mutant enzymes showed lower turnover 

rates for UQH2 reduction, higher fractions of the remaining activities were diverted towards ROS 

production, suggesting that certain mutations in SDH can lead to a significant source of ROS in 

mitochondria, which may contribute to the disease progression in human (Guo and Lemire 2003). 

Analysis of a variety of SDH2 mutations introduced to Caenorhabditis elegans showed that a Pro211 

mutation located near the UQ reduction site, can become a source of superoxide (Huang and Lemire 

2009). Overall, studies are very controversial if it comes to the ROS producing site in SDH. Based on 

results obtained within this thesis, FAD does not seem to be the responsible site for ROS produced by 

SDH in Arabidopsis. Accumulated FAD bound SDH1 protein did not show a higher rate of ROS 

production. This suggests that, at least in plants, FAD by itself is not able to autoxidation.  

 

SDH is not the only ETC complex with a known role in stress response. Another study identified a cold 

stress responsive mutant using stress responsive RD29A promoter fused to firefly luciferase led to the 

discovery of the frostbite1 (fro1) mutant, which showed reduced luminescence signal after cold 

induction in Arabidopsis (Lee et al. 2002). Mapping of FRO1 (At5g67590) revealed that the encoded 

protein showed high similarity to the 18 kDa Fe-S subunit of Complex I (Lee et al. 2002). GFP analyses 

confirmed location of FRO1 in mitochondria. fro1 mutants showed decreased expression of stress 

responsive genes such as RD29A, KIN1, COR15A and COR47, indicating that gene expression induced 

by cold acclimation is regulated by mitochondrial function (Lee et al. 2002). Another Complex I T-DNA 

insertion line, affecting the same gene as fro1, called ndufs4 (Complex I fragment S subunit 4), showed 
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that the loss of one subunit caused decreased assembly and activity of Complex I, but no significant 

changes in general mitochondrial functions including respiration rate (Meyer et al. 2009). ATP 

production by OXPHOS was decreased in ndufs4, but this could be tolerated in Arabidopsis due to 

rearrangements in cellular metabolism, leading to an altered tolerance to abiotic stress (Meyer et al. 

2009). Root growth analysis showed increased tolerance to abiotic stress and microarray analysis 

showed increased expression of stress related genes. Nitroblue tetrazolium staining confirmed a 

higher ROS production in ndufs4, like it was shown previously for fro1 plants (Lee et al. 2002; Meyer 

et al. 2009). Together with the fro1 study, this provides good evidence for cold induced gene regulation 

being modulated by mitochondrial function. This is another example of mitochondrial ETC components 

being involved in plant stress response and stress responsive gene induction and shows that what was 

observed in regards to SDH is a specific example of a wider biological role of the ETC in environmental 

response.  
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Assembly of Mitochondrial Succinate Dehydrogenase  

Although it is known that SDH plays an important role in plant stress response and plant metabolism, 

the assembly of SDH in plants is not well understood. Within this thesis, SDHAF4 was identified as a 

second SDH assembly factor in plants, following the previously identified assembly factor SDHAF2. It 

was shown that SDHAF4 is important for SDH function as well as assembly of SDH1 to SDH2, an 

essential step in order to ensure stability of SDH2 and its assembly to SDH1 (Chapter 3).  

 

The ETC includes four complexes, all are embedded or associated with the inner mitochondrial 

membrane (IMM). The assembly of these complexes presents the cell with challenges as the synthesis 

and stepwise assembly of individual subunits are transcribed and translated from two different 

genomes in two distinct cell compartments. Furthermore, some of the subunits are embedded in the 

IMM, very hydrophobic and vulnerable to aggregation before and during complex assembly. In 

addition, complexes of the ETC contain redox active cofactors which could potentially cause enhanced 

generation of ROS if not appropriately assembled within the native complex. Therefore, mitochondrial 

ETC complex assembly factors are important to facilitate cofactor insertion and preventing non- 

desirable redox reactions as well as stabilizing assembly intermediates (Fernandez-Vizarra et al. 2009; 

Diaz et al. 2011). While in plants Complex I, III and IV harbour 49, 10 and 14 subunits, encoded by both 

nuclear and mitochondrial genome, SDH is the only ETC component with just eight subunits or four in 

other organisms. Despite the simplicity of eight or four subunits, studies throughout the last 10 years 

revealed that SDH, like all other ETC complexes, requires assembly factors for its biogenesis.  

 

SDH1 is formed by four different domains: the FAD binding domain, a capping domain, a helical domain 

and a C-terminal domain (Sun et al. 2005). Co-crystallization of SDH bound to competitive inhibitor 

NPA (3-nitropropionic acid) revealed, that the putative succinate binding site is directly adjacent to 

FAD bound protein (Sun et al. 2005). The precise mechanism behind succinate oxidation is not clear 

yet, but based on the co-crystal structure it is likely that the nitryl group of NPA interacts with the FMN 

group of FAD (Sun et al. 2005). The insertion of FAD into SDH1 is an essential step and depends on 

sufficient FAD levels in the mitochondrial matrix, therefore, synthesis and stabilization of free FAD 

plays an important role in SDH1 maturation (Kim and Winge 2013). In yeast, riboflavin kinase (Fmn1), 

FAD synthetase (Fad1) and a putative mitochondrial transporter protein (Flx1) are involved in FAD 

biosynthesis and delivery to mitochondria (Santos et al. 2000). However, unlike some bacterial SDH1 

orthologs, eukaryotic SDH1 does not become flavinated by itself, indicating that other proteins must 

be involved to insert FAD into SDH1 (Robinson and Lemire 1996; Kounosu 2014). This insight was 

validated by the discovery of yeast Sdh5, later in eukaryotes known as SDHAF2 (Hao et al. 2009). 
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SDHAF2 was shown to directly interact with SDH1 and is required for FAD insertion while at the same 

time SDH1 protein is needed for SDHAF2 stabilization. Furthermore, knockout of SDH2 resulted in an 

increase in SDHAF2 levels, likely due to the accumulating amount of free SDH1, indicating that actions 

of SDHAF2 are happening at an early stage of SDH assembly (Hao et al. 2009; Kim et al. 2012). Following 

FAD insertion, SDH1 must be assembled to SDH2. Nevertheless, a small portion of free SDH1 remains 

in the mitochondrial matrix. It is likely that SDH1 is present in excess to other SDH core subunits within 

the matrix as based on studies in yeast, deletion of SDH1 destabilizes remaining subunits while free 

SDH1 levels are maintained in a soluble, assembly-competent matter (Van Vranken et al. 2014; Van 

Vranken et al. 2015). The assembly factor SDHAF4 was first identified in yeast and was shown to 

interact specifically with flavinated SDH1 to promote the assembly of SDH1 to SDH2 (Van Vranken et 

al. 2014). While in yeast, deletion of SDHAF4 decreased presence of SDH2 but did not affect abundance 

of SDH1, loss of SDHAF4 in Drosophila showed destabilization of SDH1 as well as SDH2, indicating that 

in Drosophila SDHAF4 is required for SDH1 stabilization (Van Vranken et al. 2014). Within this thesis, 

the SDHAF4 orthologue in Arabidopsis was shown to be required for SDH1 assembly to SDH2 (Chapter 

3). Free SDH1 accumulated as soluble protein in SDHAF4 mutants, indicating that SDH1 exists as a free 

stable protein even if SDHAF4 is missing. SDHAF2 levels were increased in SDHAF4 knockout lines while 

SDH1 levels remained the same. This observation was similar to the results obtained from SDH2 

deficient mutants in yeast (Hao et al. 2009; Kim et al. 2012), demonstrating that SDHAF2 likely 

promotes stabilization of SDH1 in Arabidopsis (Chapter 3).  

 

SDH2 forms the Fe-S cluster subunit within SDH. Crystal structure of porcine heart SDH revealed two 

distinct domains: the N-terminal domain which harbours the [2Fe- 2S] centre and the C-terminal 

domain consisting of the [4Fe-4S] and [3Fe-3S] clusters (Sun et al. 2005). The Fe-S centres are required 

for electron transfer from FAD to UQ. During maturation of SDH2, these Fe-S clusters need to be 

formed and inserted in SDH2. In the mitochondrial matrix a scaffold complex (ISU) is required for Fe- 

S cluster assembly (Yoon and Cowan 2003). Isu are scaffold proteins accepting iron and sulphur to form 

Fe-S clusters that get transferred to their target apoproteins (Agar et al. 2000). Glutaredoxins (Grxs), 

small proteins acting as oxidoreductases with roles in deglutathionylation of proteins, were shown to 

be involved in Fe-S assembly in plant mitochondria (Ströher et al. 2016). It is unknown which of the 33 

Grxs are required but recent studies demonstrated that GrxS15 binds Fe-S clusters and is potentially 

involved in transfer of Fe-S (Moseler et al. 2015; Ströher et al. 2016).  
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SDHAF1 and SDHAF3 have been identified as SDH assembly factors for SDH2 maturation (Ghezzi et al. 

2009; Na et al. 2014). A mutation in SDHAF1 (169G>C) was shown to lead to infantile 

leukoencephalopathy in humans (Ghezzi et al. 2009). SDHAF1 protein contains a LYR tripeptide motif 

at its N-terminus and biochemical studies revealed that the SDHAF1 C-terminus binds to SDH2 while 

the N-terminus binds to the Fe-S clusters (Maio et al. 2016). Similar to mutations in SDHAF2, SDHAF1 

mutation causes SDH2 to become unstable, which leads to degradation by Lon proteases. This 

indicates that biogenesis of SDH subunits are likely regulated by mitochondrial proteases (Bezawork-

Geleta et al. 2014; Maio et al. 2016). SDHAF3 was suggested to be a chaperone like assembly factor 

involved in SDH2 maturation (Na et al. 2014) and likely together with SDHAF1 prevents ROS generation 

from SDH2 as it has been shown in Drosophila and yeast (Na et al. 2014; Van Vranken et al. 2014; Van 

Vranken et al. 2015). The function and existence of potential SDHAF1 and SDHAF3 orthologues in 

plants is unknown. Although an ortholog gene for SDHAF1 may exist in Arabidopsis (At2g39725), no 

function or involvement in SDH activity or assembly has been proven. SDHAF3, as it appears in yeast 

and Drosophila, cannot be identified by sequence comparison in the Arabidopsis genome. This might 

mean that either SDHAF3 is not required for SDH assembly in plants or that it exists as a protein with 

little similarity to those in other organisms, which will make it very difficult to identify and a challenge 

for the future. 

 

Little is known about the assembly and biogenesis of SDH3 and SDH4 in any organism. The function of 

the heme group within these subunits still requires further investigation. SDH3/ SDH4 form the 

membrane anchoring domain of SDH. Based on structure analysis of mammalian SDH, SDH3 contains 

four helices while SDH4 consists of five (Sun et al. 2005). The N-terminal helix of SDH4 interacts with 

SDH2 to promote membrane localization of SDH1/ SDH2 hydrophilic dimer (Sun et al. 2005). Two 

transmembrane helices within SDH3 and SDH4 contribute to the formation of a four helix bundle, 

which builds the core of the membrane anchor while remaining the transmembrane helix of each 

subunit flanks the core (Sun et al. 2005). Furthermore, SDH3 and SDH4 carrying a heme b cofactor 

which, based in the structure analysis, is located at the interface of the four helix bundle, which interact 

with the porphyrin ring (Sun et al. 2005).  

 

Evolutionary studies have shown that SDH3 and SDH4 evolved differently in plants and recent studies 

revealed that the plant specific subunits SDH6 and SDH7 potentially form replacements of helices in 

SDH3 and SDH4 that are found in other organisms but got lost in plants throughout evolution 

(Schikowsky et al. 2017). SDH3/SDH4 domain contains the UQ binding site and therefore the site of 

UQ reduction, which enables the transfer of electrons from succinate to other ETC complexes. As a 

matter of fact, there exist two distinct UQ binding sites, Qp and QD with different affinities for UQ 
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(Oyedotun and Lemire 2001; Sun et al. 2005). The QP site contains residues from SDH3, SDH4 and SDH2 

including the [3Fe-4S] cluster of SDH2 (Sun et al. 2005). The QD site, which lies closer to the IMS side 

and shows lower UQ affinity, is composed entirely of residues from SDH2 (Sun et al. 2005). Although 

little is known about how SDH3/ SDH4 intermediate is assembled and stabilized before the formation 

of the holo-complex or whether or not chaperones are required for the formation of SDH3/SDH4 

intermediate, it is known that deletion of either SDH1 or SDH2 causes almost complete loss of SDH3 

and SDH4 in yeast (Kim et al. 2012; Na et al. 2014). Therefore, assembly of the membrane anchor 

domain is likely somehow connected to the assembly of the hydrophilic domain.  

 

Conclusions and Future Directions 

Studies within the last recent years showed how SDH has developed into an important regulator in 

mitochondrial and cellular metabolism as well as in mitochondrial stress response and signaling. In 

human disease, a variety of SDH mutations could be linked to tumor and neurodegeneration diseases 

and in plants SDH mutations have been linked to pathogen sensitivity. Despite such progress, further 

studies will be necessary in order to understand the full impact of SDH mutations and the regulation 

of SDH assembly. In particular in regards to SDH3 and SDH4, where there appears to be a discrepancy 

between different species and even between monocotyledous and dicotyledous plants (Huang and 

Millar 2013). The complexity of SDH assembly might be best illustrated by the fact that four assembly 

factors and potentially more are already involved in assembly and maturation of the two hydrophilic 

subunits SDH1 and SDH2, which does not even consider SDH3 and SDH4 formation or the combination 

of the two sub-complexes. As the abundance of SDH6 and SDH7 did not significantly changed when 

SDH1 maturation was disrupted, the membrane arm is likely assembled independent from the 

hydrophilic domain in plants. Once assembled, its function is important for healthy plant development 

but we are still just at the beginning of understanding its complexity and many questions remain. We 

still need to know: 

 

What is the function of the plant specific subunits SDH5 and SDH8? Analysis of knockout/ knockdown 

lines for SDH5 and SDH8 as well as tandem affinity purification could be useful to investigate function 

and protein interaction with other subunits of SDH.  

 

How is SDH3 and SDH4 assembled and how many assembly factors are involved? Is it assembled prior 

to or after the formation of the SDH1/ SDH2 intermediate? This will be challenging to determine in 

plants. In humans, SDH assembly factors are often identified by mutations occurring in patients 

suffering from a specific disease, but in plants it will be difficult to screen for a specific phenotype as 

SDH mutations affecting a variety of plant functions.  
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Does SDHAF1 and SDHAF3 exist in plants, if not, how is Fe-S insertion into SDH2 regulated in plants? 

In humans and yeast SDHAF1 and SDHAF3 are known to regulate Fe-S insertion into SDH2 but this 

could not be confirmed for plants yet as no orthologue for SDHAF3 exist and it is unclear if the 

orthologue of SDHAF1 is indeed a SDH assembly factor. Using SDHAF1 mutant lines, further analysis 

will be necessary to determine the purpose of AtSDHAF1.  

 

Where does SA interact with SDH? While evidence to date suggests its likely at the UQ site, physical 

evidence of binding or protein-interaction of SA with either SDH3 or SDH4 is needed to confirm this 

hypothesis. To identify SA binding proteins, SA antibodies together with mass spectrometry could be 

used on mitochondria extracts to identify those proteins. Alternatively, mitochondrial proteins could 

be separated on a SA column and SA binding proteins could be identified in the eluate (Chen and Klessig 

1991; Manohar et al. 2014).  

 

Why does SA increase SDH activity at the UQ site in low concentration but act as an inhibitor at higher 

concentrations? Assuming SA is able to bind to a UQ site, it is unclear how that interaction would 

increase enzyme activity in low but inhibit it at higher concentrations. This phenomenon was not 

observed before in any other organism and might be a plant specific interaction with a yet unknown 

mechanism. Keeping in mind the existence of two UQ sites and previous studies that showed different 

affinities for UQ binding (Sun et al. 2005), it seems plausible that SA might bind with a different affinity 

to these sites. This could be an explanation for the increase in activity at low concentrations and the 

inhibitory effect at higher levels of SA.  

 

Overall, the work presented in this thesis demonstrated the importance of functional SDH1 in 

mitochondrial plant stress signalling and pathogen response. Changes in structure and abundance of 

mature SDH1 caused severe decrease of SA dependent stress signaling. By getting a better 

understanding of targets involved in stress signalling, plants can be bred in the future to increase 

agricultural sustainability and food security. 
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Appendix  

 

Supplemental Material 

Supplemental Material for Chapter Two 

 

 

Supplemental Figure 1: GSTF8:LUC induction in the presence of 1 mM SA or H2O2  
Average of total fluorescence signal generated by each seedling (n= 37) per hour after treatment of 1 mM SA or 
H2O2. Error bars: standard error (SEM), Two-factor ANOVA for interaction (genotypes x treatment), p< 0.0001 for 

SA treatment, p= 0.2 for H2O2 treatment. 
 
 

 
 
Supplemental Figure 2: Inhibition of competitive inhibitor malonate in the presence of 5 mM succinate.  
SDH inhibition was measured using malonate concentrations from 0 to 1 mM in the presence of 5 mM succinate. 
(A) SDH activity measured with different concentrations of malonate. (B) Calculated IC50 of malonate (Brooks 
Kinetic Software). Standard error (SEM) of 3 biological differences; post-hoc Tukey test comparing differences 
amongst genotype and treatment (A), p≤ 0.05; Single-factor ANOVA comparing IC50 between genotypes (B), p≤ 
0.07; different letters indicate significant differences 
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Supplemental Fig 3: Significant differences in SQR activity and oxygen consumption between genotypes and 
SA treatment.  
(A) SQR activity measured at UQ binding site (Q1 (80 µM) +DCPIP) in the presence of SA in the three genotypes. 
As a negative control, activity was measured in the absence of Q1 in WT mitochondria (yellow). (B) Succinate 
dependent oxygen consumption was measured using a Clark type oxygen electrode in the presence of 5 mM 
succinate and SA concentrations ranging from 0.01 to 1 mM. Standard error (SEM); Fisher Least Significant 
Difference (LSD) test was used to determine differences (different letters indicate significant differences), p≤ 0.05 

 
 

 
 
Supplemental Figure 4: Complex III activity in the presence of SA 
Complex III activity in isolated mitochondria was measured spectrophotometrically at 550 nm in the presence of 
the substrates cytochrome c and ubiquinol-10. SA concentrations ranging from 0.01 to 1 mM were added. 
Standard error (SEM) of 4 biological replicates.  
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Supplemental Figure 5: TTFA (A) and carboxin (B) increase SQR activity at low concentrations.  
SQR (succinate:quinone reductase) activity was measured in µmol DCPIP/ min/ mg Mit. in the presence of 5 mM 
succinate and a range of SA concentrations. 80 µM of Coenzyme Q1 was used together with DCPIP. As a negative 
control activity was measured in the absence of Q1 in WT mitochondria (yellow). Standard error (SEM) of 4 
biological replicates; student’s t-test comparing activity within genotype, different letters indicate significant 
differences, p≤ 0.05. 
 
 

 
 
Supplemental Figure 6. Complex I and alternative NADH dehydrogenase dependent ROS and oxygen uptake 
measurements in the presence of SA  
(A) Oxygen consumption was measured using a Clark type oxygen electrode in the presence of 1 mM NADH (left) 
and 10 mM malate/ glutamate (right). SA concentrations ranging from 0.01 to 1 mM were added to the assay.  
 (B) mtH2O2 production was measured using DCFDA with an excitation/ emission wavelength of 490/ 520 nm. 1 
mM NADH (left) or 10 mM malate/ glutamate (right) together with 0.5 mM ATP/ ADP and 0.03 mM SA were 
added to freshly isolated mitochondria immediately before the measurement. Fluorescence intensity was 
measured over 10 min and the rate of fluorescence/ min was calculated. Standard error (SEM) of 4 biological 
replicates.  
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Supplemental Figure 7: Measured background signals for mitochondrial H2O2 production in the absence of 
substrates and effectors.  
The average of mitochondrial H2O2 production (n=8) was measured in the absence of any substrates in freshly 
isolated mitochondria (A, the 3 boxed set of histograms). These measurements were considered as background 
signals and were subtracted from the samples including the substrate (succinate, non-boxed set of histograms in 
A). The result of this subtraction is presented in (B). Background signal was subtracted from the fluorescence 
signal measured in the presence of the substrate succinate. DCFDA was used as the fluorescence dye for 
measurements.  
 
 

 
 
Supplemental Figure 8: Comparison of structures for TTFA, Carboxin, SA and ubiquinone-1.  
The ‘SMILE’ sequence of TTFA, SA, carboxin and UQ-1 were used to create chemical structures in Molview 
(molview.org). Atoms are coloured as shown in the legend 
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Supplemental Table 1 : p-values of statistical comparisons between genotypes and treatment (Fisher 
Least Significant Difference (LSD) test)  
P-values of individual experiments are listed separately. The interaction between genotypes and 
treatment (SA) is given in column 2 of each dataset as: 1st genotype_SA concentration_2nd 
genotype_SA concentration. Significant p- values are highlighted.  
 
 

interaction_GT_SA 
p-
value 

experiment 
(Figure) interaction_GT_SA 

p-
value experiment (Figure) interaction_GT_SA 

p-
value 

sdhaf2_0 - sdhaf2_0.01 0.002 
low_SA_resp (Fig. 
5C) sdhaf2_0 - sdhaf2_0.01 0.715 

high_SA_resp (Fig. 
5D) 

sdhaf2_0 - 
sdhaf2_0.05 0.908 

sdhaf2_0 - sdhaf2_0.02 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0 - sdhaf2_0.02 0.602 

high_SA_resp (Fig. 
5D) sdhaf2_0 - sdhaf2_0.1 0.513 

sdhaf2_0 - sdhaf2_0.04 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0 - sdhaf2_0.03 0.514 

high_SA_resp (Fig. 
5D) sdhaf2_0 - sdhaf2_0.2 0.352 

sdhaf2_0 - sdhaf2_0.05 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0 - dsr1_0 0.217 

high_SA_resp (Fig. 
5D) sdhaf2_0 - sdhaf2_0.3 0.080 

sdhaf2_0 - dsr1_0 0.334 
low_SA_resp (Fig. 
5C) sdhaf2_0 - dsr1_0.01 0.640 

high_SA_resp (Fig. 
5D) sdhaf2_0 - sdhaf2_0.5 0.020 

sdhaf2_0 - dsr1_0.01 0.368 
low_SA_resp (Fig. 
5C) sdhaf2_0 - dsr1_0.02 0.294 

high_SA_resp (Fig. 
5D) sdhaf2_0 - sdhaf2_1 0.003 

sdhaf2_0 - dsr1_0.02 0.193 
low_SA_resp (Fig. 
5C) sdhaf2_0 - dsr1_0.03 0.378 

high_SA_resp (Fig. 
5D) sdhaf2_0 - dsr1_0 0.078 

sdhaf2_0 - dsr1_0.04 0.181 
low_SA_resp (Fig. 
5C) sdhaf2_0 - WT_0 0.090 

high_SA_resp (Fig. 
5D) sdhaf2_0 - dsr1_0.05 0.032 

sdhaf2_0 - dsr1_0.05 0.194 
low_SA_resp (Fig. 
5C) sdhaf2_0 - WT_0.01 0.030 

high_SA_resp (Fig. 
5D) sdhaf2_0 - dsr1_0.1 0.008 

sdhaf2_0 - no_Q1_0 0.001 
low_SA_resp (Fig. 
5C) sdhaf2_0 - WT_0.02 0.114 

high_SA_resp (Fig. 
5D) sdhaf2_0 - dsr1_0.2 0.005 

sdhaf2_0 - no_Q1_0.01 0.001 
low_SA_resp (Fig. 
5C) sdhaf2_0 - WT_0.03 0.184 

high_SA_resp (Fig. 
5D) sdhaf2_0 - dsr1_0.3 0.002 

sdhaf2_0 - no_Q1_0.02 0.001 
low_SA_resp (Fig. 
5C) 

sdhaf2_0.01 - 
sdhaf2_0.02 0.889 

high_SA_resp (Fig. 
5D) sdhaf2_0 - dsr1_0.5 0.001 

sdhaf2_0 - no_Q1_0.04 0.000 
low_SA_resp (Fig. 
5C) 

sdhaf2_0.01 - 
sdhaf2_0.03 0.798 

high_SA_resp (Fig. 
5D) sdhaf2_0 - dsr1_1 0.000 

sdhaf2_0 - no_Q1_0.05 0.033 
low_SA_resp (Fig. 
5C) sdhaf2_0.01 - dsr1_0 0.488 

high_SA_resp (Fig. 
5D) sdhaf2_0 - WT_0 0.016 

sdhaf2_0 - WT_0 0.033 
low_SA_resp (Fig. 
5C) 

sdhaf2_0.01 - 
dsr1_0.01 0.928 

high_SA_resp (Fig. 
5D) sdhaf2_0 - WT_0.05 0.235 

sdhaf2_0 - WT_0.01 0.000 
low_SA_resp (Fig. 
5C) 

sdhaf2_0.01 - 
dsr1_0.02 0.542 

high_SA_resp (Fig. 
5D) sdhaf2_0 - WT_0.1 0.561 

sdhaf2_0 - WT_0.02 0.000 
low_SA_resp (Fig. 
5C) 

sdhaf2_0.01 - 
dsr1_0.03 0.646 

high_SA_resp (Fig. 
5D) sdhaf2_0 - WT_0.2 0.940 

sdhaf2_0 - WT_0.04 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0.01 - WT_0 0.072 

high_SA_resp (Fig. 
5D) sdhaf2_0 - WT_0.3 0.703 

sdhaf2_0 - WT_0.05 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0.01 - WT_0.01 0.026 

high_SA_resp (Fig. 
5D) sdhaf2_0 - WT_0.5 0.341 

sdhaf2_0.01 - 
sdhaf2_0.02 0.295 

low_SA_resp (Fig. 
5C) sdhaf2_0.01 - WT_0.02 0.086 

high_SA_resp (Fig. 
5D) sdhaf2_0 - WT_1 0.036 

sdhaf2_0.01 - 
sdhaf2_0.04 0.308 

low_SA_resp (Fig. 
5C) sdhaf2_0.01 - WT_0.03 0.135 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
sdhaf2_0.1 0.516 

sdhaf2_0.01 - 
sdhaf2_0.05 0.567 

low_SA_resp (Fig. 
5C) 

sdhaf2_0.02 - 
sdhaf2_0.03 0.907 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
sdhaf2_0.2 0.376 

sdhaf2_0.01 - dsr1_0 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0.02 - dsr1_0 0.591 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
sdhaf2_0.3 0.114 

sdhaf2_0.01 - 
dsr1_0.01 0.039 

low_SA_resp (Fig. 
5C) 

sdhaf2_0.02 - 
dsr1_0.01 0.961 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
sdhaf2_0.5 0.038 

sdhaf2_0.01 - 
dsr1_0.02 0.096 

low_SA_resp (Fig. 
5C) 

sdhaf2_0.02 - 
dsr1_0.02 0.637 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
sdhaf2_1 0.008 

sdhaf2_0.01 - 
dsr1_0.04 0.103 

low_SA_resp (Fig. 
5C) 

sdhaf2_0.02 - 
dsr1_0.03 0.748 

high_SA_resp (Fig. 
5D) sdhaf2_0.05 - dsr1_0 0.138 

sdhaf2_0.01 - 
dsr1_0.05 0.137 

low_SA_resp (Fig. 
5C) sdhaf2_0.02 - WT_0 0.051 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
dsr1_0.05 0.055 

sdhaf2_0.01 - no_Q1_0 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0.02 - WT_0.01 0.018 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
dsr1_0.1 0.018 

sdhaf2_0.01 - 
no_Q1_0.01 0.000 

low_SA_resp (Fig. 
5C) sdhaf2_0.02 - WT_0.02 0.064 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
dsr1_0.2 0.013 

sdhaf2_0.01 - 
no_Q1_0.02 0.000 

low_SA_resp (Fig. 
5C) sdhaf2_0.02 - WT_0.03 0.103 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
dsr1_0.3 0.006 

sdhaf2_0.01 - 
no_Q1_0.04 0.000 

low_SA_resp (Fig. 
5C) sdhaf2_0.03 - dsr1_0 0.684 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
dsr1_0.5 0.005 

sdhaf2_0.01 - 
no_Q1_0.05 0.000 

low_SA_resp (Fig. 
5C) 

sdhaf2_0.03 - 
dsr1_0.01 0.869 

high_SA_resp (Fig. 
5D) sdhaf2_0.05 - dsr1_1 0.002 

sdhaf2_0.01 - WT_0 0.278 
low_SA_resp (Fig. 
5C) 

sdhaf2_0.03 - 
dsr1_0.02 0.722 

high_SA_resp (Fig. 
5D) sdhaf2_0.05 - WT_0 0.077 

sdhaf2_0.01 - WT_0.01 0.000 
low_SA_resp (Fig. 
5C) 

sdhaf2_0.03 - 
dsr1_0.03 0.838 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.05 - 
WT_0.05 0.364 
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sdhaf2_0.01 - WT_0.02 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0.03 - WT_0 0.038 

high_SA_resp (Fig. 
5D) sdhaf2_0.05 - WT_0.1 0.693 

sdhaf2_0.01 - WT_0.04 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0.03 - WT_0.01 0.014 

high_SA_resp (Fig. 
5D) sdhaf2_0.05 - WT_0.2 0.972 

sdhaf2_0.01 - WT_0.05 0.000 
low_SA_resp (Fig. 
5C) sdhaf2_0.03 - WT_0.02 0.050 

high_SA_resp (Fig. 
5D) sdhaf2_0.05 - WT_0.3 0.674 

sdhaf2_0.02 - 
sdhaf2_0.04 0.983 

low_SA_resp (Fig. 
5C) sdhaf2_0.03 - WT_0.03 0.082 

high_SA_resp (Fig. 
5D) sdhaf2_0.05 - WT_0.5 0.367 

sdhaf2_0.02 - 
sdhaf2_0.05 0.634 

low_SA_resp (Fig. 
5C) dsr1_0 - dsr1_0.01 0.554 

high_SA_resp (Fig. 
5D) sdhaf2_0.05 - WT_1 0.060 

sdhaf2_0.02 - dsr1_0 0.000 
low_SA_resp (Fig. 
5C) dsr1_0 - dsr1_0.02 0.996 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.1 - 
sdhaf2_0.2 0.813 

sdhaf2_0.02 - 
dsr1_0.01 0.003 

low_SA_resp (Fig. 
5C) dsr1_0 - dsr1_0.03 0.860 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.1 - 
sdhaf2_0.3 0.346 

sdhaf2_0.02 - 
dsr1_0.02 0.008 

low_SA_resp (Fig. 
5C) dsr1_0 - WT_0 0.005 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.1 - 
sdhaf2_0.5 0.148 

sdhaf2_0.02 - 
dsr1_0.04 0.009 

low_SA_resp (Fig. 
5C) dsr1_0 - WT_0.01 0.002 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - sdhaf2_1 0.040 

sdhaf2_0.02 - 
dsr1_0.05 0.016 

low_SA_resp (Fig. 
5C) dsr1_0 - WT_0.02 0.010 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - dsr1_0 0.467 

sdhaf2_0.02 - no_Q1_0 0.000 
low_SA_resp (Fig. 
5C) dsr1_0 - WT_0.03 0.020 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.1 - 
dsr1_0.05 0.196 

sdhaf2_0.02 - 
no_Q1_0.01 0.000 

low_SA_resp (Fig. 
5C) dsr1_0.01 - dsr1_0.02 0.603 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - dsr1_0.1 0.078 

sdhaf2_0.02 - 
no_Q1_0.02 0.000 

low_SA_resp (Fig. 
5C) dsr1_0.01 - dsr1_0.03 0.712 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - dsr1_0.2 0.060 

sdhaf2_0.02 - 
no_Q1_0.04 0.000 

low_SA_resp (Fig. 
5C) dsr1_0.01 - WT_0 0.058 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - dsr1_0.3 0.030 

sdhaf2_0.02 - 
no_Q1_0.05 0.000 

low_SA_resp (Fig. 
5C) dsr1_0.01 - WT_0.01 0.021 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - dsr1_0.5 0.026 

sdhaf2_0.02 - WT_0 0.031 
low_SA_resp (Fig. 
5C) dsr1_0.01 - WT_0.02 0.072 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - dsr1_1 0.011 

sdhaf2_0.02 - WT_0.01 0.014 
low_SA_resp (Fig. 
5C) dsr1_0.01 - WT_0.03 0.114 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - WT_0 0.013 

sdhaf2_0.02 - WT_0.02 0.001 
low_SA_resp (Fig. 
5C) dsr1_0.02 - dsr1_0.03 0.880 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - WT_0.05 0.122 

sdhaf2_0.02 - WT_0.04 0.000 
low_SA_resp (Fig. 
5C) dsr1_0.02 - WT_0 0.015 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - WT_0.1 0.298 

sdhaf2_0.02 - WT_0.05 0.001 
low_SA_resp (Fig. 
5C) dsr1_0.02 - WT_0.01 0.005 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - WT_0.2 0.538 

sdhaf2_0.04 - 
sdhaf2_0.05 0.634 

low_SA_resp (Fig. 
5C) dsr1_0.02 - WT_0.02 0.022 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - WT_0.3 0.817 

sdhaf2_0.04 - dsr1_0 0.000 
low_SA_resp (Fig. 
5C) dsr1_0.02 - WT_0.03 0.038 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - WT_0.5 0.799 

sdhaf2_0.04 - 
dsr1_0.01 0.004 

low_SA_resp (Fig. 
5C) dsr1_0.03 - WT_0 0.022 

high_SA_resp (Fig. 
5D) sdhaf2_0.1 - WT_1 0.212 

sdhaf2_0.04 - 
dsr1_0.02 0.011 

low_SA_resp (Fig. 
5C) dsr1_0.03 - WT_0.01 0.008 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.2 - 
sdhaf2_0.3 0.478 

sdhaf2_0.04 - 
dsr1_0.04 0.012 

low_SA_resp (Fig. 
5C) dsr1_0.03 - WT_0.02 0.032 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.2 - 
sdhaf2_0.5 0.224 

sdhaf2_0.04 - 
dsr1_0.05 0.020 

low_SA_resp (Fig. 
5C) dsr1_0.03 - WT_0.03 0.053 

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - sdhaf2_1 0.068 

sdhaf2_0.04 - no_Q1_0 0.000 
low_SA_resp (Fig. 
5C) WT_0 - WT_0.01 0.451 

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - dsr1_0 0.654 

sdhaf2_0.04 - 
no_Q1_0.01 0.000 

low_SA_resp (Fig. 
5C) WT_0 - WT_0.02 0.892 

high_SA_resp (Fig. 
5D) 

sdhaf2_0.2 - 
dsr1_0.05 0.289 

sdhaf2_0.04 - 
no_Q1_0.02 0.000 

low_SA_resp (Fig. 
5C) WT_0 - WT_0.03 0.901 

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - dsr1_0.1 0.126 

sdhaf2_0.04 - 
no_Q1_0.04 0.000 

low_SA_resp (Fig. 
5C) WT_0.01 - WT_0.02 0.583 

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - dsr1_0.2 0.098 

sdhaf2_0.04 - 
no_Q1_0.05 0.000 

low_SA_resp (Fig. 
5C) WT_0.01 - WT_0.03 0.436 

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - dsr1_0.3 0.052 

sdhaf2_0.04 - WT_0 0.039 
low_SA_resp (Fig. 
5C) WT_0.02 - WT_0.03 0.818 

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - dsr1_0.5 0.045 

sdhaf2_0.04 - WT_0.01 0.021    

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - dsr1_1 0.021 

sdhaf2_0.04 - WT_0.02 0.002    

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - WT_0 0.006 

sdhaf2_0.04 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - WT_0.05 0.076 

sdhaf2_0.04 - WT_0.05 0.001    

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - WT_0.1 0.203 

sdhaf2_0.05 - dsr1_0 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - WT_0.2 0.395 

sdhaf2_0.05 - 
dsr1_0.01 0.010    

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - WT_0.3 0.640 

sdhaf2_0.05 - 
dsr1_0.02 0.028    

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - WT_0.5 0.986 

sdhaf2_0.05 - 
dsr1_0.04 0.031    

high_SA_resp (Fig. 
5D) sdhaf2_0.2 - WT_1 0.310 

sdhaf2_0.05 - 
dsr1_0.05 0.047    

high_SA_resp (Fig. 
5D) 

sdhaf2_0.3 - 
sdhaf2_0.5 0.608 
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sdhaf2_0.05 - no_Q1_0 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - sdhaf2_1 0.255 

sdhaf2_0.05 - 
no_Q1_0.01 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - dsr1_0 0.695 

sdhaf2_0.05 - 
no_Q1_0.02 0.000    

high_SA_resp (Fig. 
5D) 

sdhaf2_0.3 - 
dsr1_0.05 0.723 

sdhaf2_0.05 - 
no_Q1_0.04 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - dsr1_0.1 0.403 

sdhaf2_0.05 - 
no_Q1_0.05 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - dsr1_0.2 0.338 

sdhaf2_0.05 - WT_0 0.095    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - dsr1_0.3 0.208 

sdhaf2_0.05 - WT_0.01 0.004    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - dsr1_0.5 0.187 

sdhaf2_0.05 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - dsr1_1 0.100 

sdhaf2_0.05 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - WT_0 0.000 

sdhaf2_0.05 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - WT_0.05 0.015 

dsr1_0 - dsr1_0.01 0.076    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - WT_0.1 0.050 

dsr1_0 - dsr1_0.02 0.031    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - WT_0.2 0.122 

dsr1_0 - dsr1_0.04 0.029    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - WT_0.3 0.242 

dsr1_0 - dsr1_0.05 0.035    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - WT_0.5 0.490 

dsr1_0 - no_Q1_0 0.029    

high_SA_resp (Fig. 
5D) sdhaf2_0.3 - WT_1 0.757 

dsr1_0 - no_Q1_0.01 0.028    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - sdhaf2_1 0.528 

dsr1_0 - no_Q1_0.02 0.036    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - dsr1_0 0.320 

dsr1_0 - no_Q1_0.04 0.018    

high_SA_resp (Fig. 
5D) 

sdhaf2_0.5 - 
dsr1_0.05 0.875 

dsr1_0 - no_Q1_0.05 0.295    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - dsr1_0.1 0.745 

dsr1_0 - WT_0 0.003    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - dsr1_0.2 0.653 

dsr1_0 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - dsr1_0.3 0.452 

dsr1_0 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - dsr1_0.5 0.415 

dsr1_0 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - dsr1_1 0.253 

dsr1_0 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - WT_0 0.000 

dsr1_0.01 - dsr1_0.02 0.699    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - WT_0.05 0.004 

dsr1_0.01 - dsr1_0.04 0.674    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - WT_0.1 0.015 

dsr1_0.01 - dsr1_0.05 0.660    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - WT_0.2 0.042 

dsr1_0.01 - no_Q1_0 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - WT_0.3 0.095 

dsr1_0.01 - 
no_Q1_0.01 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - WT_0.5 0.231 

dsr1_0.01 - 
no_Q1_0.02 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_0.5 - WT_1 0.839 

dsr1_0.01 - 
no_Q1_0.04 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - dsr1_0 0.085 

dsr1_0.01 - 
no_Q1_0.05 0.004    

high_SA_resp (Fig. 
5D) sdhaf2_1 - dsr1_0.05 0.431 

dsr1_0.01 - WT_0 0.265    

high_SA_resp (Fig. 
5D) sdhaf2_1 - dsr1_0.1 0.760 

dsr1_0.01 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - dsr1_0.2 0.856 

dsr1_0.01 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - dsr1_0.3 0.903 

dsr1_0.01 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - dsr1_0.5 0.853 

dsr1_0.01 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - dsr1_1 0.604 

dsr1_0.02 - dsr1_0.04 0.972    

high_SA_resp (Fig. 
5D) sdhaf2_1 - WT_0 0.000 

dsr1_0.02 - dsr1_0.05 0.940    

high_SA_resp (Fig. 
5D) sdhaf2_1 - WT_0.05 0.001 

dsr1_0.02 - no_Q1_0 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - WT_0.1 0.003 

dsr1_0.02 - 
no_Q1_0.01 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - WT_0.2 0.009 
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dsr1_0.02 - 
no_Q1_0.02 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - WT_0.3 0.023 

dsr1_0.02 - 
no_Q1_0.04 0.000    

high_SA_resp (Fig. 
5D) sdhaf2_1 - WT_0.5 0.070 

dsr1_0.02 - 
no_Q1_0.05 0.001    

high_SA_resp (Fig. 
5D) sdhaf2_1 - WT_1 0.405 

dsr1_0.02 - WT_0 0.484    

high_SA_resp (Fig. 
5D) dsr1_0 - dsr1_0.05 0.418 

dsr1_0.02 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - dsr1_0.1 0.170 

dsr1_0.02 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - dsr1_0.2 0.130 

dsr1_0.02 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - dsr1_0.3 0.063 

dsr1_0.02 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - dsr1_0.5 0.053 

dsr1_0.04 - dsr1_0.05 0.966    

high_SA_resp (Fig. 
5D) dsr1_0 - dsr1_1 0.021 

dsr1_0.04 - no_Q1_0 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - WT_0 0.000 

dsr1_0.04 - 
no_Q1_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - WT_0.05 0.012 

dsr1_0.04 - 
no_Q1_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - WT_0.1 0.053 

dsr1_0.04 - 
no_Q1_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - WT_0.2 0.149 

dsr1_0.04 - 
no_Q1_0.05 0.001    

high_SA_resp (Fig. 
5D) dsr1_0 - WT_0.3 0.319 

dsr1_0.04 - WT_0 0.507    

high_SA_resp (Fig. 
5D) dsr1_0 - WT_0.5 0.669 

dsr1_0.04 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0 - WT_1 0.449 

dsr1_0.04 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - dsr1_0.1 0.629 

dsr1_0.04 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - dsr1_0.2 0.544 

dsr1_0.04 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - dsr1_0.3 0.364 

dsr1_0.05 - no_Q1_0 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - dsr1_0.5 0.332 

dsr1_0.05 - 
no_Q1_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - dsr1_1 0.194 

dsr1_0.05 - 
no_Q1_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - WT_0 0.000 

dsr1_0.05 - 
no_Q1_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - WT_0.05 0.006 

dsr1_0.05 - 
no_Q1_0.05 0.002    

high_SA_resp (Fig. 
5D) dsr1_0.05 - WT_0.1 0.022 

dsr1_0.05 - WT_0 0.566    

high_SA_resp (Fig. 
5D) dsr1_0.05 - WT_0.2 0.059 

dsr1_0.05 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - WT_0.3 0.129 

dsr1_0.05 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - WT_0.5 0.297 

dsr1_0.05 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.05 - WT_1 0.964 

dsr1_0.05 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.1 - dsr1_0.2 0.901 

no_Q1_0 - no_Q1_0.01 0.984    

high_SA_resp (Fig. 
5D) dsr1_0.1 - dsr1_0.3 0.669 

no_Q1_0 - no_Q1_0.02 0.925    

high_SA_resp (Fig. 
5D) dsr1_0.1 - dsr1_0.5 0.624 

no_Q1_0 - no_Q1_0.04 0.828    

high_SA_resp (Fig. 
5D) dsr1_0.1 - dsr1_1 0.411 

no_Q1_0 - no_Q1_0.05 0.206    

high_SA_resp (Fig. 
5D) dsr1_0.1 - WT_0 0.000 

no_Q1_0 - WT_0 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.1 - WT_0.05 0.001 

no_Q1_0 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.1 - WT_0.1 0.006 

no_Q1_0 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.1 - WT_0.2 0.019 

no_Q1_0 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.1 - WT_0.3 0.048 

no_Q1_0 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.1 - WT_0.5 0.130 

no_Q1_0.01 - 
no_Q1_0.02 0.909    

high_SA_resp (Fig. 
5D) dsr1_0.1 - WT_1 0.597 

no_Q1_0.01 - 
no_Q1_0.04 0.844    

high_SA_resp (Fig. 
5D) dsr1_0.2 - dsr1_0.3 0.761 

no_Q1_0.01 - 
no_Q1_0.05 0.200    

high_SA_resp (Fig. 
5D) dsr1_0.2 - dsr1_0.5 0.714 
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no_Q1_0.01 - WT_0 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.2 - dsr1_1 0.485 

no_Q1_0.01 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.2 - WT_0 0.000 

no_Q1_0.01 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.2 - WT_0.05 0.001 

no_Q1_0.01 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.2 - WT_0.1 0.004 

no_Q1_0.01 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.2 - WT_0.2 0.014 

no_Q1_0.02 - 
no_Q1_0.04 0.756    

high_SA_resp (Fig. 
5D) dsr1_0.2 - WT_0.3 0.036 

no_Q1_0.02 - 
no_Q1_0.05 0.242    

high_SA_resp (Fig. 
5D) dsr1_0.2 - WT_0.5 0.102 

no_Q1_0.02 - WT_0 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.2 - WT_1 0.514 

no_Q1_0.02 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.3 - dsr1_0.5 0.950 

no_Q1_0.02 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.3 - dsr1_1 0.692 

no_Q1_0.02 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.3 - WT_0 0.000 

no_Q1_0.02 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.3 - WT_0.05 0.000 

no_Q1_0.04 - 
no_Q1_0.05 0.140    

high_SA_resp (Fig. 
5D) dsr1_0.3 - WT_0.1 0.002 

no_Q1_0.04 - WT_0 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.3 - WT_0.2 0.006 

no_Q1_0.04 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.3 - WT_0.3 0.017 

no_Q1_0.04 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.3 - WT_0.5 0.054 

no_Q1_0.04 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.3 - WT_1 0.341 

no_Q1_0.04 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.5 - dsr1_1 0.739 

no_Q1_0.05 - WT_0 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.5 - WT_0 0.000 

no_Q1_0.05 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.5 - WT_0.05 0.000 

no_Q1_0.05 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.5 - WT_0.1 0.002 

no_Q1_0.05 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.5 - WT_0.2 0.005 

no_Q1_0.05 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.5 - WT_0.3 0.015 

WT_0 - WT_0.01 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.5 - WT_0.5 0.047 

WT_0 - WT_0.02 0.000    

high_SA_resp (Fig. 
5D) dsr1_0.5 - WT_1 0.310 

WT_0 - WT_0.04 0.000    

high_SA_resp (Fig. 
5D) dsr1_1 - WT_0 0.000 

WT_0 - WT_0.05 0.000    

high_SA_resp (Fig. 
5D) dsr1_1 - WT_0.05 0.000 

WT_0.01 - WT_0.02 0.328    

high_SA_resp (Fig. 
5D) dsr1_1 - WT_0.1 0.001 

WT_0.01 - WT_0.04 0.044    

high_SA_resp (Fig. 
5D) dsr1_1 - WT_0.2 0.002 

WT_0.01 - WT_0.05 0.309    

high_SA_resp (Fig. 
5D) dsr1_1 - WT_0.3 0.006 

WT_0.02 - WT_0.04 0.292    

high_SA_resp (Fig. 
5D) dsr1_1 - WT_0.5 0.022 

WT_0.02 - WT_0.05 0.970    

high_SA_resp (Fig. 
5D) dsr1_1 - WT_1 0.180 

WT_0.04 - WT_0.05 0.309    

high_SA_resp (Fig. 
5D) WT_0 - WT_0.05 0.474 

     

high_SA_resp (Fig. 
5D) WT_0 - WT_0.1 0.187 

     

high_SA_resp (Fig. 
5D) WT_0 - WT_0.2 0.070 

     

high_SA_resp (Fig. 
5D) WT_0 - WT_0.3 0.025 

     

high_SA_resp (Fig. 
5D) WT_0 - WT_0.5 0.006 

     

high_SA_resp (Fig. 
5D) WT_0 - WT_1 0.000 

     

high_SA_resp (Fig. 
5D) WT_0.05 - WT_0.1 0.606 

     

high_SA_resp (Fig. 
5D) WT_0.05 - WT_0.2 0.346 

     

high_SA_resp (Fig. 
5D) WT_0.05 - WT_0.3 0.186 
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high_SA_resp (Fig. 
5D) WT_0.05 - WT_0.5 0.073 

     

high_SA_resp (Fig. 
5D) WT_0.05 - WT_1 0.006 

     

high_SA_resp (Fig. 
5D) WT_0.1 - WT_0.2 0.668 

     

high_SA_resp (Fig. 
5D) WT_0.1 - WT_0.3 0.416 

     

high_SA_resp (Fig. 
5D) WT_0.1 - WT_0.5 0.197 

     

high_SA_resp (Fig. 
5D) WT_0.1 - WT_1 0.024 

     

high_SA_resp (Fig. 
5D) WT_0.2 - WT_0.3 0.700 

     

high_SA_resp (Fig. 
5D) WT_0.2 - WT_0.5 0.385 

     

high_SA_resp (Fig. 
5D) WT_0.2 - WT_1 0.065 

     

high_SA_resp (Fig. 
5D) WT_0.3 - WT_0.5 0.628 

     

high_SA_resp (Fig. 
5D) WT_0.3 - WT_1 0.141 

     

high_SA_resp (Fig. 
5D) WT_0.5 - WT_1 0.318 
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Supplemental Material for Chapter Three 

 

 

Supplemental Figure 1: Genotyping of T-DNA insertion line of At5g67490 
Homozygous T-DNA insertion lines from 2 week old GT_5_75821 plants were determined by PCR using the 
following primer sequences: 
Forward primer (RP) 5’ to 3’ (AAATGCATGATGATGCCAATC) 
reverse primer (LP) 3’ to 5’ (TGGGCCTAGATACTACTGGGC) and  
left border primer of T-DNA insertion (LBP) (ATTTTGCCGATTTCGGAAC) 
RP + LP has an expected product of about 1000 kDa. RP + LPB has an expected result of 500 to 800 kDa. Plant 
lines 3-2, 3-3, 6-3, 6-4 and 6-5 showed bands of the expected size for T-DNA (left) and did not show WT 
amplification (right). These lines were considered homozygous for the T-DNA insertion and were used in all 
following experiments.  
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Supplemental Figure 2: plant growth and development not altered in sdhaf4 
A) sdhaf4 and Ler plants were grown on soil under long day conditions and plant growth and development was 
observed and compared in 4 week old plants (left) and fully grown 10 week old plants (right).  
B) Analysis of root growth of sdhaf4 and sdhaf2 after 9, 12 and 15 days after germination at a pH of 5.8. Plants 
were grown on half strength MS media under long day conditions. Shown is the average root length (n=12) of 
Arabidopsis seedlings at different time points. t-test was performed to determine significant differences between 
genotypes. *p≤ 0.05; ***p≤ 0.001 
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Supplemental Figure 3: Michaelis- Menten curve shows no difference for Km in sdhaf4 and Ler 
Plot shows SDH velocity (µmol DCPIP/min/mg Mit.) against succinate concentration of 4 biological replicates. Km 
value of succinate can be measured at half maximum velocity (1/2 Vmax). SE, standard error 
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Supplemental Figure 4: R script that was used to determine Km and Vmax of Ler and sdhaf4 replicates 
R version 3.3.1 was used for calculation of Km and Vmax. 4 replicates of velocity of Ler and sdhaf4 were used.  
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Supplemental Figure 5: FAD bound protein is not altered in sdhaf4 
FAD binding assay was performed on SDS PAGE of whole mitochondria samples. Image J was used to calculate 
band area for Ler and sdhaf4 (N=3). SE, standard error  
 
 

 
Supplemental Figure 6: SDS PAGE of FAD bound protein for soluble and mitochondria protein fraction  
SDS PAGE of mitochondrial protein separated in soluble and membrane fraction showing FAD bound protein 
before and after 10% acetic acid treatment (FAD band indicated with black arrow). Coomassie stained SDS PAGE 
shows separation of mitochondrial protein and FAD band at about 66kDa.  
 
 

 
Supplemental Figure 7: SDH activity and ROS production are not increased in soluble mitochondria fraction in 
sdhaf4  
A, SDH activity was measured spectrophotometrically as DCPIP reduction at 600 nm in soluble and membrane 
mitochondrial protein fractions (N=4). SDH activity was calculated as µmol DCPIP/ min/ mg Mit. based on total 
protein amount. B, ROS production was measured using DCFDA and isolated mitochondria (15 µg) of soluble and 
membrane fraction. ROS was measured over 10 min and the slope was calculated as Fluorescence/ min based 
on total protein amount.  
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Supplemental Table 1: Metabolomic data analyses from sdhaf4 and Ler whole plant tissue calculated 
in metabolome express (www.metabolome-express.org) 
31 known classified metabolites were identified. Given is the ratio of sdhaf4 to Ler regarding amounts 
of chemical metabolites in whole plant tissue (N=4) and the corresponding p-value. Significant 
differences are highlighted in the table.  
 

Chemical Class Metabolite Name sdhaf4/Ler p-value 

Amino Acids 

L-Serine 0.86 0.70 

L-Threonine 0.84 0.63 

Glycine 2.39 0.07 

L-Aspartic acid 0.64 0.39 

Pyroglutamic acid 1.16 0.71 

L-Proline 0.49 0.30 

Gamma-Aminobutyric 
acid 

0.98 0.96 

L-Glutamic acid 0.52 0.38 

L-Alanine 0.71 0.54 

L-Asparagine 0.26 0.20 

Dicarboxylic 
Acids 

Succinic acid 5.01 0.02 

Fumaric acid 1.11 0.76 

L-Malic acid 0.62 0.29 

Hydroxy Acids Threonic acid 0.91 0.79 

Alcohols and 
Polyols 

Ribitol 1.24 0.28 

Sorbitol 1.82 0.45 

Tricarboxylic 
Acids 

Citric acid 0.86 0.72 

Carbohydrates 

D-Fructose 1.95 0.28 

D-Glucose 2 0.28 

D-Mannose 1.91 0.28 

D-Galactose 2.08 0.26 

Sucrose 0.97 0.89 

Trehalose 1.29 0.28 

Fatty Acids Palmitic acid 0.92 0.72 

Sugar 
Phosphates 

Mannose 6-phosphate 1.22 0.39 

Glucose 6-phosphate 1.26 0.34 

Fructose 6-phosphate 1.09 0.72 

Polyamines Putrescine 0.82 0.62 

Not Available L-Iditol 1.55 0.42 

Cyclic Amines Agmatine 0.72 0.48 

Acyl Phosphates 3-Phosphoglyceric acid 0.57 0.45 

 
  

http://www.metabolome-express.org/
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Supplemental Table 2: Primer sequence used for RT-PCR analysis given in 5’  3’ orientation  
 

Transcript Primer Forward Primer Reverse 

SDHAF4 TGTTAGGCCTAGCTCCTGATG ACTGGAATAACAAGATCACCAG 
Aktin2 GAAGATCAAGATCATTGCTCCT TACTCTGCTTGCTGATCCA 

 
 




