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Abstract 

More than ten years ago, ER-ANT1 was shown to act as an ATP/ADP antiporter and to exist in 

the endoplasmic reticulum (ER) of higher plants. Because structurally different transporters 

generally mediate energy provision to the ER, the physiological function of ER-ANT1 was not 

directly evident.  

Interestingly, mutant plants lacking ER-ANT1 exhibit a photorespiratory phenotype. Although 

many research efforts were undertaken, the possible connection between the transporter and 

photorespiration also remained elusive. Here, a forward genetic approach was used to 

decipher the role of ER-ANT1 in the plant context and its association to photorespiration. 

This strategy identified that additional absence of a putative HAD-type phosphatase partially 

restored the photorespiratory phenotype. Localisation studies revealed that the 

corresponding protein is targeted to the chloroplast. Moreover, biochemical analyses 

demonstrate that the HAD-type phosphatase is specific for pyridoxal phosphate. These 

observations, together with transcriptional and metabolic data of corresponding 

single (ER-ANT1) and double (ER-ANT1, phosphatase) loss-of-function mutant plants revealed 

an unexpected connection of ER-ANT1 to vitamin B6 metabolism.  

Finally, a scenario is proposed, which explains how ER-ANT1 may influence B6 vitamer 

phosphorylation, by this affects photorespiration and causes several other physiological 

alterations observed in the corresponding loss-of-function mutant plants. 
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Dansk abstrakt 

For over ti år siden blev det påvist at ER-ANT1 fungerer som en ATP/ADP antiporter der findes 

i planters ER membraner. Dog var det på det tidspunkt uklart hvad physiologisk funktion ER-

ANT1 havde, eftersom ER systemets energibehov opfyldes af mange strukturelt forskellige 

transportproteiner. Overraskende nok udviste planter uden ER-ANT1 tegn på forstyrret 

fotorespiration. Trods gentagne forsøg er det ikke lykkes at redegøre for forbindelsen mellem 

ER-ANT1s transporter funktion og fotorespirationen. I dette værk beskrives et forsøg på at 

udrede netop denne forbindelse mellem ER-ANT1s rolle in planten og dennes betydning for 

fotorespirationen. Ved hjælp af en fremad genetisk fremgang er det lykkes at identificere en 

yderligere faktor, HAD-type fosfatase, hvis fravær delvist redder den fotorespirations-

relaterede fenotype. En undersøgelse af lokaliseringen af denne fosfatase viser at den findes 

i kloroplasterne, og udfra biokemiske undersøgelser fremgår det at denne HAD-type fosfatase 

udviser præference for pyridoxal fosfat. Sammen med transkriptions og stofskifte data fra ER-

ANT1 enkelt- og ER-ANT1/fosfatase dobbeltmutanter peger disse observationer på en hidtil 

ukendt rolle i vitamin B6 stofskiftet. Afsluttende i dette værk præsenteres en model der 

sammendrager de eksperimentielle observationer og beskriver hvordan ER-ANT1 har 

indfydelse på forsforylering af vitamin B6 gennem dets påvirkning af fotorespiration, og 

hvordan dette forklarer mange af de fysiologiske ændringer der forekommer i planter der 

mangler ER-ANT1 proteinet.  
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Deutsche Zusammenfassung 

Vor mehr als zehn Jahren konnte gezeigt werden, dass ER-ANT1 in der Membran des 

endoplasmatischen Retikulums höherer Pflanzen lokalisiert ist und dort als ATP/ADP-

Antiporter fungiert. Da die generelle Energieversorgung des endoplasmatischen Retikulums 

offensichtlich durch andere Transporter vermittelt wird, ist die genaue physiologische 

Bedeutung des ER-ANT1 nicht auf den ersten Blick ersichtlich. 

Arabidopsis-Mutanten, denen der funktionelle ER-ANT1 fehlt, weisen interessanterweise 

einen Photorespirationsphänotyp auf. Viele Anstrengungen wurden unternommen, um die 

Rolle des ER-ANT1 im pflanzlichen Kontext aufzuklären. Jedoch blieb völlig unklar, wie ein 

fehlender ATP/ADP-Transporter im endoplasmatischen Retikulum eine Störung in der 

Photorespiration auslösen kann. Um neue Einblicke zu erlangen und sich unvoreingenommen 

der möglichen Rolle des ER-ANT1 im pflanzlichen Stoffwechsel und dessen Verbindung zur 

Photorespiration zu nähern, wurde im Rahmen dieser Arbeit ein vorwärtsgenetischer Ansatz 

angewendet. 

Es konnten hierdurch Suppressor-Mutanten identifiziert und betroffene Gene mittels Next-

Generation Sequencing bestimmt werden. Die Untersuchung der ersten Kandidaten führte zur 

Erkenntnis, dass der Wachstumsdefekt der er-ant1 Mutante durch die zusätzliche 

Abwesenheit einer putativen HAD-Typ Phosphatase teilweise aufgehoben wird.  

Da die Funktion dieser Phosphatase nicht beschrieben ist, wurde eine initiale 

Charakterisierung durchgeführt. GFP-basierte Targetingstudien ergaben, dass sie in 

Chloroplasten lokalisiert ist. Des Weiteren wurde die HAD-Typ Phosphatase heterolog in E. coli 

exprimiert, anschließend gereinigt und in Enzymtests eingesetzt. Es stellte sich heraus, dass 

die HAD-Typ Phosphatase Pyridoxalphosphat mit hoher Spezifität hydrolysiert. Zusammen mit 

Transkriptom- und Metabolomdaten der jeweiligen Einzel- (Fehlen von ER-ANT1) und 

Doppel-Mutanten (Fehlen von ER-ANT1 und HAD-Typ Phosphatase), deutete diese 

Beobachtung auf eine unerwartete Verbindung des ER-ANT1 mit dem Vitamin-B6-

Metabolismus hin. Überdies wurden die Transkriptom- und Metabolomdaten der er-ant1 

Mutante mit entsprechenden Daten klassischer Photorespirationsmutanten verglichen. Auf 

diese Weise konnte bestimmt werden, welche Veränderungen auf den 

Photorespirationsdefekt zurückzuführen sind und welche exklusiv er-ant1 betreffen. 
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Auf Basis der neuen Erkenntnisse, wurde ein Szenario vorgeschlagen, welches erklärt, wie das 

Fehlen von ER-ANT1 die Phosphorylierung der B6-Vitamere beeinflussen könnte, dadurch 

Einfluss auf die Photorespiration nimmt und verschiedene andere physiologische 

Veränderungen in der Mutante bedingt. 
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1 Introduction 

1.1 Energy translocation in the plant cell 

Nucleotides are building blocks of the genetic information, act as cofactors in enzyme 

reactions, are required for the activation of precursors during the production of polymers or 

may function as second messengers in signal cascades. Among the different nucleotides, ATP 

plays a key role because it represents the major energy currency of the cell. Eukaryotes 

regenerate most of their ATP via oxidative phosphorylation in mitochondria. Plants are also 

capable of regenerating vast amounts of ATP during photosynthesis in their chloroplasts. 

Moreover, glycolysis and fermentation processes may contribute to the production of 

chemical energy. However, these pathways are comparatively inefficient and costly in terms 

of carbohydrate consumption. Although the majority of cellular energy is produced in 

mitochondria and chloroplasts, its use is not restricted to these two locations. ATP-dependent 

reactions occur almost everywhere in the cell, and thus, highly efficient transport systems are 

required to provide ATP to the places where needed.  

In terms of energy metabolism, chloroplasts are quite autarkic since they can fuel endogenous 

processes with photosynthetic ATP. Heterotrophic plastids, however, rely on ATP uptake and 

the same holds true for chloroplasts in the night or during phases of limited photosynthetic 

activity (Tjaden et al., 1998; Reinhold et al., 2007). Members of the major facilitator 

superfamily, the nucleoside triphosphate transporters (NTTs), catalyse the required energy 

translocation across the inner envelope membrane (Winkler and Neuhaus, 1999). 

Interestingly, NTT-mediated ATP uptake occurs in exchange with ADP and phosphate, and thus 

energy provision to the plastid is accompanied by the simultaneous removal of the two 

products of energy consumption (Trentmann et al., 2008). 

Although recent studies suggest that NTTs may deliver energy to the cytosol (Voon et al., 

2018), mitochondria play clearly the main function in this process. ADP/ATP carriers (AACs) 

represent the most abundant transporters in the inner mitochondrial membrane, catalyse a 

highly efficient ATP export and by this supply the cytosol and indirectly other organelles with 

mitochondrial energy (Millar and Heazlewood, 2003). The concomitant ADP import provides 

the substrate for oxidative phosphorylation to the matrix. AACs physiologically interact with 
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phosphate carriers, which import the second substrate for ATP regeneration into the 

mitochondrion (Kunji et al., 2016). 

AACs and phosphate importers belong to the mitochondrial carrier family (MCF), which 

comprises 58 members in Arabidopsis (Palmieri et al., 2011). MCF proteins are structurally and 

phylogenetically related but highly heterogeneous in terms of their substrate specificity. They 

exhibit a molecular mass of about 30–35 kDa, consist of six transmembrane domains and 

contain specific conserved domains (Kuan and Saier, 1993; Nury et al., 2006). They transport 

structurally highly diverse substrates, such as nucleotides or phosphate but also di- and 

tricarboxylates, different cofactors, amino acids, sulfate or even protons. Most MCF proteins 

are located in the inner mitochondrial membrane; however, some members reside in other 

organelles like peroxisomes, chloroplasts or the endoplasmic reticulum (Haferkamp and 

Schmitz-Esser, 2012). The proteins that mediate energy provision to peroxisomes (Linka et al., 

2008) and possibly also to glyoxysomes are MCF transporters with moderate relation to the 

AACs (Fukao et al., 2001). However, different from the AACs, they import ATP and export ADP 

and thus mediate the opposed translocation of the substrates.  

Endoplasmic Reticulum Adenylate Transporter 1 (ER-ANT1), the transporter of this study, also 

belongs to the MCF. The detailed characterisation of various MCF proteins revealed that 

members with related substrate spectra often cluster together in phylogenetic analyses 

(Haferkamp and Schmitz-Esser, 2012; Palmieri et al., 2011). Interestingly, ER-ANT1 forms a 

monophyletic subcluster with the AACs (Leroch et al., 2008; Haferkamp and Schmitz-Esser, 

2012) which implies that ER-ANT1 acts as an ATP/ADP antiporter. Biochemical analyses 

demonstrated that ER-ANT1 is, in fact, specific for ATP and ADP and operates in a counter 

exchange mode (Leroch et al., 2008). However, it shows a lower affinity for ATP and ADP than 

the AACs. Moreover, different from the AACs, ER-ANT1 lacks the N-terminal transit peptide 

for mitochondrial import and is targeted to the endoplasmic reticulum (ER) membrane (Leroch 

et al., 2008).  

The ER harbours various highly energy consuming processes in the lumen but lacks the 

capacity for ATP production (Hirschberg et al., 1998; Depaoli et al., 2019). Therefore, high 

amounts of ATP have to be imported from the cytosol (Hirschberg et al., 1998; Depaoli et al., 

2019). Although the existence of an ATP-transport capacity at the ER membrane was 
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demonstrated as early as 1992 (Clairmont et al., 1992), the identity of the corresponding 

transport proteins remained unknown for a long time. In this context, ER-ANT1 was the first 

promising candidate, since it acts as an ATP/ADP antiporter in the ER of Arabidopsis (Leroch 

et al., 2008).  

The role for ER-ANT1 in energy supply to the ER is supported by the fact that ER-ANT1 is highly 

expressed in organs and tissues that show intense activities of lumenal chaperones and thus 

of ATP consuming processes (Leroch et al., 2008). Moreover, it has been shown that mRNA 

levels of ATP-dependent enzymes, such as the ER chaperones BiP1 to BiP3 and the calcium-

dependent protein kinase 2, are strongly reduced in mutant plants lacking ER-ANT1 (er-ant1). 

In addition, er-ant1 plants exhibit decreased seed lipid- and seed storage-protein levels, which 

further point to an involvement of ER-ANT1 in cellular processes classically related to the ER 

function (Leroch et al., 2008).  

However, ER-ANT1 apparently does not represent the long-sought major ATP supplier in the 

ER. This is because energy provision to the ER is a basal process and required in all eukaryotes, 

but ER-ANT1 homologs are restricted to higher plants (Haferkamp and Schmitz-Esser, 2012; 

Hoffmann et al., 2013). Furthermore, er-ant1 knockout plants suffer severely under ambient 

air but remain rather unaffected under conditions of high CO2 availability (Hoffmann et al., 

2013). This observation suggests that basal ATP supply to the ER is guaranteed and thus 

mediated by a different uptake system (Leroch et al., 2008).  

Very recent studies identified the major ATP/ADP transporter of the ER in mammalian cells, 

AXER (Klein et al., 2018). The corresponding sequence is conserved among all eukaryotes. 

Moreover, the initial characterisation of the two AXER homologs from plants revealed that 

they act as ATP/ADP antiporters in the membrane of the ER (unpublished, Plant Physiology, 

TUK) and that they are essential for plant survival (Reyes et al., 2010).  

However, these discoveries do not minimise the relevance of ER-ANT1 in higher plants. In fact, 

plants lacking ER-ANT1 (er-ant1) show stunted growth and reduced chlorophyll contents 

under ambient CO2 conditions. It became clear that er-ant1 is defective in photorespiration as 

this mutant shows massive accumulation of the photorespiratory key-intermediate glycine, is 

impaired in CO2 fixation and has a higher CO2 compensation point than the wild type 
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(Hoffmann et al., 2013). Moreover, the er-ant1 dwarf phenotype can be reversed by 

suppressing photorespiration (Hoffmann et al., 2013).  

The current data in sum suggest that ER-ANT1 may be involved in energy delivery to the ER 

and apparently fulfils a specific role in plants that is essential for photorespiration. 

1.2 Use of forward genetics allows unbiased research 

Arabidopsis thaliana exhibits many features that make it an excellent plant model organism. 

For example, its small size limits the requirements for huge growth facilities. But particularly 

its short generation cycle, the small genome with comparatively few repetitive sequences and 

its efficient reproduction through self-pollination made Arabidopsis an early favourite for 

studying mutations in plants (Koornneef and Meinke, 2010; Page and Grossniklaus, 2002). 

Another reason for its success is that Arabidopsis is suitable for reverse as well as for forward 

genetic screens. Whereas reverse genetics strategies rely upon sequence information and try 

to gain insight into the underlying function of a gene by studying resulting phenotypes, 

forward genetics aim to discover changes in sequences that underlie a specific mutant 

phenotype (Peters et al., 2003). In general, forward genetics were proven to be a powerful 

tool for the identification of components involved in a specific biological process without the 

need for prior assumptions (Qu and Qin, 2014; Page and Grossniklaus, 2002). 

One chemical mutagen widely used in forward genetics is ethyl methanesulfonate (EMS) (Qu 

and Qin, 2014). EMS leads to random point mutations in the genome by alkylating guanine (G) 

residues, forming O6-ethylguanine. Usually, G pairs with cytosine (C), however, O6-

ethylguanine can pair with thymine (T) exclusively. Followed by subsequent DNA repair, 

original G/C pairs are replaced by A (adenine)/T pairs (Kim et al., 2006). 

Within forward genetics, EMS can be used to perform so-called secondary screens (Page and 

Grossniklaus, 2002). For this, mutant plants, which are affected in a particular metabolic or 

developmental pathway, are again mutagenised with EMS, followed by the screening for 

second-site mutations which either enhance (worsen) or suppress (alleviate) the phenotype 

caused by the primary mutation (Page and Grossniklaus, 2002). 
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In theory, four types of suppression can result from second site mutations (Li and Zhang, 

2016). The first is the epistatic suppression, in which mutations affecting an upstream step of 

a signalling pathway are suppressed by downstream antagonistic mutations (Li and Zhang, 

2016). An example for this is BDA1 (bian da 1; Chinese for“becoming big 1”) which is a 

signalling component acting downstream of SNC2 (Suppressor of NPR1, Constitutive2) in the 

regulation of plant immunity in Arabidopsis (Yang et al., 2012). BDA1 was identified in a 

suppressor screen, in which the loss-of-function mutation in BDA1 suppressed the dwarf 

phenotype and the constitutive defence responses in snc2-1D npr1-1 mutant plants (Yang et 

al., 2012).  

The second type of suppression is achieved by the removal of proteins that otherwise would 

result in toxic effects (Li and Zhang, 2016). This was, for example, observed in the Arabidopsis 

gain-of-function mutant snc1 (suppressor of npr1‐1 constitutive 1), which exhibits a 

constitutive defence response (Xu et al., 2012). Here, the identified suppressor mutation in 

MOS12 (Modifier Of SNC1,12) eventually resulted in altered splicing patterns of SNC1, which 

alleviated the toxic effects caused by the increased accumulation of SNC1 in the snc1 mutant 

(Xu et al., 2012; Li and Zhang, 2016). 

In rare occasions, a mutation in an interaction partner of the mutant protein can suppress the 

mutant phenotype (Li and Zhang, 2016). For example, the fusion of the Cdc2 kinase in yeast 

with the cyclin Cdc13 was predicted and validated after the identification of the Cdc13 gene 

in a Cdc2 mutant suppressor screen (Booher and Beach, 1987; Booher et al., 1989). 

The fourth suppression results from the activation of alternative pathways (Li and Zhang, 

2016), as observed for a growth-defective yeast which lacks specific members of the nuclear 

pore complex. The fitness of the yeast mutant was restored by a mutation in a nuclear 

envelope protein,which supposed to reduce nuclear membrane fluidity (van Leeuwen et al., 

2017). 

In general, forward genetic suppressor screens might provide new insights into the pathway 

affected by a mutation (Page and Grossniklaus, 2002). Although various biological studies used 

the mutagenesis-based approach in Arabidopsis, this method still has its difficulties as, for 

example, the identification of the second-site mutations by map-based cloning is very 

laborious and time-consuming (Uchida et al., 2014).  
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1.3 Forward genetics and Next-generation sequencing –    
 a powerful combination 

Next-generation sequencing (NGS) technologies evolved during the past 15 years and led to 

substantial improvements in the quality and yield of the resulting data. Furthermore, the price 

for whole-genome sequencing became more and more affordable: In 2006, sequencing of a 

whole human genome cost approximately 14 million US Dollar, whereas eight years later, the 

price dropped below 1000 US Dollar (van Dijk et al., 2014). This opened up new possibilities 

for the application of NGS in everyday scientific life. By coupling NGS to forward genetic 

screens, time-consuming processes, such as the common outcrossing of the suppressor 

mutant in another accession line as well as laborious steps, like PCR-based mapping with 

molecular markers, were no longer required (Uchida et al., 2014; Qu and Qin, 2014).  

1.4 Objectives 

Although ER-ANT1 was biochemically characterised more than ten years ago and er-ant1 

mutants were analysed quite detailed, the role of this transport protein in the cellular context 

is still elusive, and its connection to photorespiration is entirely unknown. The aim of this study 

is to gain deeper insights into the plant-specific function of ER-ANT1 and to explain how its 

absence is linked to photorespiration. For this, a forward genetic screen should be conducted. 

This method aimed to identify candidates suppressing the growth defect of er-ant1 by using a 

combination of a bulked segregant analysis and NGS. Subsequently, the correctness of the 

identified candidate(s) should be verified by reverse genetic approaches. The newly identified 

candidate(s) might help to place ER-ANT1 into the physiological context and to clarify how far 

ER-ANT1 is involved in energy supply to the ER. In order to dissect characteristics unique for 

er-ant1 mutants from those commonly associated with photorespiration, metabolic and 

transcriptomic data from ER-ANT1 should be compared with those from other characterised 

photorespiration mutants. This approach might be suited to identify the connection between 

ATP/ADP translocation at the ER and photorespiration. 
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2 Methods 

2.1 Plant material and growth conditions 

Studies were performed with Arabidopsis thaliana wild type plants (ecotype Columbia-0) and 

T-DNA insertion mutants in Col-0 background. The used T-DNA insertion mutants are listed in 

Table 2-1. 

Table 2-1: List of used T-DNA insertion mutants. 

TAIR Locus Name NASC ID 

AT5G17400 er-ant1 N543626 

AT2G33255 had-1 N664249 

AT2G33255 had-2 N682264 

AT2G33255 had-3 N863636 

2.1.1 Cultivation on soil 

Before germination, seeds were incubated for 2 d in the dark at 4°C on standardised ED73 soil 

(Weigel and Glazebrook, 2002). If not stated otherwise, plants were grown diurnally for 10 h 

at 22°C and 120 µmol photons m-2 s-1 light intensity followed by 14 h at 18°C without light. 

Plants were either grown at ambient CO2 levels (~ 400 ppm) or high CO2 levels (2000 ppm) in 

Fitotron plant climate chambers (Weiss Technik, Reiskirchen, Germany).  

2.1.2 Cultivation in hydroponic culture 

Cultivation of Arabidopsis in hydroponic culture was performed according to Conn et al., 2013. 

2.1.3 Cultivation in sterile agar culture 

Before cultivation in sterile culture, plants were surface sterilised. After preincubation for 5 

min in 70 % EtOH, seeds were sterilised with 5 % sodium hypochlorite for 10 min and 

subsequently washed three times with sterilised water. Seeds were stratified for 2 d dark at 

4°C in water before the transfer to sterile ½ MS agar plates. 
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1 litre ½ MS-media: 

• 2.2 g MS salts incl. vitamins 

• 10 g sucrose 

• 0.5 g MES 

• 8 g Agar 

• pH 5.7 

• (Optional different concentrations of pyridoxine HCl) 

2.2 Microbiological and molecular biology methods 

2.2.1 Bacteria strains and plasmids 

Within this study, Escherichia coli (E. coli) and Agrobacterium tumefaciens (A. tumefaciens) 

were used. Properties of the used bacteria strains are listed in Table 2-2. 

Table 2-2: Bacteria strains. 

Strain Resistance Source 

E. coli XL1 Blue TetR Bullock, 1987  

E. coli DH5α - Taylor et al., 1993 

E. coli Rosetta 2 (DE3) Clmr Merck, Darmstadt 

A. tumefaciens RifR, GenR Koncz and Schell, 1986 

Plasmids used in this study are listed in Table 2-3. 
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Table 2-3: Plasmids 

Plasmid Relevant properties Source 

pBSK Ampr , cloning vector Stratagene, Heidelberg 

pDONRTM/Zeo 
Zeor, ccdB, Gateway entry 

vector 
Life technologies, 

Darmstadt 

pBGWFS7 
Barr, GUS:GFP, Gateway 

destination vector 
Karimi et al., 2002 

pET16b Ampr, expression vector Novagen, Heidelberg 

2.2.2 Cultivation of bacteria 

E. coli cells were cultivated at 37°C at aerobic conditions in either sterile LB-media 

(E. coli DH5α) or sterile YT media (E. coli XL1 Blue, E. coli Rosetta 2 (DE3)). 

YT-Media: 

• 0.8 % (w/v) Peptone 

• 0.5 % (w/v) Yeast extract 

• 0.25 % (w/v) NaCl 

• pH 7.0 

• (1.5 % (w/v) Agar for plates) 

 

LB-Media: 

• 1 % (w/v) Peptone 

• 0.5 % (w/v) Yeast extract 

• 0.5 % (w/v) NaCl 

• pH 7.0 

• (1.5 % (w/v) Agar for plates) 

Antibiotics for E. coli selection were added after autoclaving. Used concentrations of 

antibiotics are listed in Table 2-4. 
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Table 2-4: Concentrations of antibiotics for E. coli selection. 

Antibiotic End concentration [µg/ml] 

Ampicillin 200 

Tetracycline 10 

Chloramphenicol 12.5 

Zeocin 50 

Spectinomycin 50 

 

A. tumefaciens cells were cultivated at 30°C. Antibiotics for A. tumefaciens selection were 

added after autoclaving. Used concentrations of antibiotics are listed in Table 2-5. 

Table 2-5: Concentrations of antibiotics for A. tumefaciens selection 

Antibiotic End concentration [µg/ml] 

Rifampicin 100 

Gentamycin 25 

Spectinomycin 100 

 

Recombinant bacteria cells were stored from overnight cultures in 15 % (v/v) glycerol at 80°C. 

2.2.3 Oligonucleotides 

Oligonucleotides for amplification of DNA-fragments with PCR and for expression studies via 

qRT-PCR are listed in Table 2-6. 
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Table 2-6: Oligonucleotides. 

Primer Sequence 5’→3’ 

T3 AATTAACCCTCACTAAAGGG 

T7 TAATACGACTCACTATAGGG 

M13-fwd GTAAAACGACGGCCAG 

M13-rev CAGGAAACAGCTATGAC 

attB1 CAAGTTTGTACAAAAAAAGCAG 

attB2 CCACTTTGTACAAGAAAGC 

Seq-AT2G33255-fwd TAGAGCCCCACATCACGATT 

Seq-AT2G33255-rev TATGCAACAGCGGGTCTGG 

LBb1.3 ATTTTGCCGATTTCGGAAC 

SAIL-LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC 

HAD-KO-1-LP TCCCATTCATCATCTTATCGC 

HAD-KO-1-RP ATCAGACGAAAACCCAAATCC 

HAD-KO-2-LP TCAAAGCAGAGAGCCCTAGTG 

HAD-KO-2-RP GCTATGGAGAAAGGGTTGACC 

HAD-KO-3-LP TTGCATACACCAGATTTTGCTC 

HAD-KO-3-RP ATCAGACGAAAACCCAAATCC 

qRT-HAD-fwd GCTTCAAATCATGCCTGGTACTGC 

qRT-HAD-rev CGTTGATGGAAGATGTCGATTGCC 

qRT-SAND-fwd AACTCTATGCAGCATTTGATCCACT 

qRT-SAND-rev TGATTGCATATCTTTATCGCCATC 

2.2.4 Recombinant DNA technologies 

2.2.4.1 Transformation of E. coli cells 

Transformation of plasmid DNA into competent E. coli cells was performed using the heat 

shock method (Froger and Hall, 2007). 

2.2.4.2 Transformation of A. tumefaciens cells 

The transformation of competent A. tumefaciens cells was performed according to the 

protocol of the "freeze-thaw" method (Höfgen and Willmitzer, 1988). 
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2.2.5  Agarose gel electrophoresis 

Agarose gel electrophoresis was carried out according to Sambrook and Russell, 2001 and was 

performed in a horizontal gel apparatus at constant voltage (80-120 V). Depending on the size 

of the molecules to be separated, 0.8-2 % agarose gels were prepared. For this purpose, the 

agarose was boiled in 1-fold TAE buffer, cooled with stirring to about 50° C and mixed with 

ethidium bromide (final concentration 0.5 g / ml), which intercalated into the DNA. The 

ethidium bromide fluoresces orange under UV light excitation (λ = 260 nm). The solution was 

then poured into a gel chamber with a pocket former. DNA samples to be separated were 

prepared with 10x TAE loading buffer medium for gel-run. As a measure of the fragment sizes, 

a corresponding DNA marker (GeneRuler ™ Mix Ladder, Thermo Fisher, Waltham USA) was 

separated parallel to the samples. 

50x TAE loading buffer (1 litre): 

• 242 g Tris free base 

• 57.1 ml Glacial acetic acid 

• 18.61 g Disodium EDTA 

       Fill up to 1 litre with H2O 

2.2.6 Plasmid isolation from E. coli cells 

To isolate plasmid DNA for sequencing and gateway cloning, the “Nucleospin Plasmid® Kit” 

(Macherey + Nagel, Düren) was used. This was done according to the manufacturer’s 

instructions. 

Plasmid isolation for other purposes was carried out according to the principle of alkaline lysis. 

This is based on the fact that plasmid DNA, genomic DNA, RNA and proteins have different 

precipitation properties (Sambrook and Russell, 2001). For the plasmid isolation, 4 ml of 

overnight culture were harvested (centrifugation for 1 min at 15000 g). The supernatant was 

subsequently discarded and resuspended with 150 μl P1 buffer (Qiagen, Hilden) containing 1 

mg x ml-1 DNase-free RNase. Subsequently, 150 μl of SDS-containing P2 buffer (Qiagen, Hilden) 

were added, whereby the alkaline lysis of the cells took place. The NaOH contained in the P2 

buffer denatures the proteins liberated during lysis and chromosomal DNA. Thereafter, 150 μl 
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of P3 buffer (Qiagen, Hilden), which stops the reaction, and 2 drops of chloroform were added 

to purify the plasmid DNA. After careful inverting, the lysate was centrifuged for 5 min at 

15000 g. The supernatant (about 400μl) was transferred to a new centrifuge tube. By the 

addition of 800 µl isopropanol, the DNA was precipitated. The mixture was then centrifuged 

for 10 min at 15000 g and 4°C and the supernatant discarded. The resulting pellet was washed 

by the addition of 1 ml 80 % ethanol and again centrifuged for 10 min at 15000 g and 4°C. The 

supernatant was discarded, and the pellet dried until it became transparent. Finally, the dry 

pellet was dissolved in 40 μl H2O. 

2.2.6.1 Manipulation of DNA with restriction enzymes 

DNA restriction has been used for both, to clone vector DNA and to analyse constructs from 

vector DNA. For the restriction approach, the buffer media and incubation temperatures given 

by the manufacturers (NEB) were used. The cut DNA was then fractionated by agarose gel 

electrophoresis and the fragment sought was excised from the gel using a scalpel. Elution of 

the DNA was done using the Gel Extraction Kit "NucleoSpin Extract II" (Macherey & Nagel, 

Düren). T4 DNA ligase was used to target ligation as an assembly of specific DNA fragments. 

This enzyme has the property to catalyse the covalent attachment of complementary DNA 

ends. Thus, after the restriction of a vector and a specific fragment with the same restriction 

enzymes, the ligase can covalently link the vector with the specific DNA fragment via 

phosphodiester bonds. The ligations were carried out with the enzyme T4 DNA ligase (Thermo 

Scientific, Waltham) according to the manufacturer. 

2.2.7 Gateway cloning 

Starting from A. thaliana cDNA, attB recombination sites were added to the respective 

sequence via PCR and the use of primers. The primers carried attB sites overlaps at the 5’ ends. 

These recombination sites are recognised by recombinases. The PCR product was transformed 

into a donor vector by the so-called BP reaction. The recombination sites attB of the PCR 

product and attP from the donor vector react specifically with each other. As a result, the attL 

sequences are generated in the resulting input clone. The donor vector exhibits a Clm 

resistance and contains the gene ccdB. Its gene product inhibits the gyrase and thus die. The 

ccdB gene is replaced by the PCR product during the BP reaction and is no longer present in 
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the resulting input clone. The contained antibiotic sequences (Spec, Clm in the donor vector, 

Zeocin in the entry clone) allows two independent selections. The LR reaction creates so-called 

destination clones. They are formed by the recombination of the entry clone with the target 

vector, the attL sites of the entry clone react with the attR sites of the target vector and attB 

sites are generated again. Double selection is again enabled by a ccdB gene in the target vector 

between the attR sites as well as the use of antibiotic resistance to spectinomycin in the 

destination vector. 

To generate an entry clone, a BP reaction was performed between an attB flanked DNA 

fragment and a donor vector containing attP sites. The BP reaction mixture without 

proteinase K was incubated at 25°C for one hour. Subsequently, the proteinase K was added 

to stop the reaction by incubation for 10 min at 37° C. Competent E. coli (DH5α) were 

transformed and selected on LB plates with a suitable antibiotic. 

BP reaction mixture: 

• 100-150 ng DNA PCR product 

• 1 µl pDONRZeo 

• 2 µl BP clonase 

• 1 µl Proteinase K 

• Fill up to 10 µl TE-Buffer (pH 8.0) 

To generate a destination clone, an LR reaction was performed between an entry clone with 

attL sites and a target vector with attR sites. The LR reaction batch without proteinase K was 

incubated at 25°C for one hour. Subsequently, the proteinase K was added, and the batch was 

incubated for 10 min at 37°C. Competent E. coli (DH5α) were transformed and selected on 

LB-plates with a suitable antibiotic. 
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LR reaction mixture: 

• 100-150 ng DNA Entry clone 

• 1 µl Destination clone 

• 2 µl LR clonase 

• 1 µl Proteinase K 

• Fill up to 10 µl TE-Buffer (pH 8.0) 

2.2.8 Isolation of RNA 

For qRT-PCR analyses, total A. thaliana RNA was isolated. For this purpose, leaves were 

harvested and ground in liquid nitrogen. Total RNA was isolated from 50 mg of the triturated 

material using the "NucleoSpin RNA Plant Kit"according to the manufacturer's instructions 

(Macherey & Nagel, Düren). The RNA concentration was determined by photometric 

measurement at a nanodrop machine (Peqlab, Erlangen). 

2.2.9 Quantitative real-time PCR (qRT-PCR) 

With reverse transcriptase (Verso-Kit, Thermo Fisher Scientific, Karlsruhe), the contained 

mRNA from total RNA was rewritten into cDNA. The amplification for determining the 

expression of individual genes was carried out using “PerfeCTa® SYBR® Green” according to 

the manufacturer's instructions (Quantabio, Gaithersburg, USA). The amplification and 

fluorescence detection were performed with the qRT-PCR machine MyiQ iCycler (Bio-Rad, 

Munich). The relative quantification was done, using the 2-ΔΔCt method (Livak and Schmittgen, 

2001). 

2.2.10 Transformation of A. thaliana ("floral dip" method) 

The production of transgenic A. thaliana plants was carried out by means of A. tumefaciens-

mediated transformation (Clough and Bent, 1998). For this purpose, 250 ml of the 

Agrobacterium overnight culture were centrifuged at 5000 g for 15 min. The cell pellet was 

then resuspended in 500 ml sucrose solution (5 %) with 0.01 % Silwet L77 (BASF, 

Ludwigshafen). To transform the Arabidopsis thaliana wild-type plants, the entire 
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inflorescences were immersed in the Agrobacterium suspension and then incubated in the 

dark for one day at room temperature. Finally, the transformed plants were grown under long-

day conditions until seed ripening and harvesting. 

2.2.11 Histochemical analyses by GUS staining 

The gene of β-glucuronidase (GUS) from E. coli was used as a gene fusion marker for the 

analysis of gene expression in transformed A. thaliana. The promoter region of AT2G33255 

was fused to the GUS reporter gene and transformed into A. thaliana via floral dip so that 

gene expression can be documented by histochemical staining in planta. For detection, the 

synthetic substrate X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid) is used, which 

forms after oxidative condensation and cleavage a blue colour precipitate at the exact 

synthesis site of the GUS reporter (and thus the promoter to be examined). The staining was 

carried out in accordance with Sessions et al., 1999: The plants were incubated for 20 min in 

pre-cooled acetone on ice. After removal of the acetone, the plants were washed twice with 

staining buffer on ice. Thereafter, the plants were mixed with the staining solution and 

vacuum-sealed for 30 min. This was followed by incubation of the plants in staining solution 

overnight at 37°C. The next day, the plants were destained with increasing concentrations of 

ethanol (20 %, 35 %, 50 %, 70 %; 30 min each concentration) and then examined for blue 

staining. The stained plant tissue was stored in the dark in 70 % ethanol. 

2.2.12 Isolation and transient transformation of A. thaliana protoplasts 

Protoplasts from A. thaliana were isolated and transiently transformed according to Yoo et 

al., 2007. 

2.2.13 GFP fluorescence analyses 

Observation of the transformed Arabidopsis protoplasts was performed using a confocal laser 

microscope.  
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Details on microscopic analysis for subcellular localisation of GFP fusion proteins: 

• Microscope Leica TCS SP52 

• Software Leica Application Suite 

Advanced Fluorescence 

Version 2.5.2.6939 

• Objective HCX PL APO lambda blue 63.0x1.20 WATER UV 

• Excitation wavelength laser 488nm (Argon laser) 

• Filter bandwidth emission GFP: 495nm-540nm 

Autofluorescence chloroplasts: 651nm-704nm 

2.2.14 Quantification of amino acids 

For the determination of metabolites, A. thaliana leaves were harvested and transferred 

directly into liquid nitrogen. Subsequently, the leaves were ground in liquid nitrogen, and the 

powder was stored at -80°C. 500 µl water were added to 100 mg of triturated material, and 

the mixture was shaken for 15 min at 99°C (600 rpm). The contained starch and cell debris 

were sedimented by centrifugation at 20000 g. For the measurement, 20 μl of the sample 

supernatant were mixed with 60 μl borate buffer (0.2 M boric acid, pH 8.8) and then 

derivatised with 20 μl AQC (fluorescent reagent 6-aminoquinolyl-N-

hydroxysuccinimidylcarbamate; Watrex, Prague) The quantification of the amino acids was 

carried out with an HPLC system consisting of P680 HPLC Dionex pump, ASI 100 Dionex 

autosampler, RF 2000 fluorescence detector, UCI 50 Dionex interface and an UVD 170 U 

Dionex UV detector. Nucleodur cc 250/4 100-5 c18ec served as HPLC column. Aliquots of 25 

μl were applied to the column by the pump. The flow was constant at 1 ml/min. The samples 

were heated to 37°C on an autosampler. The chromatograms were evaluated using the 

software Chromeleon 6.7 (Thermo Fisher,Waltham, USA) . 

2.2.15 Chlorophyll determination 

Plant material for chlorophyll determination was ground in liquid nitrogen. For the chlorophyll 

(Chl) quantification, the extinctions of leaf extracts at the red absorption maxima of Chla 
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(∼663 nm) and Chlb (∼646 nm) were measured. The samples were prepared, and chlorophyll 

content was determined according to Porra, 2002. 

2.2.16 Transcriptome analysis 

Leaf material of five plants per genotype was harvested and ground in liquid nitrogen. The 

preparation of samples for whole transcriptome expression analysis with “GeneChip® Whole 

Transcript (WT) Expression Arrays” was performed with the “GeneChip® WT PLUS Reagent 

Kit” (Affymetrix, USA) according to the manufacturer's instructions. The samples of each 

genotype were pooled prior to the analysis. Therefore, the data per genotype represent the 

mean of five individual samples. 

2.2.17 TEM analysis 

For TEM analysis, leaf material of A. thaliana grown permanently at high CO2 conditions and 

adapted to ambient air was collected. Sample preparation was performed, according to 

Armbruster et al., 2013. In brief, leaves were cut into small squares (~ 1 x 1 mm2) and fixed 

with 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7) for 2 h. Subsequently, 

samples were washed two times with cacodylate buffer and postfixed with 1 % osmium 

tetroxide for 2 h. After that, samples were washed with water, dehydrated in acetone, and 

embedded in Spurr’s low-viscosity resin. 60 nm thin sections were prepared using a diamond 

knife (microtome) and mounted on copper grids coated with Pioloform (polyvinyl butyral). 

The sections were poststained with lead citrate. Electron microscopy was performed by 

Anurag Sharma (CPSC, University of Copenhagen, Denmark) as described previously by 

(Armbruster et al., 2013). 

2.2.18 Chlorophyll fluorescence measurements 

The PAM 101/103 system was used to determine Fv/Fm, Y(II) and NPQ as described before 

(Varotto et al., 2000). Experiments were performed with plants permanently grown at high 

CO2 conditions for five weeks and with plants at high CO2 conditions for four weeks and 

subsequently adapted to ambient air for one week. For measurements, four to seven plants 

per genotype were dark adapted for 15 min. Then leaves were exposed to actinic light (0, 73, 
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219, 534 and 1290 µmol photons m-2 s-1) for 5 min to determine the photosynthetic 

parameters. 

Dark-adapted plants were used to measure the maximum quantum yield of PSII (Fv/Fm). When 

plants are dark-adapted, all their PSII centres are open. After dark-adaption, actinic light of 

intensity too low to induce PSII electron transport but high enough to elicit a minimum 

chlorophyll fluorescence was applied (Murchie and Lawson, 2013). This measured minimum 

chlorophyll fluorescence is termed F0. Subsequently, a saturating light pulse was applied to 

induce the closure of all reaction centres, producing a maximal possible value for fluorescence 

(Fm). Fv describes the difference between F0 and Fm. The maximum quantum yield is expressed 

by the following formula: 

𝐹𝑚 − 𝐹0

𝐹𝑚
=  

𝐹𝑣

𝐹𝑚
 

To investigate PSII performance also in light-adapted states Y(II) and NPQ intensities were 

monitored after adaption to increasing actinic light. First, F0 and Fm in plants which have been 

dark adapted for 15 minutes were determined. Then the leaves were illuminated stepwise for 

5 min at increasing actinic light intensities. At the end of each incremental step, a saturation 

light pulse was applied to determine the photosynthetic parameters.  

The effective PSII quantum yield Y(II) was calculated according to Genty et al. (1989) by the 

formula: 

 

𝑌(𝐼𝐼) =
𝐹𝑚′ − 𝐹′

𝐹𝑚′
 

 

F’ describes the steady-state fluorescence of the leaf in continuous actinic light and Fm’ the 

maximum fluorescence in the light-adapted state. In principle, Y(II) may vary between the 

values 0 and 1. The value 0.5 would mean that 50 % of the absorbed quanta are converted 

into chemically fixed energy by charge separation in PSII, whereas the other 50 % is dissipated 

into fluorescence and heat (Baker et al., 1989). 

The NPQ is a measure of non-photochemical fluorescence quenching. This process acts as a 

‘safety’ mechanism as it dissipates excess excitation energy by heat and thereby prevents the 
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likelihood of singlet oxygen formation. In this study, the NPQ value was calculated using the 

equation of Bilger and Björkmann (1990): 

𝑁𝑃𝑄 =
𝐹𝑚′ − 𝐹𝑚

𝐹𝑚′
 

 

On the one hand, a high NPQ indicates an excessive photon flux density. On the other hand, a 

high NPQ shows that the plant retained physiological mechanisms to protect itself. 

2.2.19 Investigation of photosynthetic complexes 

2.2.19.1 Thylakoid isolation 

Thylakoids were isolated from leaves of plants permanently grown at high CO2 conditions for 

five weeks and from leaves of plants grown at high CO2 conditions for four weeks and 

subsequently adapted to ambient air for one week. Thylakoid membranes were prepared as 

described earlier (Bassi et al., 1985). Thylakoid amounts were normalised on the basis of 

chlorophyll concentration (Porra, 2002). 

2.2.19.2 2D-BN-PAGE 

All experimental steps were carried out at 4°C. For native PAGE analysis, thylakoid samples 

equivalent to 10 µg chlorophyll were solubilised in 25BTH20G Buffer (25 mM BisTris/HCl, 

pH 7.0, 20 % (w/v) glycerol and 0.25mg/ml Pefabloc (Sigma Aldrich, USA) containing 2 % (w/v) 

digitonin or dodecyl-β-D-maltoside (β-DM) for 5 min in the dark. β-DM has strong delipidating 

properties which enable the release of all protein complexes from the entire thylakoid 

membrane network (Aro et al., 2005; Järvi et al., 2011). However, it commonly destroys weak 

hydrophobic interactions in protein complexes (Wittig et al., 2006). Therefore, also digitonin 

was used, maintaining weak interactions between protein complexes. Because of its large 

structure, this detergent only solubilises proteins from non-appresses regions. Therefore, 

proteins from the grana core fractions stay insolubilised when digitonin is the detergent of 

choice (Wittig et al., 2006; Suorsa et al., 2015). 
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Traces of unsolubilised material were removed by 20 min centrifugation at 18000 g and 1 h 

on a rotary wheel. The solubilised pigment-protein complexes were fractionated by 

nondenaturing BN-PAGE as described previously (Schägger and Jagow, 1991).  

SDS-PAGE in the second dimension was performed as previously described (Armbruster et al., 

2010). For protein visualisation, gels were stained with silver (Blum et al., 1987). 

2.2.20 EMS mutagenesis and suppressor screen 

For the suppressor screen, er-ant1 seeds were mutagenised with ethyl methanesulfonate 

(EMS). EMS acts by alkylating guanine (G) residues, forming O6-ethylguanine. Usually, G pairs 

with cytosine (C). However, O6-ethylguanine can pair with thymine (T) exclusively. Followed 

by subsequent DNA repair, original G/C pairs are replaced by A (adenine)/T pair (Kim et al., 

2006). The mutagenesis was performed by Dr. Tatjana Kleine (LMU, Munich, Germany) as 

previously described (Kim et al., 2006). The next screening steps were performed by 

Dr. Sebastian Hassler (University of Kaiserslautern, Germany). The resulting M1 generation 

was composed of plants with random point mutations. A. thaliana, as a diploid plant, 

underlies the principles of heredity/dominance. Because dominant mutant phenotypes are 

much less common than recessive phenotypes in Arabidopsis, the M1 generation was not 

screened for possible suppressor mutants (Meinke, 2013). Instead, pools of 500 M1 plants 

were cultivated at high CO2 (2000 ppm) conditions to ensure proper plant growth and seed 

development. Afterwards, the seeds of these pools were harvested individually. The most 

apparent phenotype of er-ant1 plants is their reduced growth when cultivated at ambient air 

conditions. Therefore, plants of the M2 Generation were cultivated at ambient CO2 conditions. 

The identified suppressor mutants were isolated to avoid crossing events and for seed 

production. Before using the plants for the following experiments, the er-ant1 specific T-DNA 

insertion was verified with a PCR based T-DNA insertion screen. By this verification, it was 

ensured that the chosen plants maintained their homozygosity for the recessive er-ant1 

mutant allele.  
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2.2.20.1 Bulked segregant analysis and next-generation sequencing 

To identify mutations causative for the suppression bulked segregant analysis (BSA) was 

combined with whole genome Next-Generation Sequencing (NGS) similar as previously 

described by Song et al., 2017.  

2.2.20.2 Creation of the mapping populations 

To create a mapping population, individual M3 plants from various suppressor mutant lines 

were backcrossed with the original er-ant1 mutant. Since always both parents, er-ant1 and 

the respective suppressor mutant, were homozygous for the er-ant1 T-DNA insertion, also all 

individuals of the backcross F1 were homozygous for this modification. To get information 

about the dominance of the suppressor trait, which was important for following genetic 

filtering procedures, the F1 generation was cultivated at ambient air. The BC1F1 plants self-

pollinated and resulted in the segregating F2 generation (mapping population) which is still 

homozygous er-ant1 knockout. Due to segregation, also traits for the suppressor mutant 

became homozygous resulting in plants whose er-ant1 dwarf phenotype was partly 

complemented.  

2.2.20.3 gDNA preparation for NGS 

For each investigated suppressor line, gDNA was extracted from 50 larger plants of the F2-

generation (positive pool) and from 50 plants showing the er-an1 phenotype (negative pool). 

In addition, one pooled sample was prepared, consisting of gDNA extracted from 50 plants of 

the original er-ant1 T-DNA insertion line (er-ant1 pool). The gDNA was extracted as previously 

described (Pallotta et al., 2000). The pooled gDNA samples of 13 mapping populations and 

pooled gDNA of 50 original er-ant1 mutant plants were used for Next-Generation Sequencing.  

2.2.20.4 Whole genome resequencing 

The whole genome resequencing was provided by Novogene (Beijing, China). Briefly, the 

genomic DNA was randomly sheared into fragments of about 350 bp and subjected to library 

construction using the “Illumina® TruSeq Library Construction Kit” (Illumina, San Diego, USA) 

according to the manufacturer's instructions. After library quality control, pair-end sequencing 
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was performed on the “Illumina® HiSeq” platform (Illumina, San Diego, USA), with the read 

length of 150 bp at each end. 

2.2.20.5 NGS bioinformatic pipeline 

The bioinformatics data analysis of the raw NGS data was provided by Novogene (Beijing, 

China). Briefly, the original sequencing data acquired by the high-throughput sequencing 

platform were recorded in image files. To perform the data analysis, the image files were firstly 

transformed to sequence reads by base calling with CASAVA software (version 1.8, Illumina, 

San Diego, USA). The sequences and corresponding sequencing quality information, 

represented by Phred scores, were stored in FASTQ files. To detect base positions with an 

unusually low sequencing quality, the sequencing quality distribution was examined over the 

full length of all sequences. The Phred score (Q) describes the probability of a base call being 

incorrect by the formula: 

𝑄 =  −10 𝑙𝑜𝑔10𝑃 

P represents the sequencing error rate. To decrease the complexity of downstream analyses, 

sequencing data contaminated with adapter and low-quality reads were removed. The 

effective sequencing data were aligned with the reference sequence TAIR10 

(ftp://ftp.Arabidopsis.org/home/tair/Genes/TAIR10_genome_release/) through BWA 

software (Li and Durbin, 2009). The duplicates were removed with SAMtools (Li et al., 2009). 

To evaluate the similarity between each sample and the reference genome, mapping statistics 

such as mapping rate, average sequencing depth and coverage, were evaluated. Single 

nucleotide polymorphisms (SNPs) were detected with SAMtools. To reduce the error rate in 

SNP detection, results were filtered, so that only SNPs were taken into account with more 

than four supporting reads and a mapping quality Q higher than 20. The software ANNOVAR 

was used to annotate the detected SNPs (Wang et al., 2010). 

2.2.20.6 Identification of candidate suppressor SNPs 

For the visualisation of SNP localisation on chromosomes and for receiving more information 

about the effects each SNP has on the genetic information, the software CandiSNP was used 

(Etherington et al., 2014).  
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To use this software, the allele frequency of all SNPs had to be calculated, first. The allele 

frequency (AF; also known as gene frequency) describes the proportion of the total gene 

copies that are of a particular allele in a defined population (Brenner et al., 2002). The AF of 

each SNP was estimated with the following equation 

𝐴𝐹 =
𝑎𝑙𝑡𝑑𝑒𝑝𝑡ℎ

(𝑎𝑙𝑡𝑑𝑒𝑝𝑡ℎ + 𝑟𝑒𝑓𝑑𝑒𝑝𝑡ℎ) 
 

Here, altdepth (variant allele depth) is the number of reads containing the variant base (SNP) 

and refdepth (reference allele depth) the number of reads containing the reference base. 

Several filtering steps were performed to identify putative suppressor mutation causing SNPs 

(candidate SNPs). The dominance of the suppression causing SNP is described in section 

2.2.20.2. It was observed that all suppression causing SNPs resulted in recessive phenotypes. 

Thus, all homozygous SNPs in any plant of the negative pool could be removed. Therefore, all 

SNPs with AF ≥ 0.5 were dismissed from the er-ant1 pool and the negative pool. The remaining 

SNPs with AF <0.5 in the er-ant1 pool and the respective negative pool were used for filtering 

the positive pool with the goal to exclude SNPs which were already present in the original er-

ant1 mutant and to exclude non-causative SNPs, which were randomly generated during the 

EMS-mutagenesis. Because EMS mutagenesis primarily results in G/C to A/T transitions, in the 

next filtering step, all SNPs generated by different base exchanges were removed (Maple and 

Møller, 2007). 

SNPs can be either localised to a coding or non-coding region. Although introns and other non-

coding regions can be causative for a suppressor phenotype, too (for example Thole et al., 

2008), this study focussed first on SNPs localised to coding exon regions to reduce the number 

of candidate SNPs. Within the coding region, SNPs can have various effects. An SNP can be 

non-synonymous, which results in an amino acid exchange or can lead to the gain of a 

preliminary start-codon or stop-codon. It is also possible that the SNP is synonymous, which 

means that it will have no effect because the variant codon codes for the same amino acid as 

the reference codon. To obtain only those that have an obvious impact on the resulting 

protein version, all synonymous mutations were removed. 

Accumulations of SNPs with high AFs on chromosomes indicate that a corresponding 

sequence region is essential for the phenotype used for selection. It was assumed that only 
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plants homozygous for the suppressor mutation were used as a positive pool. Therefore SNPs 

with lower AFs than the maximum AF reached in each analysis were sorted out thoroughly. 

Often, several candidate SNPs with the maximal possible AF = 1 were observed in a single line. 

The focus was mainly on these SNPs, but SNPs with slightly lower AFs were also considered, 

taking possible sequencing errors into account. Candidate SNPs of lines with maximal AFs < 1 

were also chosen. Lower AFs can have different origins, beside the not excludable possibility 

that also false-positive plants were included in the positive pool. For example, the used NGS 

platform itself has an error rate of 0.1 % and depends strongly on the quality of the used 

samples (Pfeiffer et al., 2018; Fox et al., 2014). 

 Since NGS is not free from errors (Fox et al., 2014), chosen candidate SNPs were confirmed 

via “Sanger”-sequencing (Seq-IT, Kaiserslautern, Germany) prior to further analyses. For this, 

gDNA was extracted from at least 10 individual plants of the respective M3 suppressor line. 

Furthermore, specific primers were designed for sequencing the genomic regions containing 

candidate SNPs. In parallel, also gDNA of wild type and er-ant1 plants was sequenced to 

confirm, that the respective SNPs were absent in the non-suppressor mutant plants. 

2.2.21 Bioinformatic tools used for identification of conserved domains 

2.2.21.1 NCBI CD-Search 

One promising candidate suppressor mutation was identified in AT2G33255. This gene 

encodes a putative HAD-type phosphatase. 

NCBI CD-Search (Conserved Domain-Search) was used to identify conserved domains in the 

corresponding amino acid sequence. CD-search is a web-based tool for the detection of 

conserved domains in protein sequences (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). It 

uses RPS-BLAST to compare query protein sequences against conserved domain models. If CD-

Search finds a specific hit, there is high confidence in the association between the protein 

query sequence and a conserved domain (Marchler-Bauer et al., 2017; Marchler-Bauer and 

Bryant, 2004).  

For the identification of conserved domains, CD-Search was used with the 245 amino acid long 

AT2G33255 protein sequence. It was searched against the CDD v3.17 database, including 

NCBI-curated domains and data imported from Pfam, SMART, COG, PRK, and TIGRFAM 
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(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd_help.shtml#RPSBSearchDb). To avoid 

false positive results, the expectation value threshold was set to 0.01 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd_help.shtml#WRPSBExpect). Furthermore, 

the by default enabled “composition based statistics adjustment” was used, which abolishes 

the need to mask out compositionally biased regions in query sequences 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd_help.shtml#WRPSBCompositionBasedSco

ring). 

2.2.22 Biochemical characterisation of the HAD-type phosphatase 

For the heterologous expression of the HAD-type phosphatase in E. coli and subsequent 

protein purification, the corresponding sequence was fused with a C-terminal 10x histidine-

tag (His-Tag). This was achieved by its directed insertion into the vector pET16b. In pET16b 

expression of the protein of interest is under the control of the lacI-promoter and thus 

inducible by IPTG. The expression construct was used to transform competent E. coli Rosetta 

cells. Protein expression, purification via IMAC and immunostaining were performed as 

previously described (Trentmann et al., 2007). However, in contrast to Trentmann et al., the 

soluble fraction was used for protein enrichment. 

The biochemical characterisation of the purified HAD-type phosphatase was assayed as 

previously described (Sussman and Avron, 1981). The used reaction mixture contained 20 mM 

Tris–HCl pH 7.0, 5 mM MgCl2, 1mM NaMoO4 and up to 10 mM of the tested substrates in a 

total volume of 1 ml. Approximately 25 μg/ml of purified protein was used in the enzymatic 

reactions. Reactions were stopped by adding perchloric acid to the reaction mixture. 

Subsequently, 200 µl of the mixture was used for phosphate determination. The released 

inorganic phosphate was determined as previously described (Ames, 1966). 
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3 Results  

3.1 Metabolic analysis of er-ant1 

3.1.1 Amino acid content of er-ant1 mutants 

Under photorespiratory conditions, mutant plants lacking ER-ANT1 massively accumulate 

glycine, probably due to a decreased activity of the glycine decarboxylase complex (GDC) 

(Hoffmann et al., 2013). However, the residual 40 % GDC activity in er-ant1 is apparently 

sufficient to degrade glycine during the night (Hoffmann et al., 2013) 

Interestingly, besides glycine, also other amino acid levels are changed in er-ant1 mutant 

leaves (Hoffmann et al., 2013). To further investigate the effect of missing ER-ANT1 on the 

amino acid metabolism, the levels of various amino acids in er-ant1 were quantified and 

compared with those of corresponding wild-type plants. It was of particular interest to identify 

pathways affected in er-ant1 as well as changes not resulting from disturbed photorespiration. 

For this, it was necessary to get a detailed overview of changes in amino acid concentrations, 

first. Accordingly, the different amino acids were determined in leaves not only during the day 

but also at the end of the night phase, when photorespiration was inactive for several hours. 

Furthermore, amino acids in the heterotrophic root tissue, which is basically not capable of 

photorespiration, were quantified.  

First of all, the increased day glycine content in leaves of er-ant1 mutants was verified: The 

glycine level was approximately 67-fold higher than that of the wild type (Figure 3-1 A). During 

the night, the glycine contents in wild-type and er-ant1 leaves decreased, but that of er-ant1 

(~ 2.5 µmol/g FW) was still significantly higher than that of the wild type (~ 0.01 µmol/g FW). 

Also, er-ant1 roots contained more glycine than the wild-type roots. 

During the light phase, the serine content of the er-ant1 shoot tissue was similar to that of the 

wild type (~ 2 µmol/g fresh weight (FW)) (Figure 3-1 B). In contrast to this, serine was 

substantially increased during the night, whereas the corresponding wild-type level dropped. 

Interestingly, wild-type plants exhibited less serine in roots than in shoots, whereas er-ant1 

mutants accumulated more serine in roots than in shoots.  



Results 32 

 
 

 

Figure 3-1: HPLC determined amino acid content in leaves and roots of er-ant1 and wild-type plants. Plants were 
grown at 2000 ppm CO2 in a light/dark cycle of 16/8 h for four weeks and subsequently shifted to ambient air. 
Samples were harvested after 5 d of adaptation, 5 h after onset of light. Shown are mean values of ≥ four 
individual replicates, ± SE. Asterisks indicate the significance level between wild-type and mutant plants 
according to Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001) wt: wild type. FW: fresh weight. 
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Like previously reported, er-ant1 mutant leaves exhibit decreased levels of aspartate during 

the light phase (Hoffmann et al., 2013). This result was verified (Figure 3-1 C); however, at the 

end of the night phase, aspartate levels of er-ant1 and wild-type leaves were quite similar. 

The aspartate concentration in er-ant1 roots was significantly lower (~ 0.21 µmol/g FW) than 

in the corresponding wild-type roots (~ 0.57 µmol/g FW), but here the difference was not as 

pronounced as in the illuminated shoots.  

Glutamate has a central position in the amino acid metabolism of plants. It is directly involved 

in the assimilation and dissimilation of ammonia, and it is used in aminotransferase reactions 

forming different amino acids (Forde and Lea, 2007). Leaves of er-ant1 exhibited decreased 

glutamate levels (~ 0.7 µmol/g FW) compared to wild-type leaves (~ 2.8 µmol/g FW), as 

previously reported (Figure 3-1 D; Hoffmann et al., 2013). Wild-type leaves showed identical 

daytime and nocturnal glutamate contents. The glutamate content in er-ant1 mutants was, 

however, much higher at the end of the night phase than during the day. With 

~ 3.5 µmol/g FW in er-ant1 leaves at the end of the night phase, the glutamate level was even 

significantly higher than that of the corresponding wild-type plants (~ 2.84 µmol/g FW). By 

contrast, the glutamate level of wild-type roots was with ~ 1.3 µmol/g FW approximately 

twice as high as that of the er-ant1 roots. 

The glutamine synthetase/glutamate synthase cycle represents the main entry of inorganic 

nitrogen into the plants’ pool of nitrogen compounds. Within this cycle, the glutamine 

synthetase assimilates ammonia, which is for example released during photorespiration, into 

glutamine. This glutamine may serve as a precursor for glutamate and other nitrogen 

compounds required for plant growth (Kirby et al., 2006). After illumination, no significant 

difference between the glutamine contents of wild-type (~ 3.5 µmol/g FW) and er-ant1 

(~ 2.8 µmol/g FW) leaves (Figure 3-1 E) was detected. However, the glutamine content in 

wild-type leaves harvested at the end of the dark phase dropped to ~ 0.6 µmol/g FW, whereas 

that of er-ant1 remained high (~ 2.6 µmol/ g FW). Moreover, er-ant1 roots contained 

significantly less glutamine (~ 0.9 µmol/g FW) compared to wild-type roots (~ 2.1 µmol/g FW). 

Among the 21 proteinogenic amino acids, arginine has the highest nitrogen to carbon ratio. In 

plants, arginine serves as major storage and transport form for organic nitrogen. Besides its 

use for protein synthesis, arginine is also a precursor for polyamines as well as for nitric oxide 
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(Winter et al., 2015). In illuminated leaves, arginine levels of er-ant1 were highly elevated 

(~ 0.8 µmol/g FW) compared to the wild type (~ 0.09 µmol/ g FW) (Figure 3-1 F). In the night, 

the arginine concentration decreased in wild-type and er-ant1 leaves. However, the arginine 

content of er-ant1 was with ~ 0.04 µmol/g FW still significantly higher than that of wild-type 

leaves (~ 0.008 µmol/ g FW). Compared to that, no significant differences between the 

arginine levels of wild-type and er-ant1 roots was observed. 

Alanine is formed by the reversible transfer of one amino group from glutamate to pyruvate 

which is catalysed by alanine:oxoglutarate aminotransferase. The alanine metabolism in 

plants is not entirely clarified. However, it has had been observed that alanine accumulates 

during hypoxic conditions in roots, probably to prevent loss of nitrogen and carbon from 

anaerobic fermentation (Sousa and Sodek, 2003; Miyashita et al., 2007). During the day, 

er-ant1 leaves showed a significantly decreased alanine content compared to wild-type leaves 

(~ 0.2 µmol/g FW versus ~ 0.9 µmol/g FW) (Figure 3-1 G). During the night, the alanine levels 

of er-ant1 leaves increased (~ 0.4 µmol/ g FW), and those of wild-type plants decreased 

(~ 0.3 µmol/ g FW). In roots, the alanine concentration of er-ant1 was lower than that of the 

wild type (~ 0.2 µmol/g FW versus ~ 0.3 µmol/g FW). 

Histidine formation is an energy-costly process and starts with the condensation of ATP and 

phosphoribosyl pyrophosphate. Besides being a proteinogenic amino acid, histidine plays an 

essential role in metal ion homeostasis of plants. Furthermore, histidine is of high importance 

for the development of the embryo (Stepansky and Leustek, 2006). The histidine levels of er-

ant1 leaves are significantly higher compared to those of wild-type leaves, irrespective of 

whether the tissue was harvested after illumination or at the end of the dark period 

(Figure 3-1 H). However, the opposite applies for roots: Here, the histidine level of er-ant1 was 

significantly lower (~ 0.03 µmol/g FW) than that of the wild type (~ 0.06 µmol/g FW). 

Amino acids were also quantified in plants which were cultivated at high CO2 conditions . In 

general, er-ant1 plants showed under this condition only minor changes compared to the 

wild type. However, under high CO2 er-ant1 still accumulated more glycine in shoots and roots 

than the wild type (Figure 3-2 A), but the total glycine level was much lower compared to 

ambient CO2 (Figure 3-1 A). Interestingly, alanine levels of illuminated er-ant1 leaves were 

lower under ambient CO2 (Figure 3-1 G), but higher under high CO2 (Figure 3-2 B) when 
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compared to the wild type. While the alanine content was slightly higher in er-ant1 roots at 

ambient CO2 conditions, it resembled that of the wild type at high CO2 (Figure 3-2 B). 

 

Figure 3-2: HPLC determined amino acid content in leaves and roots of er-ant1 and wild type 
plants. Plants were grown hydroponically at 2000 ppm CO2 and a light/dark cycle of 16/8 h 
for four weeks and five days. Samples were harvested 5 h after onset of light. Shown are 
mean values of five individual replicates, ± SE. Asterisks indicate the significance level 
between wild-type and mutant plants according to Student’s t-test (*P < 0.05, **P < 0.01, 
***P < 0.001). wt: wild type. FW: fresh weight. 

 

These data demonstrate that the absence of ER-ANT1 apparently affects several pathways 

associated with amino acid metabolism.  

3.1.2 Comparison of the amino acid profile of er-ant1 with that of photorespiration mutants 

The high glycine accumulation of er-ant1 leaves is due to reduced activity of the glycine 

decarboxylase complex (GDC), which is a key enzyme in the photorespiration pathway 

(Hoffmann et al., 2013). To see whether changes of other amino acids can also be explained 

by defects in photorespiration, data of this study were compared with published data of other 

mutants impaired in photorespiration (Table 3-1). 

The comparison revealed that the amino acid pattern of er-ant1 shows remarkable similarities 

to those of other mutants defective in photorespiration (Figure 3-1). However, also 

differences became apparent, for example, that illuminated er-ant1 leaves did not exhibit 

increased glutamine and serine concentrations, which are higher in several other 
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photorespiration mutants. This observation suggests that many but probably not all changes 

in the amino acid profile of er-ant1 result from the perturbation of its photorespiration. 

Table 3-1: Comparison of selected amino acid levels in illuminated leaves of er-ant1 and other photorespiration 
mutants adapted to ambient CO2 conditions.  

 
er-ant1 shm1 bou glu1 pglp1 

Glycine 68 x 104 x 222 x n.d. 12 x 

Serine = 3 x 2 x n.d. = 

Arginine 8 x 28 x 3 x 8 x 3 x 

Glutamate 4 x 4 x 2 x 4x 2 x 

Glutamine  2 x 5 x 2x 3 x 

Aspartate 8 x 5 x 3 x 3 x = 

Alanine 5 x 3 x = n.d. 6 x 

Histidine 2 x 26 x 6 x n.d. n.d. 

Shown are fold changes of the mutant compared to corresponding wild-type plants. Red colour highlights relative 
increase; blue colour indicates a decrease. ‘=’ shows that amino acid level resembles that of the wild type. ‘n.d.’ 
indicates that corresponding information was not available. Data were extracted from different publications: 
shm1: Leaf material was harvested after three weeks cultivation at high CO2 followed by two weeks adaption to 
ambient CO2 (Collakova et al., 2008). bou: 5-d-old seedlings (Eisenhut et al., 2013). glu1: Leaves were harvested 
4 h after onset of light from plans which were grown hydroponically (5 mM nitrate) at elevated CO2 for 42 days 
and subsequently adaption to ambient CO2 for 2 d (Potel et al., 2009). pglp1: Leaves were harvested 5 h after 
onset of light from 8-week-old plants permanently cultivated at high CO2 and then shifted for 5 h to ambient CO2 
conditions (Flügel et al., 2017). 

3.2 Transcriptomic analyses 

Transcriptomic analyses focus on the gene expression on the level of RNA (Dong and Chen, 

2013). Transcriptomics provide genome-wide information and thus allow the identification of 

differentially expressed genes involved within a specific biological process (Dong and Chen, 

2013). Therefore, the identification of conditions under which ER-ANT1 expression changes, 

as well as the differences between the er-ant1 transcriptome and that of other 

photorespiration mutants, may help to understand the role of ER-ANT1 in the physiological 

context. 

3.2.1 Influence of perturbations on ER-ANT1 expression 

The Genevestigator perturbation tool was used to identify conditions that significantly affect 

the expression of ER-ANT1 (Hruz et al., 2008). A high number of perturbations led to significant 
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alterations of ER-ANT1 transcript levels in wild-type and mutant plants. To give a concise 

overview, different versions (e.g. various incubation times, cultivation methods and plant 

tissues) of one basic experiment, experiments including the application of multiple stressors 

in parallel, as well as alterations in different mutant plants, were excluded. The remaining hits 

were again filtered (p-value < 0.05; fold change > 1.5) to focus on the most relevant changes 

(Table 3-2).  

The perturbation experiments revealed that several types of abiotic stressors induced ER-

ANT1 expression. For example, expression of ER-ANT1 in leaves was induced by heat stress 

(37°C, 1 h) and high light exposure (Table 3-2). These two factors are tightly connected to 

photorespiration (Peterhansel et al., 2010) and often co-occur in nature (Wang et al., 2017). 

The transcriptional regulation apparently involves the heat stress transcription factors 

HsfA1a/1b. This is because the heat-dependent induction failed in the corresponding double 

knock-out mutants (Busch et al., 2005). 

Moreover, hypoxia stimulated the expression of ER-ANT1 (Table 3-2). Hypoxic conditions can 

occur naturally in seeds and meristematic tissues, but may also result from environmental 

stresses, such as soil waterlogging (Bailey-Serres and Voesenek, 2010; Loreti et al., 2016). 

Because ATP production in mitochondria requires oxygen, its depletion ultimately leads to an 

energy crisis. Thus acclimation to hypoxia involves extensive reprogramming of gene 

expression (Branco-Price et al., 2008), which triggers inter alia fermentation processes 

(Adrover et al., 2008; Loreti et al., 2016). 

Interestingly, ER-ANT1 transcripts also accumulated in roots of seedlings after arsenate 

treatment (Table 3-2). This toxic metalloid may enter the roots accidentally via unspecific 

aquaporins or phosphate transporters (Abbas et al., 2018). In the cell, arsenate is reduced to 

arsenite, which can be sequestered in vacuoles (Gupta et al., 2011). This conversion is linked 

to the generation of dangerous reactive oxygen species and leads to the activation of 

antioxidative enzymes (Abbas et al., 2018). Further adverse effects of arsenate are inter alia 

inhibition of root growth and root cell proliferation, fertility loss, nutrient depletion, reduced 

ATP synthesis, photosynthetic inhibition and chlorophyll degradation (Abbas et al., 2018). 

Since both, hypoxia and arsenate treatment, result in ATP depletion, one might envision that 

the cellular energy state regulates the expression of ER-ANT1. However, these two 
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perturbations, just as light and heat lead to elevated ROS levels, which might also influence 

ER-ANT1 transcription (Kumar et al., 2019; Caverzan et al., 2012).  

Table 3-2: Genevestigator perturbation analysis of ER-ANT1.  

ID Source Experiment Tissue Genotype Log2FC 

00179 Busch et al., 2005 heat leaves WT 3.1 

00293 Mueller et al., 2008 phytoprostane cell culture WT 1.9 

00222 Mandaokar et al., 2006 methyl jasmonate stamen opr3 1.7 

00618 van Aken et al., 2013 high light leaves WT 1.3 

00538 Fu et al., 2014 arsenate roots WT 1.2 

00695 Albrecht et al., 2010 SCO3 disruption seedling sco3 vs WT 1.2 

00275 
Branco-Price et al., 

2008 
hypoxia seedling WT* 1.1 

00217 Pesaresi et al., 2009 PSAD1 disruption leaves psad1-1 vs WT 1.0 

00222 Mandaokar et al., 2006 OPDA stamen opr3 1.0 

00490 Narsai et al., 2011 germination seeds WT -2.2 

00466 Qin et al., 2009 pollen tube growth pollen WT -2.0 

00681 Stotz et al., 2011 S. sclerotiorum leaves WT -1.6 

00672 Zhang et al., 2012 L. huidobrensis leaves WT -1.6 

00490 Narsai et al., 2011 stratification seeds WT -1.6 

00626 Pandey et al., 2013 drought leaves WT -1.5 

00670 Maeda et al., 2014 cold leaves WT -1.4 

00199 Li et al., 2006 3 % glucose seedling WT -1.4 

00696 Xiong et al., 2013 TOR RNAi seedling tor RNAi vs WT -1.1 

00587 Singh et al., 2012 LecRK-VI.2 Oex leaves OH1 vs WT -1.1 

00291 Qiu et al., 2008 benzothiadiazole whole plants WT -1.1 

00063 Greville K., 2007 ** 100 mM sucrose seedling WT -1.0 

00391 MacLean D., 2009 *** methyl jasmonate leaf WT -1.0 
WT = wild type.  * Wild type with 35S:His6FLAG-RPL18B ; ** (www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE6158); 
 *** www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17464 
 

It became apparent that ER-ANT1 expression is associated with jasmonic acid (JA) metabolism. 

Phytoprostanes are structurally highly related to the JA synthesis intermediate OPDA (Mueller 

et al., 2008). Both, phytoprostanes and OPDA, induce the expression of genes related to 
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detoxification, stress responses and secondary metabolism (Mueller et al., 2008) as well as of 

ER-ANT1 (Table 3-2). Interestingly, the volatile JA derivative methyl jasmonate (MeJA) lowers 

the ER-ANT1 transcript level in wild-type plants but leads to a stimulated expression in stamen 

of mutant plants lacking OPDA reductase 3 (OPR3) (Table 3-2).  

Also, sco3 and psad1-1 mutant plants showed higher ER-ANT1 expression than the respective 

wild-type control (Table 3-2). The sco3 mutant carries a missense mutation in a gene encoding 

the microtubule-associated peroxisomal protein SNOWY COTYLEDON 3 (SCO3) (Albrecht et 

al., 2010) whereas the psad1-1 mutant lacks the D-subunit of photosystem I, PsaD1 

(Ihnatowicz et al., 2004). These two mutants are impaired in chloroplast function and plant 

growth. While psad1-1 mutants show increased photosensitivity, due to disturbed electron 

transfer from PSI to ferredoxin (Ihnatowicz et al., 2004), sco3 mutants exhibit photoinhibition 

at high CO2 conditions (0.6 %), pointing to a yet unknown role of SCO3 during 

photorespiration (Albrecht et al., 2010).  

ER-ANT1 is an ATP transport protein and therefore, it is interesting that ER-ANT1 expression 

is downregulated during germination (compared to desiccated seeds) and pollen tube growth 

(compared to dry pollen samples). These two developmental stages are highly energy 

consuming. However, the origin of the ATP in the tissues is not fully understood. For ATP 

synthesis in germinating seeds, a pathway which oxidises malate and provides 

phosphoenolpyruvate as a potential substrate for ATP synthesis has been suggested (Perl, 

1986). In this pathway, also alcohol dehydrogenases might be involved by the anaerobic 

recycling of NADH to NAD+ (Perl, 1986). The source of ATP during pollen tube formation is also 

complex and intensely discussed (Selinski and Scheibe, 2014). Although it has been shown that 

mitochondria are highly abundant and that mitochondrial respiration plays a role during 

pollen tube growth, this developmental process is rarely sensitive to inhibition of 

respiration (Selinski and Scheibe, 2014). Besides, it is known that also fermentation processes 

are involved in pollen tube growth, but it is suggested to be insufficient to fulfil the high 

demand for ATP (Selinski and Scheibe, 2014). 

The expression of ER-ANT1 is downregulated in seedlings by cold and drought and in seeds 

during stratification (Table 3-2). Both, cold and drought, are known to induce the 

accumulation of soluble sugars (Déjardin et al., 1999). Because ER-ANT1 expression is also 
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downregulated by sucrose and glucose addition, the cold- and drought-dependent repression 

might be caused by the corresponding sugar accumulation. In this context, it is important to 

mention that O2 deficiency is associated with an almost complete sugar depletion and with 

increased ER-ANT1 expression (Déjardin et al., 1999).  

Interestingly, treatment with the necrotrophic ascomycete Sclerotinia sclerotiorum and the 

herbivore Liriomyza huidobrensis led to downregulation of ER-ANT1 expression (Stotz et al., 

2011; Zhang et al., 2012). In Arabidopsis, the activation of corresponding pathogen defence 

mechanisms depends on JA, salicylic acid and ethylene signalling (Guo and Stotz, 2007; Zhang 

et al., 2012). Benzothiadiazole (BTH) is a synthetic analogue of salicylic acid and mimics its 

function (Kouzai et al., 2018). Just like the pathogens, also BTH caused downregulation of 

ER-ANT1 (Table 3-2). Moreover, it was shown that ER-ANT1 expression is reduced in plants 

overexpressing the L-type lectin receptor kinase-VI.2 (LecRK-VI.2) (Singh et al., 2012). 

Interestingly, this kinase is a positive regulator of bacterial PAMP-triggered immunity and acts 

in MeJA-mediated stomata closure (Yekondi et al., 2018).  

Furthermore, ER-ANT1 expression is lower in TOR (TARGET OF RAPAMYCIN) RNAi plants than 

in wild-type plants. In mammalian, the TOR kinase mediates the translational control of cell 

proliferation and insulin signalling and plays a role in cancer initiation and metastasis (Xiong 

et al., 2013). The corresponding TOR kinase from plants acts as a central integrator of nutrient, 

energy, light and hormone signalling in the regulation of plant growth (Wu et al., 2019).  

3.2.2 Transcriptomic analysis of er-ant1 mutants  

It is already known that er-ant1 exhibits alterations in various metabolites (Figure 3-1; 

Hoffmann et al., 2013). Therefore, it was not surprising that also the transcriptome indicated 

that multiple pathways are affected in this mutant. Microarrays provide a 

high-throughput platform for the determination of gene expression on the whole genome 

level. For Arabidopsis, a comprehensive collection of reference expression data from different 

mutants, tissues and treatments is publicly available. This enables to identify possible 

similarities of own data to already described effects (Rensink and Buell, 2005). Therefore, the 

transcriptome of er-ant1 mutants that were adapted to ambient CO2 conditions was 

compared with that of corresponding wild-type plants. In total, 2501 transcripts were at least 
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2-fold increased and 2148 transcripts were at least 2-fold decreased in er-ant1 plants 

compared to the wild type (Figure 3-3 A). 

PANTHER gene ontology (GO) analyses were performed to figure out whether the 

differentially expressed genes are characteristic for specific pathways (Thomas et al., 2003). 

The upregulated transcripts clustered in 50 key GO terms such as ‘response to biotic stimuli’, 

‘cellular response to hypoxia’, ‘abscisic acid’, ‘ethylene stress‘, ‘salt stress’, ‘responses to 

hydrogen peroxide’ and ‘leaf senescence’ (data not shown). The downregulated transcripts 

accumulated in 69 clusters, including ‘purine ribonucleoside salvage’, ‘chlorophyll 

biosynthetic processes’, ‘protein import into the chloroplast’, ‘photosynthesis’, ‘water 

transport’, ‘jasmonic acid biosynthetic processes’, ‘phloem transport’, ‘response to red light’ 

and many more (data not shown).  

The connection between the lack of ER-ANT1 and its photorespiratory phenotype is entirely 

unknown. It is likely that the photorespiratory phenotype is due to secondary/pleiotropic 

effects induced by the missing ER-ANT1 protein. Therefore, it was interesting to test whether 

it is possible to dissect transcriptional changes caused by the photorespiratory defect from 

those not associated with photorespiration. For that, the er-ant1 mutant transcriptome was 

compared with publicly accessible data from other photorespiration mutants. 

Eisenhut et al. analysed the whole-genome expression of wild-type and photorespiration 

mutant plants exposed to ambient air (Eisenhut et al., 2017). Within the study, the 

investigators compared a mutant lacking the peroxisomal glycerate dehydrogenase (HPR), 

which shows a weak photorespiratory phenotype, and three strong photorespiration mutants, 

lacking either plastidial 2-phosphoglycolate phosphatase (PGLP), mitochondrial serine 

hydroxymethyltransferase (SHMT) or D-glycerate 3 kinase (GLYK). Microarray data of er-ant1 

were compared with the RNAseq data of the photorespiration mutants analysed by 

Eisenhut et al., 2017 to identify genes differentially expressed in the er-ant1 mutant 

exclusively (Figure 3-3 B, C).  

44 % of the genes higher expressed in er-ant1 plants compared to wild-type plants are also 

upregulated in all strong photorespiration mutants (Figure 3-3 B). Furthermore, 79 % of all 

upregulated genes are at least also induced in one photorespiration mutant (Figure 3-3 B). 

When comparing the er-ant1 transcriptome to the transcriptome of every single mutant, 
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er-ant1 rather resembles the strong photorespiration mutants than the weak hpr1 mutant. 

Among the strong photorespiration mutants, er-ant1 is most similar to the shm1 mutant, 

which shares 68 % of all upregulated genes in er-ant1 (Figure 3-3 B). 

The same analysis was performed with genes which expression was relatively downregulated 

in er-ant1. Here, 24 % are also downregulated in all strong photorespiration mutants, while 

72 % are downregulated at least in one of the photorespiration mutants used for comparison 

(Figure 3-3 C). Just like observed for the upregeultad genes, er-ant1 showed more similarity 

to the expression profile of the strong photorespiration mutants with the highest similarity to 

shm1, while only 4 % of downregulated genes in er-ant1 were also downregulated in the weak 

photorespiration mutant hpr1 (Figure 3-3 B).  
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Figure 3-3: Transcriptome of er-ant1 after the shift from high to ambient CO2 and comparison with other 
photorespiration mutants. (A) Global transcriptional response of er-ant1 towards shift from high to ambient CO2 
conditions. All changes are given as log2-fold values compared to wild type. (B) Overlap of upregulated genes 
and (C) downregulated genes between er-ant1 and photorespiration (PR) mutants. Presented are shares (in %) 
between er-ant1 and all strong mutants (shm1, glyk1, pglp1), at least one PR mutant, single PR mutants and 
mutant-specific responses. er-ant1 data: Microarray, 4d shift, this study. Other PR data: RNA-seq, 8h shift, 
(Eisenhut et al., 2017). 



Results 44 

 
 

Next, an in-depth gene ontology analysis was conducted with those genes differentially 

regulated in er-ant1 but not in other strong photorespiration mutants (for details see 6.1 in 

the appendix). The obtained results were useful to assign transcriptional responses of er-ant1 

to the general defective photorespiration and to identify changes specific to er-ant1.  

3.2.3 The interplay between CO2 assimilation and nitrate metabolism in er-ant1 

Both nitrate and CO2 assimilation depend on the provision of reducing equivalents. It is well 

known that elevated CO2 levels stimulate carbon fixation in the Calvin cycle and by this the 

consumption of plastidic NADPH, whereas low CO2 decreases photosynthetic carbon fixation 

and the corresponding need for NADPH in the chloroplast stroma (Bloom, 2015). 

Consequently, photorespiratory conditions increase the availability of stromal NADPH. Excess 

reducing power can leave the plastid via the malate valve and fuel cytosolic nitrate reduction 

with NADH. The elevated NADPH availability in the stroma is not only beneficial for nitrate but 

also nitrite reduction. This is because a high stromal NADPH/NADP ratio slows down the 

consumption of reduced ferredoxin by the ferredoxin-NADP reductase (Bloom, 2015). The 

resulting higher level of reduced ferredoxin supports the transfer of reducing power to the 

ferredoxin-nitrite reductase (NIR1), which exhibits a lower affinity than the ferredoxin-NADP 

reductase (Bloom, 2015). Interestingly, low CO2 levels do stimulate not only the reduction 

processes involved in nitrate assimilation but also the translocation of  

nitrite (NO2
-) from the cytosol into the stroma (Bloom, 2015). This is because the plastidic 

import of both, CO2 and NO2
-, relies on the proton gradient across the chloroplast envelope. 

Consequently, a reduced passage of CO2 leads to a higher proton gradient, which can drive 

NO2
- import more efficiently (Bloom, 2015).  

Arginine accumulates in illuminated er-ant1 leaf tissues as well as in other photorespiration 

mutants (Table 3-1). This amino acid has the highest nitrogen/carbon ratio and plays a key 

role in nitrogen metabolism (Slocum, 2005). Since CO2 fixation and nitrogen assimilation are 

competitive processes in plants (Blume et al., 2019), the arginine accumulation of er-ant1 

might be indicative for a decreased carbon assimilation capacity compared to the wild type. 

Therefore, microarray data of er-ant1 and wild-type plants were compared, and possible 

alterations in the expression of Calvin cycle genes were visualised with the software MapMan 

(Version 3.6.0RC1, Thimm et al., 2004) (Figure 3-4). In er-ant1, the expression of Calvin cycle 
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genes was either not affected or downregulated when compared to the wild type (Figure 3-4). 

Several genes associated with the RuBisCO protein (RuBisCO small subunits RBCS-1B, RBCS-

2B, RBCS-3B and the chaperonins for RuBisCO assembly CPN60A1, CPN60B1) showed much 

lower expression in er-ant1 than in the wild type. Moreover, expression of the ATP-consuming 

phosphoglycerate kinase and of the NADPH-consuming glyceraldehyde-3-phosphate 

dehydrogenase was markedly reduced in er-ant1. These data imply that in er-ant1, the 

observed arginine accumulation may result from its decreased CO2 assimilation capacity. In C3 

plants, exposure to low CO2 is known to decelerate the Calvin cycle and to cause the 

corresponding arginine accumulation (Blume et al., 2019). In er-ant1, however, these 

metabolic responses are already visible under ambient CO2 conditions.  

 

Figure 3-4: MapMan analysis of the Calvin cycle with er-ant1 transcriptome data (log2-fold change ≥ 1; ≤ -1). Blue 
boxes indicate lower gene expression in er-ant1 compared to the wild type. The scale (right) describes the change 
in gene expression of er-ant1 versus wild type (log2- fold change). 

 

Elevated cellular arginine levels are often associated with a downregulation of genes involved 

in its synthesis and upregulation of genes for its catabolism. When er-ant1 is cultivated under 

ambient CO2, its metabolism resembles that of wild-type plants exposed to low CO2 at least in 

terms of CO2 fixation and arginine accumulation (Hoffmann et al., 2013). Therefore, it was 
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interesting to check whether the expression of genes involved in arginine metabolism in 

ambient-air-exposed er-ant1 plants mimics the low-CO2-induced status of wild-type plants. 

In wild-type plants, transcript levels of genes associated with ornithine biosynthesis and 

ornithine to arginine conversion are substantially downregulated by low CO2 (Figure 3-5). A 

corresponding downregulation was not visible in er-ant1 exposed to ambient air. Therefore, 

elevated arginine levels do not affect the expression of arginine synthesis genes in er-ant1. 

However, low CO2-induced alterations in the expression of genes involved in arginine 

degradation of the wild-type plants highly resemble the situation in er-ant1 cultivated at 

ambient air. 

 

Figure 3-5: Comparison of gene regulation of wild-type plants cultivated at low CO2 (Blume et al., 2019) and er-
ant1 cultivated at ambient CO2. Gene regulation and metabolites involved in ornithine synthesis and 
degradation. The picture was adapted from Blume et al., 2019 (“Fig 1. Overview on ornithine synthesis and 
degradation.”). Blue colours and arrows downwards indicate a decrease, red colours and arrows upwards 
indicate an increase. Values without unit are expression log2 fold changes in the microarray of er-ant1 mutants 
grown at ambient air conditions for four days compared to corresponding wild-type plants. Percentage values 
refer to the percentage of metabolites in er-ant1 grown at ambient CO2 conditions for five days compared to 
corresponding wild-type plants. ARGAH, arginase; ASL, argininosuccinate lyase; ASSY, argininosuccinate 
synthetase; CARA, carbamoyl phosphate synthetase A; CARB, carbamoylphosphate synthetase B; NAGS2, N-
acetyl-L-glutamate synthase 2; δOAT, ornithine-δ-aminotransferase; OTC, ornithine transcarbamylase; PII, PII 
protein; P5CDH, pyrroline-5-carboxylate dehydrogenase; P5CR, pyrroline-5-carboxylate reductase; P5CS1, 
pyrroline-5-carboxylate synthetase; PRODH, proline dehydrogenase. 
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Arginine degradation requires its transport into mitochondria (Winter et al., 2015) where 

arginases catalyse the hydrolysis of arginine to urea and ornithine. Two arginases exist in 

Arabidopsis, and ARGAH2 represents the major isoform expressed in leaves. Interestingly, 

expression of ARGAH2 is downregulated in the wild type by low CO2 as well as in the er-ant1 

mutant at ambient air. However, it remains unaffected in other strong photorespiration 

mutants (Brownfield et al., 2008; Eisenhut et al., 2017).  

3.2.4 Jasmonate synthesis is affected in er-ant1 

Analyses of the nitrate metabolism in er-ant1 revealed downregulation of ARGAH2 and thus 

of arginine degradation. Interestingly, ARGAH2 expression is induced by jasmonate 

(Brownfield et al., 2008). Jasmonic acid (JA) is an important signalling molecule in plant 

defence and metabolic regulation and has an essential function in plants male fertility (Caarls 

et al., 2017; Thines et al., 2013). The observed downregulation of ARGAH2 (Figure 3-5) might 

thus be indicative for a reduced JA level in er-ant1. It is important to keep in mind that the 

other photorespiration mutants do not show a correspondingly reduced ARGAH2 expression 

(Eisenhut et al., 2017). Therefore, it was checked whether the expression of JA synthesis-

related genes is downregulated in er-ant1 and whether this does not apply to other 

photorespiration mutants (Figure 3-6). 

JA biosynthesis begins in the plastid with the release of α-linolenic acid from galactolipids of 

chloroplast membranes by phospholipase 1 (PLA1) (Wasternack and Hause, 2013). The 

expression of PLA1 was downregulated in er-ant1 but not in other strong photorespiration 

mutants. The following oxygenation of α-linolenic acid is catalysed by 13-lipoxygenases (13-

LOXs). In er-ant1, three out of four genes encoding the 13-LOXs were differentially regulated. 

While expression of LOX4 is upregulated in er-ant1 and other strong photorespiration 

mutants, LOX2 and LOX6 are exclusively downregulated in er-ant1. The latter two encode LOX 

proteins which are responsible for the wound-induced synthesis of JA in leaves (LOX2) and 

roots (LOX6) (Chauvin et al., 2016; Grebner et al., 2013). In contrast, LOX4, just as LOX3, is only 

expressed in vascular tissues and was shown to be important for JA controlled male fertility 

(Caldelari et al., 2011). 
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Figure 3-6: MapMan analysis of differentially expressed genes in er-ant1 related to jasmonic acid synthesis. 
A: Differentially expressed genes in er-ant1 grown at ambient CO2 compared to corresponding wild-type plants. 
B: Differentially expressed genes in er-ant1 but not in other strong photorespiration mutants (comparison with 
transcriptomic data of shm1, pglp1 and glyk1 Eisenhut et al., 2017). (log2-fold change ≥ 1; ≤ -1). Blue boxes 
indicate lower gene expression in er-ant1 compared to the wild type; red boxed indicate higher expression in 
er-ant1. The scales (right) describes the change in gene expression of er-ant1 versus wild type (log2- fold change). 

JA biosynthesis continues with the conversion of (13S)-hydroperoxy linoleic to an unstable 

allene epoxide catalysed by allene oxide synthase (AOS). AOS is encoded by a single gene in 

Arabidopsis (Laudert et al., 1996). Defects in AOS function result in impaired JA biosynthesis 

and cause male sterility. The corresponding gene expression is downregulated exclusively in 

er-ant1.  

Allene oxide cyclases (AOC) catalyse the next step of JA synthesis, which is the cyclisation of 

allene epoxide to 12-oxo-phytodienoic acid (OPDA). The expression of three of the four AOC 

isoforms (AOC1, 3 and 4) was downregulated in er-ant1 but not in other photorespiration 

mutants. Expression of AOC1 is even upregulated in the strong photorespiration mutants 

(Eisenhut et al., 2017).  

The generated OPDA is transported to peroxisomes, where it is reduced to 3-oxo-2-(cis-2′-

pentenyl)-cyclopentane-1-octanoic acid by the OPDA reductase 3 (OPR3) (Nguyen et al., 

2017). The expression of OPR3 was downregulated in er-ant1, whereas in other strong 

photorespiration mutants, OPR3 expression has shown to be even increased (Eisenhut et al., 

2017). Mutant plants completely lacking OPR3 are male sterile (Stintzi and Browse, 2000). The 
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Arabidopsis genome encodes two further characterised OPRs (OPR1 & OPR2) and three yet 

uncharacterised putative OPRs (OPR4, OPR5 & OPR6) (Beynon et al., 2009). Expression of 

OPR1 and OPR4 was upregulated in er-ant1 as well as in the strong photorespiration mutants, 

whereas OPR6 expression was downregulated in er-ant1 exclusively. In this context, it is 

important to note that these OPRs are not associated with JA biosynthesis or apparently play 

a minor role in this process. For example, OPR1 is predicted to be located to the cytosol and 

may detoxify explosive 2,4,6-trinitrotoluene (TNT) as well as probably other xenobiotics in 

roots (Beynon et al., 2009). In er-ant1, the expression of genes involved in the final steps of JA 

biosynthesis was unaltered when compared to the wild type.  

This analysis demonstrates that in er-ant1, the expression of JA biosynthesis genes is 

downregulated at different positions but remains comparatively unaffected in the typical 

photorespiration mutants.  

3.2.5 Analysis of serine-metabolism in er-ant1 leaves 

Serine is required for the biosynthesis of proteins and several other biomolecules involved in 

various pathways (Ros et al., 2014). Plants can use three different pathways for serine 

production (Figure 3-7) (Ros et al., 2014). The glycolate pathway takes place in mitochondria 

and uses glycolate from the photorespiratory pathway as a precursor for serine production. 

Therefore, this pathway occurs in photosynthetic tissues, where it is the dominating route for 

serine biosynthesis (Douce et al., 2001). The resulting serine can be distributed via long-

distance transport throughout the whole plant. The phosphorylated pathway of serine 

biosynthesis (PPSB) is located in plastids and is of importance in cell types not conveniently 

connected to the vasculature (e.g. embryo or pollen grains) or during dark periods, when 

photorespiration is inactive (Ros et al., 2014). The same is true for the glycerate pathway in 

the cytosol, which is, in general, less explored.  

Although serine metabolism is tightly connected with photorespiration, er-ant1 differs in this 

context from other photorespiration mutants. Illuminated leaves of photorespiration 

mutants, such as shm1 and bou, were shown to exhibit elevated serine contents (Eisenhut et 

al., 2013; Collakova et al., 2008), whereas those of er-ant1 are at wild-type level (Figure 3-1 B; 
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Hoffmann et al., 2013). However, er-ant1 contained higher serine levels than the wild type in 

leaves during the night or in roots (Figure 3-1 B).  

 

Figure 3-7: Serine biosynthesis in plants. PGDH: 3-phosphoglycerate dehydrogenase; PSAT: 3-phosphoserine 
aminotransferase; PSP: 3-phosphoserine phosphatase; PGAP: 3-phosphoglycerate phosphatase; HPR: Glycerate 
dehydrogenase (hydroxypyruvate reductase); AGT1: Serine--glyoxylate aminotransferase; SHMT: serine 
hydroxymethyltransferase. Picture adapted from Ros et al., 2014. 

Analyses of transcriptome data revealed increased expression of several important PPSB 

genes in the leaves of the strong photorespiratory mutants (Eisenhut et al., 2017). In er-ant1, 

the expression of the major 3-phosphoglycerate dehydrogenase, PGDH1 (Ros et al., 2014), is 

similar to the wild type whereas shm1, glyk1 and pglp1 show increased transcription of the 
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corresponding gene (Table 3-3). Expression of PGDH2 was higher in the strong 

photorespiration mutants as well as in er-ant1. However, in contrast to PGDH1, PGDH2 

appears to be of minor importance and whether it actually plays a role in serine biosynthesis 

is not clarified yet (Benstein et al., 2013).  

The Arabidopsis genome encodes two phosphoserine aminotransferases (PSATs). PSATs 

generally mediate the amino group transfer from glutamate to 3-phosphohydroxypyruvate 

(Ros et al., 2014). The isoform PSAT1 was shown to be part of the PPSB in which it catalyses 

the second step of serine synthesis (Wulfert and Krueger, 2018). However, whether PSAT2 is 

of any importance in the PPSB is not known. The generally weaker expression of PSAT2 

compared to PSAT1 as well as its inability to complement the loss of PSAT1 function, rather 

point to no or a comparatively minor relevance in serine biosynthesis (Wulfert and Krueger, 

2018). Expression PSAT1 was up- and that of PSAT2 was downregulated in the strong 

photorespiration mutants but remained at wild-type level in er-ant1 (Table 3-3). Expression of 

the final enzyme of the PPSB, the 3-phosphoserine phosphatase, was not altered in any of the 

tested mutants. 

Table 3-3: Expression of genes involved in the PPSB in er-ant1 
and strong photorespiration (PR) mutants. 

Name ID er-ant1 Strong PR mutants 

PGDH1 AT4G34200 --- up 

PGDH2 AT1G17745 up up 

PGDH3 AT3G19480 --- --- 

PSAT1 AT4G35630 --- up 

PSAT2 AT2G17630 --- down 

PSP AT1G18640 --- --- 

3.2.6 Analysis of the S-adenosylmethionine metabolism in er-ant1 leaves 

The serine synthesised by the PPSB can directly act as a precursor for the tryptophan, cysteine 

and homocysteine production in the plastid (Okamura and Hirai, 2017). In the chloroplast, as 
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well as after transfer to the cytosol, homocysteine is converted into methionine. This reaction 

is catalysed by methionine synthetases (MS) and involves a folate-mediated one-carbon 

transfer. In tetrahydrofolate metabolism, the single carbon units are supposed to originate 

also from the serine provided by the PPSB (Wulfert and Krueger, 2018). The PPSB is stimulated 

in photorespiration mutants but not in er-ant1, and thus it was of interest to compare their 

transcriptome data regarding methionine biosynthesis. 

The Arabidopsis genome encodes two cytosolic MS isoforms (MS1 and MS2) and one plastidic 

(MS3) (Ravanel et al., 2004). The expression of MS1 and MS2 is downregulated in er-ant1, 

glyk1 and pglp1 but not in shm1 (Table 3-4, Eisenhut et al., 2017). MS3 expression was neither 

affected in er-ant1 nor in one of the strong photorespiration mutants (Table 3-4). Therefore, 

the cytosolic conversion of homocysteine to methionine might be reduced in er-ant1 but also 

in glyk1 and pglp1.  

Table 3-4: Gene expression of methionine synthases in er-ant1 and strong 
photorespiration mutants. 

Name localisation ID er-ant1 shm1 glyk1 pglp1 

MS1 cytosol AT5G17920 down --- down down 

MS2 cytosol AT3G03780 down --- down down 

MS3 chloroplast AT5G20980 --- --- --- --- 

Interestingly, only about 20 % of the plant methionine is incorporated into proteins, whereas 

80 % are activated to S-adenosylmethionine (SAM). SAM represents one of the most abundant 

cofactors. Amongst its other functions, it is required for one-carbon group transfer to different 

acceptor molecules and is involved in various metabolic processes. SAM production takes 

place in the cytosol. Here, SAM synthetases (SAMs) catalyse the adenosyl-group transfer from 

ATP to methionine (Sauter et al., 2013; Hesse et al., 2004). 

Arabidopsis possesses four SAMs (SAM1-SAM4). SAM1, SAM2 and SAM4 are expressed in 

most tissues (Chen et al., 2016). Analyses of corresponding mutant plants demonstrate the 

importance of the cofactor in plant metabolism: For example, double mutants lacking SAM2 

and SAM4 are nonviable and double mutants lacking SAM1 and SAM4 or SAM1 and SAM2 
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exhibit a dwarf phenotype (Mao et al., 2015; Meng et al., 2018). Moreover, the absence of 

functional SAM4 results in highly reduced SAM levels and lower DNA and histone methylation. 

Therefore, it has been suggested that SAM is also involved in the modulation of the epigenetic 

status (Meng et al., 2018). The chloroplast located isoform SAM3 is expressed predominantly 

in pollen (Chen et al., 2016) and plays a specific role during pollen germination and tube 

growth.  

Interestingly, when compared to the wild type, the expression of three out of four SAMs was 

downregulated in er-ant1 but remained unaltered in other photorespiratory mutants (Table 

3-5; Eisenhut et al., 2017). In er-ant1, only the expression of SAM1 is at wild-type level, 

however, it is upregulated in pglp1.  

Table 3-5: Gene expression of S-adenosylmethionine synthases 
in er-ant1 and strong photorespiration mutants. 

Name ID er-ant1 shm1 glyk1 pglp1 

SAM1 At1G02500 --- ---- ---- up 

SAM2 At4G01850 down ---- ---- ---- 

SAM3 At2G36880 down ---- ---- ---- 

SAM4 At3G17390 down ---- ---- ---- 

SAM represents one of the most abundant cofactors. Therefore, it is not surprising that its 

synthesis consumes high amounts of methionine and adenine nucleotides. The previous 

analyses revealed that the phosphatase pathway of serine biosynthesis is upregulated in the 

strong photorespiration mutants but not in er-ant1. This might decrease the availability of 

PPSB derived serine and thus also of methionine in er-ant1. It is imaginable that the limited 

substrate availability causes downregulation of SAM synthesis, particularly in er-ant1. On the 

other hand, one may envision that perturbations in SAM metabolism or related processes 

might affect the biosynthesis and thus provision of the corresponding substrates.  
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3.2.7 The er-ant1 plants show alterations in the cellular redox state 

It is known that er-ant1 mutants contain higher levels of reactive oxygen species (ROS) than 

the wild type (Hoffmann et al., 2013). Moreover, in er-ant1, the total amount of reduced (GSH) 

and oxidised (GSSG) glutathione, as well as the GSH/GSSG ratio, is increased (Hoffmann et al., 

2013). These facts point towards a generally elevated cellular redox state in er-ant1. 

Interestingly, the transcriptomic analysis revealed that expression of three out of five genes 

coding for alternative oxidases (AOXs) is upregulated in er-ant1 (Table 3-6). Correspondingly 

higher activity of AOXs implies that the use of reducing equivalents is shifted from oxidative 

phosphorylation to energy dissipation without ATP production. This mechanism allows 

preventing over-energisation of the respiratory chain and ROS formation in mitochondria 

(Vishwakarma et al., 2014). 

With regard to the defective photorespiration in er-ant1, particularly the upregulation of 

AOX1A expression is interesting. This is because the corresponding protein is of importance 

for balancing the NAD(P)H/ATP ratio and optimising photosynthesis in response to changing 

CO2 and light conditions (Vishwakarma et al., 2014; Dahal and Vanlerberghe, 2018). The 

upregulation of AOXs is in line with a generally increased redox state of er-ant1 (Hoffmann et 

al., 2013). 

Table 3-6: Expression of genes encoding alternative oxidases in er-ant1. 

Name ID Description log2 FC 

AOX1A AT3G22370 alternative oxidase 1A 5.4 

AOX1B AT3G22360 alternative oxidase 1B 1.4 

AOX1C AT3G27620 Alternative oxidase 1C 0 

AOX1D AT1G32350 alternative oxidase 1D 8.4 

AOX2 AT5G64210 Alternative oxidase 2 0.7 

Another possibility to counteract over-energisation in mitochondria is the action of rotenone-

insensitive type II NAD(P)H dehydrogenases. These non-pumping enzymes can bypass 

complex I by transferring electrons from NAD(P)H to ubiquinol (Michalecka et al., 2003). The 
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type II NAD(P)H dehydrogenases NAD1 and NAD2 reside at the matrix-facing surface of the 

mitochondrial inner membrane, whereas NDB1-NDB4 are present at the cytosolic side. 

Having seen that three AOX transcripts were upregulated in er-ant1, it was of interest to check 

whether also the expression of type II NAD(P)H dehydrogenase genes is differentially 

regulated in this mutant. The expression of all corresponding genes, except for NDB1, was 

upregulated in er-ant1 (Table 3-7). Therefore, at least two processes for removal of reduction 

power (AOX and NAD(P)H dehydrogenases) without concomitant ATP production are 

apparently stimulated in er-ant1. 

Table 3-7: Altered type II NAD(P)H dehydrogenase gene transcripts in er-ant1 plants. 

ID Name Description log2 FC 

NDA1 AT1G07180 NAD(P)H dehydrogenase A1  2.0 

NDA2 AT2G29990 NAD(P)H dehydrogenase A2  1.6 

NDB1 AT4G28220 NAD(P)H dehydrogenase B1  0.1 

NDB2 AT4G05020 NAD(P)H dehydrogenase B2  3.5 

NDB3 AT4G21490 NAD(P)H dehydrogenase B3 2.9 

NDB4 AT2G20800 NAD(P)H dehydrogenase B4 5.3 

The mitochondrial malate dehydrogenase (mMHD) is involved in the maintenance of low 

NADH concentrations in the matrix (Bykova et al., 2014). Particularly during photorespiration, 

mMDH activity is of importance, since the GDC is feedback-inhibited by NADH. The catalytic 

activity of mMDH consumes NADH and releases NAD+ and by this guarantees high fluxes 

through the GDC (Bykova et al., 2014). Interestingly, when compared to wild-type plants, in 

er-ant1 expression of both mMDH is downregulated (Table 3-8). While the transcript level of 

mMDH1 is reduced in er-ant1 exclusively, that of mMDH2 is also lower in shm1 and pglp1 

(Eisenhut et al., 2017). At first glance, this regulation might imply that particularly in er-ant1, 

the NADH/NAD ratio in the mitochondrial matrix is rather too low than too high. However, it 

is also imaginable that misregulation of the mMDH in the mitochondrial matrix results in an 
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elevated mitochondrial NADH level which inhibits GDC activity and causes the 

photorespiratory phenotype.  

Table 3-8: Gene expression of mitochondrial malate dehydrogenases in er-ant1. 

Name ID er-ant1 shm1 glyk1 pglp1 

mMDH1 AT1G53240 down --- --- --- 

mMDH2 AT3G15020 down down --- down 

3.2.8 Expression signature of genes encoding mitochondrial proteins in er-ant1 

It has been proposed that AOXs fulfil an overall role in the reprogramming of the cellular 

metabolism in response to changing environments from which plants cannot escape (Clifton 

et al., 2006). Clifton et al. investigated AOX responses to different treatments. Furthermore, 

they clustered expression profiles of 670 genes encoding mitochondrial proteins in response 

to 219 treatments. Based on this, the corresponding list of candidate genes was used for 

Genevestigator signature studies to identify a possible re-programming also in er-ant1.  

In the er-ant1 transcriptome, 142 of the 670 genes encoding mitochondrial proteins (Clifton 

et al., 2006) were differentially regulated. This list of genes was used together with the 

corresponding log2 FC values to run the Genevestigator signature tool (Zimmermann et al., 

2004; Hruz et al., 2008), which allows for identifying mutations and conditions that induce 

similar gene expression patterns.  

More than 50 mutations and conditions highly related to those occurring in er-ant1 could be 

identified (Figure 3-8). The perturbation hits revealed a comparatively high number of 

herbicides inhibiting the acetolactate synthase (ALS) (Table 3-9).  
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Figure 3-8: Expression signature of genes encoding mitochondrial proteins in er-ant1. Shown are the expression signature of 142 genes which encode mitochondrial proteins and are 
differentially regulated in er-ant1 (first line) and identified conditions which cause most similar expression signatures. Green colour indicates downregulation; red colour indicates upregulation. 
Genes were considered as differentially regulated when log2 fold change was lower than -1 or higher than 1. 
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Table 3-9: Identified herbicide experiments provoking expression signatures similar to er-ant1. 

Experiment ID Source  Perturbation Mode of action 

AT-00533 Das et al., 2010 Sulfometuron methyl  ALS (Brown, 1990) 

AT-00532 Das et al., 2010 Primisulfuron methyl ALS (Brown, 1990) 

AT-00532 Das et al., 2010 Cloransulam methyl ALS (Pline et al., 2002) 

AT-00531 Das et al., 2010 Imazapyr ALS (Muhitch et al., 1987)  

ALS catalyses two reactions in the branched-chain amino acid biosynthesis (BCAA) pathway: 

In one reaction, it converts two pyruvate molecules to 2-acetolactate, which is subsequently 

used for leucine and valine production. Moreover, ALS synthesises 2-acetohydroxybutyrate 

for isoleucine production from pyruvate and 2-ketobutyrate (Zhou et al., 2007).  

ALS-inhibitors and glyphosate (GLP) are two classes of herbicides which specifically inhibit one 

enzyme in either branched chain (ALS-inhibitors) or aromatic (GLP) amino acid synthesis (Zulet 

et al., 2015). Interestingly, it has been shown that both herbicides reduce ATP production by 

induction of fermentation and alternative respiration (Zulet et al., 2015).  

3.2.9 Fermentation in er-ant1 

The alternative respiratory pathway and ALS-related responses are apparently induced in 

er-ant1 (Table 3-6, Table 3-7, Table 3-9). Therefore, it was interesting to check whether also 

the expression of fermentation-related genes is upregulated in er-ant1. During fermentation, 

pyruvate can be converted via the pyruvate decarboxylases (PDC1 and PDC2) and alcohol 

dehydrogenase (ADH) into ethanol or alternatively via the lactate dehydrogenase into lactate 

(Figure 3-9; Tadege, 1999; Mithran et al., 2014).  
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            Figure 3-9: Metabolic routes of lactic acid and ethanolic fermentation in plants. 

Interestingly, the expression of several fermentation-associated genes was upregulated in er-

ant1 as well as in the strong photorespiration mutant shm1 (Table 3-10). Most of these 

transcripts are also elevated in glyk1 and pglp1 with the exception of PDC2, which was not 

increased in pglp1, and ADH1, which was neither increased in glyk1 nor in pglp1. Moreover, 

also the expression of HB1, a marker gene for hypoxic stress (Giuntoli et al., 2017), was 

upregulated only in er-ant1 and shm1. Therefore, fermentation processes appear to be 

induced in er-ant1 and shm1 as well as to a lesser extent in the remaining two mutants. 

Table 3-10: Expression of genes associated with fermentation in er-ant1 and strong photorespiration mutants. 

Name ID er-ant1 shm1 glyk1 pglp1 

PDC1 AT4G33070 up up up up 

PDC2 AT5G54960 up up up --- 

ADH1 AT1G77120 up up --- --- 

LDH1 AT4G17260 up up up up 

ALAAT2 AT1G72330 up up up up 

HB1 AT2G16060 up up --- --- 
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3.2.10 Hypoxia-associated reprogramming in er-ant1 

Oxygen deficiency in plants occurs naturally, for example, in seeds and meristematic tissues, 

and due to environmental stress as soil waterlogging (Bailey-Serres and Voesenek, 2010; 

Loreti et al., 2016). Since oxygen is required for mitochondrial ATP production, hypoxia 

ultimately leads to a decrease in the cellular energy state (Loreti et al., 2018). As a 

consequence, an extensive reprogramming of gene expression is triggered in which 

fermentative metabolism, and by this also ATP production during glycolysis, is stimulated 

(Loreti et al., 2016). Although this mechanism only marginally compensates for the missing 

oxidative phosphorylation in mitochondria, it apparently guarantees survival under hypoxic 

conditions (Loreti et al., 2018). 

It has been shown that when Arabidopsis plants experience hypoxia, the expression of a set 

of 49 core genes is induced for a limited period of time (Mustroph et al., 2009). It became 

evident that the expression of genes involved in fermentation, including the hypoxic stress 

marker HB1, is upregulated in er-ant1 (Table 3-10). Therefore, it was of interest to analyse a 

putative oxygen deficiency in er-ant1 in more detail. In fact, 19 out of the 49 hypoxia marker 

genes were also among the upregulated transcripts in er-ant1 (Table 3-11). Here, it is 

necessary to mention that the experimental conditions used by Mustroph et al. are not 

directly comparable with the study of this thesis. They used younger plants grown on agar 

plates at 80 µmol photons m-2 s-1 and harvested them in the dark, after application of hypoxia 

by argon gassing for 2 h.  

Three of the 49 hypoxia-induced core genes are downregulated in er-ant1 (Table 3-11). 

Moreover, expression of two of these genes was downregulated in er-ant1 but not in the other 

strong photorespiration mutants shm1, glyk1 and pglp1. One of these two genes (AT3G17860) 

encodes the protein JAZ3 (Jasmonate-zim-domain protein 3). Jasmonate-zim-domain proteins 

are transcriptional repressor proteins, which interact with various transcription factors. JAZ3 

is an inhibitor of the transcription factor MYC2, which positively regulates wounding response 

and negatively regulates pathogen response (Du et al., 2017).  
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Table 3-11: Hypoxia core genes differentially expressed in er-ant1 compared to 
respective expression in strong photorespiration mutants. 

Name ID er-ant1 shm1 glyk1 pglp1 

PI4KG5 AT1G26270 up --- up up 

F3N23.14 AT1G72940 up up up up 

CML38 AT1G76650 up up up up 

ADH1 AT1G77120 up up --- --- 

AHB1 AT2G16060 up up --- --- 

ERF071 AT2G47520 up up up up 

LBD41 AT3G02550 up --- --- --- 

AT3G23170 AT3G23170 up up up up 

FLZ2 AT4G17670 up --- up --- 

ACR7 AT4G22780 up up up up 

T19F6.9 AT4G24110 up up up up 

F27G19.50 AT4G27450 up --- --- up 

PDC1 AT4G33070 up up up up 

CYP707A3 AT5G45340 up up up up 

FLZ1 AT5G47060 up --- --- --- 

RBOHD AT5G47910 up up up up 

PDC2 AT5G54960 up up up --- 

TIL AT5G58070 up up up up 

SRO5 AT5G62520 up up up up 

JAZ3 AT3G17860 down --- --- --- 

PFK6 AT4G32840 down down down --- 

F9D12.12 AT5G26200 down --- --- --- 
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3.3 Effect of vitamin B6 on er-ant1 

The er-ant1 mutant shows numerous alterations in amino acid levels and gene expression 

compared to the wild type and to other photorespiration mutants (Figure 3-1; Chapter 3.2; 

Hoffmann et al., 2013; Eisenhut et al., 2017). Interestingly, er-ant1 specific changes affect 

quite different pathways. A cofactor needed for various reactions of different pathways is 

pyridoxal 5’-phosphate (PLP). 

Vitamin B6 is the generic term for the substances pyridoxine (PN), pyridoxal (PL) and 

pyridoxamine (PM), which are all subject to phosphorylation (Mooney and Hellmann, 2010). 

The phosphorylated form of PL, PLP, is the major active form within organisms and acts as a 

cofactor in more than 140 enzymatic reactions involved in a variety of processes (Colinas et 

al., 2016). In Arabidopsis, 64 proteins contain a domain characteristic for PLP dependent 

enzymes (Retrieved from https://www.ebi.ac.uk/interpro/entry/IPR001926, 2019, March 29). 

In plants, PLP is, for example, important during amino acid metabolism and chlorophyll 

biosynthesis (Parra et al., 2018). 

In photorespiration, PLP plays crucial roles, too. For example, it is a component of the GDC 

P protein. Moreover, the within photorespiration to GDC connected SHMT is a PLP-dependent 

enzyme (Heldt and Piechulla, 2012; Kandoth et al., 2017). Using a mathematical model of 

mitochondrial GDC and SHMT, Nijhout et al. have shown that PLP deficiency correlates with 

linearly increasing glycine levels while serine levels are only minor affected (Nijhout et al., 

2009). Furthermore, Arabidopsis mutant plants with decreased Vitamin B6 levels accumulate, 

just as er-ant1, glycine and arginine (Leuendorf et al., 2010).  

Moreover, er-ant1 mutant plants show elevated levels of reactive oxygen species (ROS) 

(Hoffmann et al., 2013). Connected to that, vitamin B6 was shown to suppress oxidative stress 

by directly scavenging of ROS, chelating metal ions and increasing synthesis of reduced 

glutathione (Bilski et al., 2000; Chetyrkin et al., 2008; Adrover et al., 2008; Cheng et al., 2016). 

These observations led to the assumption that PLP availability might be insufficient in er-ant1. 

Therefore, it was tested whether exogenous supplementation of vitamin B6 can restore the 

er-ant1 phenotype. For this, PN instead of PLP was used because only the non-phosphorylated 

vitamers can enter the cell and uptake of exogenous PN has already been shown to 

complement defective PLP synthesis in the Arabidopsis mutant pdx1.3 (Titiz et al., 2006). After 
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uptake, PN can be phosphorylated to PNP by the pyridoxal kinase SOS4 and subsequently 

converted into PLP by the action of the oxidase PDX3 within the PLP salvage pathway 

(Rueschhoff et al., 2013; Colinas et al., 2016). 

Feeding of increasing PN concentrations stimulated the growth of er-ant1 mutant plants 

(Figure 3-10 A). The determination of the fresh weight supported this observation: The fresh 

weight of er-ant1 mutants was higher the more PN was added (Figure 3-10 B). By contrast, 

wild-type plants were not or even negatively affected by supplementation of PN. The highest 

PN concentration led to a decrease in fresh weight of the wild type (Figure 3-10 B). 

 

Figure 3-10: Effect of pyridoxine feeding on growth of er-ant1 and wild-type plants. Plants were cultivated on 
agar plates (½ MS including GA5 vitamins, 0.8 % agar) at ambient CO2 conditions (10 h light/14 h dark) for 
25 days. (A) wild type and er-ant1 on agar plates without additional pyridoxine (PN) (control) and with different 
concentrations of additional PN. (B) Fresh weight of er-ant1 and the corresponding wild-type plants grown on 
agar plates containing different concentrations of PN in the percentage of control fresh weight. Shown are mean 
values of ≥ five individual plates, ± SE. Asterisks indicate the significance level between wild-type and mutant 
plants according to Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001). 
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3.4 Identification of er-ant1 suppressor mutants 

The aim of this study was to identify proteins acting in pathways not yet known to be 

associated with the function of ER-ANT1. To achieve this goal, an EMS-based suppressor 

screen was conducted.  

For this, er-ant1 seeds (M0) were mutagenised with ethyl methanesulfonate (EMS) which 

results in an M1 generation composed of plants with random point mutations (Figure 3-11 D). 

A. thaliana, as a diploid plant, underlies the principles of heredity/dominance. Because 

dominant mutant phenotypes are much less common than recessive phenotypes in 

Arabidopsis (Meinke, 2013), the M1 generation was not analysed for possible suppressor 

mutants. Instead, pools of each 500 M1 plants were cultivated at high CO2 (2000 ppm) 

conditions to ensure proper plant growth and seed development. The most apparent 

phenotype of er-ant1 plants is their reduced growth when cultivated under ambient air 

conditions. Plants of the M2 Generation were grown under ambient CO2 conditions and plants 

with increased size compared to the original er-ant1 mutant were considered as suppressor 

mutants (Figure 3-11 A, B).  
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Figure 3-11: EMS suppressor screen. (A, B) EMS re-mutagenised plants of the M2 generation grown under 
ambient air conditions. Red circles indicate er-ant1 EMS suppressor mutant plants. (C) Verification of the T-DNA 
insertion in individual suppressor plants with T-DNA mutant-specific primer combination (~ 550bp). Primer 
combination specific for wild-type sequence resulted only in the wild-type control in a PCR-product of ~ 1000bp. 
(D) Overview EMS mutagenesis and isolation of putative suppressor mutant M3 lines. A, B and C provided by 
Sebastian Hassler (TUK). 
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Suppressor mutants were isolated, and the er-ant1 specific T-DNA insertion was verified by 

PCR (Figure 3-11 C) to ensure that the selected plants maintained their homozygosity for the 

recessive er-ant1 mutant allele. The following experiments were conducted with the 

individuals of the M3 generation, all showing the suppressor phenotype. 

3.5 Characterisation of er-ant1 suppressor mutants 

First of all, the different suppressor mutant lines were characterised morphologically. This 

included the determination of the chlorophyll content, which is low in er-ant1 (Hoffmann et 

al., 2013). Next, it was tested whether the suppressor mutants still accumulate glycine. 

Moreover, photosystem II performance, the assembly of the photosynthetic complexes and 

the chloroplast ultrastructure was analysed. 

The dwarf phenotype and glycine accumulation of er-ant1 mutants do not occur when the 

mutant plants are cultivated at high CO2 conditions (2000 ppm). For this reason, all 

experiments were performed with plants adapted several days to ambient CO2 conditions as 

well as with plants grown permanently at high CO2 conditions as a control. If not declared 

otherwise, remaining conditions as light intensity, light quality, duration of light, temperature 

and humidity remained the same. The experiments were conducted five days after the 

splitting up.  

3.5.1 Morphology of M3 er-ant1 suppressor plants 

Plants of the M3 generation were generally bigger and had more leaves compared to er-ant1 

plants but were still smaller than the wild type (Figure 3-12). Furthermore, they differed 

among each other in their appearance. While, for example, plants of line 1.3 showed only 

slighter growth enhancement compared to er-ant1, line 16.2 almost reached the size of the 

wild type. Moreover, the leaves of line 16.2 were more toothed in comparison to the leaves 

of the wild type and er-ant1. The leaves varied in their colour: Leaves of line 4.2 were generally 

paler, line 5.4 showed yellow cotyledons whereas younger leaves of line 6.3 showed an 

increased green colouring compared to wild-type plants. All in all, the appearance of the 

suppressor mutants suggests that different genetic variations may be responsible for their 

respective phenotypes. 
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Figure 3-12: Morphology of er-ant1 suppressor plants. 24-days-old wild type, er-ant1 and selected er-ant1 M3 
suppressor mutants grown at ambient CO2 and a light/dark cycle of 10/14 h. 

3.5.2 Chlorophyll content of suppressor plants 

Original er-ant1 mutants possess a decreased chlorophyll content, which is reflected in pale 

green leaf colour (Leroch et al., 2008). Interestingly, er-ant1 M3 suppressor plants showed 

differences in leaf colour compared to original er-ant1 (3.5.1). The total chlorophyll amount 

was determined to convert this subjective observation to measurable data. 

All suppressor mutant leaves had a higher chlorophyll concentration than the er-ant1 leaves 

(Figure 3-13). Among the suppressor mutants, the lowest chlorophyll amount was detected in 

line 1.3 (~ 1.6 mg/g fresh weight (FW)). The highest amount (~ 3.4 mg/g FW) was measured in 

leaves of line 16.2 plants, which were also the largest suppressor mutant plants.  
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Figure 3-13: Total chlorophyll content in leaves of er-ant1 and er-ant1 M3 suppressor plants relative to wild type. 
Wild-type, er-ant1 and selected er-ant1 M3 suppressor mutant plants were grown at ambient CO2 and a 
light/dark cycle of 10/14 h. Leaf samples were taken from 6-weeks-old plants, 5 h after onset of light. Shown are 
mean values of three individual replicates, ± SE. 

3.5.3 Glycine quantification in the suppressor plants 

Another striking characteristic of er-ant1 mutants is their high leaf glycine content (Hoffmann 

et al., 2013). Since the growth of M3 plants was partly rescued (3.5.1), it was of interest 

whether this is also reflected by a decreased glycine level. 

The glycine HPLC quantification revealed that some M3 suppressor plants showed a slight 

reduction in glycine when compared to er-ant1 (Figure 3-14). However, the glycine content of 

all suppressor mutants was still substantially higher. The glycine content of the lines 1.2, 5.6 

and 8.3 was approximately 50-fold higher and of the lines 4.2, 5.4, 5.5 and 16.2 28-fold to 36-

fold higher than that of the wild type. Lines 4.1, 4.3 and 6.3 even showed glycine levels similar 

to er-ant1 (~ 70-fold of wild type).  
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Figure 3-14: Glycine content in leaves of er-ant1 and er-ant1 M3 suppressor plants relative to wild type.  
Plants were grown under 2000 ppm CO2 and a light/dark cycle of 16/8 h for four weeks and subsequently shifted 
to ambient air. Samples were taken after 5 d of adaptation, 5 h after onset of light. Shown are mean values of 
five individual replicates, ± SE. Asterisks indicate the significance level between wild-type and mutant plants 
according to Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001). wt: wild type. 

3.5.4 Photosystem II performance of suppressor mutants 

The measurement of chlorophyll fluorescence is a non-invasive method to investigate the 

activity of photosystem II (PSII). Chlorophyll molecules absorb light energy, which can drive 

photosynthesis (photochemistry), be emitted as heat or emitted as light (fluorescence). These 

three processes compete with each other. Thus emitted fluorescence gives information about 

the quantum efficiency of photochemistry and heat dissipation (Murchie and Lawson, 2013).  

The value Fv/Fm correlates to the maximum quantum yield of PSII photochemistry. If plants 

are unstressed, this value equals ~ 0.83 (Björkman and Demmig, 1987). Prolonged exposure 

to ambient air conditions reduces the maximum quantum yield of PSII (Fv/Fm) of er-ant1 leaves 

mutants probably caused by increasing damage of the photosynthetic machinery (Hoffmann 

et al., 2013). 

Therefore, it was studied whether the transfer from high CO2 to ambient CO2 also affects Fv/Fm 

of er-ant1 suppressor mutants.  
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All tested plants had an Fv/Fm value of ~ 0.83 when permanently cultivated at high CO2 

conditions (Figure 3-15 A). Five days adaption to ambient CO2 did not change the Fv/Fm in 

wild-type plants, but led to a decreased value (~ 0.74) in er-ant1 (Figure 3-15 B). The er-ant1 

suppressor mutants also exhibited significantly decreased Fv/Fm values. However, the 

reduction in line 1.2 (~ 0.8) and 8.3 (~ 0.8) was lower than that of er-ant1 mutants. 

 

 

Figure 3-15: Maximum quantum yield of PSII (Fv/Fm). Wild-type, er-ant1 and selected er-ant1 M3 suppressor 
mutant plants were grown under 2000 ppm CO2 and a light/dark cycle of 10/14 h for four weeks and plants for 
ambient samples were subsequently shifted to ambient air. Samples were taken after 5 d split, 2.5 h after onset 
of light followed by 15 min dark-adaption. Shown are mean values of seven individual replicates, ± SE. Asterisks 
indicate the significance level between wild-type and mutant plants according to Student’s t-test (*P < 0.05, **P 
< 0.01, ***P < 0.001). wt: wild type. 

Determination of the effective quantum yield of PSII (Y(II)) and the non-photochemical 

quenching (NPQ) after exposure to increasing light intensities allowed more profound insights 

into the functionality of the photosynthetic system. In principle, Y(II) may vary between the 

values 0 and 1. The value 0.5 would mean that 50 % of the absorbed quanta are converted 

into chemically fixed energy by charge separation in PSII, whereas the other 50 % dissipate 

into fluorescence and heat (Baker et al., 1989). 

When cultivated permanently at high CO2 conditions, wild-type plants exhibited a slightly 

higher Y(II) in response to increasing light intensities than er-ant1 and corresponding 

suppressor mutants (Figure 3-16 A). No differences between er-ant1 and the suppressor 

mutant lines were detectable. However, when plants were adapted to ambient CO2 conditions 
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(Figure 3-16 B), Y(II) of er-ant1 and the two suppressor lines was decreased compared to the 

wild type. Nevertheless, Y(II) values of suppressor plants were higher than that or er-ant1.  

The NPQ is a measure of non-photochemical fluorescence quenching. This process acts as a 

‘safe’ mechanism as it dissipates excess excitation energy by heat and thereby prevents the 

likelihood of singlet oxygen formation. On the one hand, a high NPQ indicates an excessive 

photon flux density. On the other hand, a high NPQ shows that the plant retained physiological 

mechanisms to protect itself. 

When cultivated at high CO2, no NPQ differences were detectable between the tested 

genotypes until exposure to the higher light intensities: Beginning at PAR (photosynthetically 

active radiation/ light intensity) 219, the NPQ of er-ant1 and suppressor mutants was higher 

than the wild-type NPQ at all following measuring points (Figure 3-16 C). The NPQ values of 

suppressor mutants resembled at the beginning of the experiment the NPQ values from er-

ant1. After exposure to PAR 535, differences between the mutant lines occurred: The highest 

NPQ values were obtained for er-ant1, followed by line 8.3 and finally line 1.2 and the 

wild type. 

After adaption to ambient air, wild-type NPQs were only slightly changed compared to the 

high CO2 conditions (Figure 3-16 D). The suppressor mutants showed NPQ graphs similar to 

under high CO2 conditions, but the NPQ values increased much stronger in response to 

increasing light intensities than NPQ values of wild-type plants. Compared to that, the er-ant1 

NPQ graph shows no similarities, neither to that of er-ant1 determined at high CO2 conditions 

nor to those of the other tested genotypes at ambient conditions. Almost no non-

photochemical quenching was observed after exposure to the first light intensity (73). From 

here on, the slope of the graph of the er-ant1 NPQ became linear. After exposure to PAR 219, 

the NPQ of er-ant1 was higher than in wild-type plants. The measured NPQ decreased relative 

to the wild type after the next light intensity (534). After exposure to the highest light intensity 

(1290), NPQ of er-ant1 was slightly higher when compared to the NPQ of wild-type plants. 
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Figure 3-16: Effective quantum yield of PSII (Y(II): A, B) and non-photochemical quenching (NPQ: C, D) after 
exposure to increasing light intensities. Wild-type, er-ant1 and selected er-ant1 M3 suppressor mutant plants 
were grown under 2000 ppm CO2 and a light/dark cycle of 10/14 h for four weeks. Plants for ambient samples 
were subsequently shifted to ambient air. Samples were taken after further cultivation in each condition for five 
days. Samples were 15 min dark-adapted and then exposed to actinic light at different light intensities 
(photosynthetically active radiation (PAR)) for 5 min each. Shown are mean values of four individual replicates, 
± SE. 

3.5.5 Assembly of photosynthetic complexes 

To get further insights into the photosynthetic machinery of er-ant1 and its suppressor 

mutants a 2D Blue Native (BN)/SDS-PAGE approach was used to investigate the assembly of 

photosynthetic complexes. No differences in the assembly of photosynthetic complexes were 
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detectable, neither between genotypes nor between plants exposed to high CO2 or ambient 

air (Figure 3-17).  

 

 

Figure 3-17: BN-PAGE analysis of thylakoid membrane complexes of wild type, er-ant1 and er-ant1 suppressor 
mutants. Wild-type, er-ant1 and selected er-ant1 M3 suppressor mutant plants were grown under 2000 ppm CO2 
and a light/dark cycle of 10/14 h for four weeks. Plants for ambient samples were subsequently shifted to 
ambient air. Samples were taken after further cultivation in each condition for five days. Thylakoid fractions 
equivalent to 10 µg of chlorophyll were treated either with 1 % digitonin or 1 % β-DM. Bands representing 
protein complexes are indicated. 

The run of the SDS-PAGE in the second dimension revealed that proteins of higher molecular 

weight formed more complexes when plants were grown at high CO2 conditions permanently 

(Figure 3-18 A-D). When plants were shifted to ambient CO2 conditions for five days, more 

proteins were apparently associated in complexes of lower molecular weight. Furthermore, 
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line 1.2 formed more protein complexes than the corresponding wild type when adapted to 

ambient conditions (Figure 3-18 C)  

 

Figure 3-18: Silver staining of 2D-PAGE of thylakoid fractions from wild type, er-ant1 and er-ant1 suppressor 
mutants. BN-PAGE strips are shown on top of the 2D-PAGE, illustrating the position of oligomeric complexes. 

3.5.6 Ultrastructure of er-ant1 suppressor mutant chloroplasts 

The determination of PSII performance revealed differences between er-ant1 and its 

suppressor mutants. To check whether this is due to morphological alterations in the 

ultrastructure of the chloroplasts, transmission electron microscopy (TEM) of the cells was 

conducted. The chloroplast ultrastructure of er-ant1 and er-ant1 suppressor mutants did not 

markedly differ from that of wild-type chloroplasts (Figure 3-19 A, B). However, a substantial 

accumulation of starch granules in line 8.3, regardless of the CO2 cultivation condition, became 

apparent. 
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Figure 3-19: TEM micrographs of ultrathin sections of leaves from wild type, er-ant1 and er-ant1 suppressor 
mutants. A: Single chloroplasts from plants cultivated at high CO2 and ambient CO2 conditions. Scale bar = 1 µM 
B: Cells of the wild type and the er-ant1 suppressor line 8.3 cultivated at high and ambient CO2 conditions. 
Pictures provided by Anurag Sharma (UCPH). Scale bar = 10 µm 

The thylakoid membranes within a single chloroplast form a continuous network. Within this 

network, the grana stacks are interconnected by the stroma lamellae (Shimoni et al., 2005). 

Grana stack height and diameter were determined because these factors are important for 

plants state transition ability (Figure 3-20).  
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Figure 3-20: Diameter and height or grana stacks in the wild type, er-ant1 and er-ant1 suppressor mutants. 
Shown are mean values of >100 grana stacks, ± SE. Asterisks indicate the significance level between wild type 
and mutant according to Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001). Grana heights and diameters were 
measured by Anurag Sharma (UCPH). 

Plants of the suppressor mutant line 1.2 exhibited a slightly larger grana stack diameter at 

both cultivation conditions than plants of the remaining genotypes (Figure 3-20 A, B). When 

plants were grown at high CO2 conditions, the grana stack height of er-ant1 was slightly, and 

that of the two suppressor mutants was markedly decreased compared to the wild type 

(Figure 3-20 C, D). Grana stacks of line 1.2 were approximately 0.05 µm smaller than 

corresponding wild-type stacks, while the height of line 8.3 is even reduced to 50 %. When 

plants were cultivated under ambient CO2, the height of wild-type grana stacks was decreased 

to approximately 0.09 µm. Compared to that, er-ant1 possessed significantly higher grana 

stacks (0.11 µm). The highest grana stacks were visible in the er-ant1 suppressor mutant line 

8.3 (0.14 µm), whereas the other suppressor mutant showed no difference regarding grana 

stack height compared to the wild type. 
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3.6 Identification and verification of suppressor candidate genes 

After the identification of er-ant1 suppressor mutants and the observation of interesting 

phenotypic characteristics, it was essential to identify the mutations causative for the 

suppression. This required the initial identification of single nucleotide polymorphisms (SNPs) 

which are exclusively occurring in the DNA of a respective suppressor mutant, but not in the 

original er-ant1 T-DNA insertion line. 

Different approaches can be used to identify the suppression causing SNPs; each method has 

its own advantages and disadvantages. The initial use of a more traditional chromosomal 

mapping approach (Alonso-Blanco et al., 1998) turned out to be too laborious and time-

consuming and thus not feasible in the course of this PhD thesis (for details and initial results 

see 6-2 in the appendix). Therefore, a modern approach based on Next-

Generation Sequencing was followed for the identification of mutations causative for the 

suppression phenotypes. 

3.6.1 Identification of suppressor candidates using Next-Generation Sequencing 

The identification of the suppression-causing mutation was performed by a combination of 

bulked segregant analysis (BSA) and Next-generation sequencing (NGS).  

For this, individual M3 plants were crossed with the original er-ant1 T-DNA insertion line 

Figure 3-21 A). Since always both plants, er-ant1 and the respective suppressor mutant, were 

homozygous for the er-ant1 T-DNA insertion, this also applied to all individuals of the 

backcross (BC1) F1 generation. Within the BC1F1 generation, the 13 lines used for sequencing 

exhibited er-ant1 like phenotypes (Figure 3-21 B).  
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Figure 3-21: Generation of mapping population (BC1F2) used for NGS sequencing. 
(A) Performed crosses for the generation of a mapping population. (B) 16-days-old plants, 
cultivated in ambient air conditions. Wild-type, er-ant1 and selected BC1F1 plants. 

Scale = 1 cm. (C) Example of a typical mapping population after five weeks of cultivation at 
ambient air conditions (BC1F2, line 4.1). Scale = 5 cm. 

By PCR it was confirmed that also the individuals of the following BC1F2 generation (mapping 

population) were still homozygous for the er-ant1 T-DNA insertion. Due to segregation, traits 

of the suppressor mutant also became homozygous, resulting in plants showing partial 

complementation of the er-ant1 dwarf phenotype (Figure 3-21C).  

3.6.2 Bulked segregant Next-Generation Sequencing analysis 

In total, 13 mapping populations, each composed of larger plants (suppressor phenotype) and 

small plants (original er-ant1 phenotype) were analysed for mutations causative for their 

respective mutations. Detailed information of the procedure, definitions and brief 
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explanations of the different steps are given in 2.2.20. Briefly, gDNA was pooled from 50 bigger 

plants (homozygous for the suppressor mutation, from here on called positive pool) and 50 

plants with er-ant1 phenotype (heterozygous or do not contain suppressor mutation at all; 

from here on called negative pool) of each mapping population (Figure 3-22). 

Then, the pooled gDNA samples of the 13 mapping populations and pooled gDNA of 50 original 

er-ant1 mutant plants were used for whole genome resequencing (Figure 3-22). After the 

quality control of the raw sequencing data, reads were mapped to the reference genome 

(TAIR 10). 

 
Figure 3-22: Workflow for bulked segregant Next-Generation Sequencing analysis. 

For TAIR 10 (119 667 750 bp), the mapping rate of the samples ranged from 92.22 % to 

98.64 %. The average depth on the reference genome was in the range of 41.63x to 56.45x. 

Moreover, 99.96 % of the genome was covered at least 4x. The full statistics are shown in the 

appendix (Table 6-7). This demonstrates that the sequencing procedures were successful and, 

therefore, were evaluated as highly reliable. 

3.6.3 Identification of single nucleotide polymorphisms 

A single nucleotide polymorphism (SNP) refers to a variation of a single nucleotide which may 

occur at a specific position in the genome, including transition and transversion of a single 

nucleotide. The goal was to identify G/C to A/T transitions because EMS mutagenesis primarily 

results in this type of exchange (Maple and Møller, 2007). Prior identification of mutations 

causative for the suppression phenotypes, SNPs within the sequences were detected and 

annotated. After quality control (2.2.20.5), 12 030 SNPs were detected in the sequencing data 
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of the er-ant1 T-DNA insertion line. The number of SNPs of the sequenced mapping 

populations ranged from 12 182 SNPs to 13 749 SNPs (Figure 3-23). 

  

Figure 3-23: Number and type of SNPs in the sequenced gDNA pools. Pictures provided by Novogene. 

3.6.4  Identification of candidate suppressor mutations 

The following section contains only the most relevant intermediate results using the example 

of one analysed line (line 6.3). More detailed information of the procedure, definitions and 

brief explanations of the different steps are given in 2.2.20.6. 

To visualise the localisation of SNPs on chromosomes and to get information about the effects 

each SNP has on the genetic information, the software CandiSNP was used (Etherington et al., 

2014).  

On chromosome 2, an accumulation of SNPs with high allele frequencies became visible 

(Figure 3-24). Such an accumulation indicates that a corresponding sequence region is 

essential for the phenotype used for selection. Accordingly, there was a high probability that 

the SNP causative for the suppression could be found within this chromosomal region. 
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Figure 3-24: Adapted CandiSNP visualisation output file. SNPs with respective allele frequency and chromosomal 
position are visualised as dots. Shown are 12 730 SNPs in the positive pool of line 6.3. Different colours indicate 
different types of SNPs (see colour legend below picture). 
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The implementation of all filtering steps revealed ten promising candidate SNPs for line 6.3. 

Most of these identified SNPs resulted in an amino acid exchange (Table 3-12). The only 

exception was an identified SNP in AT2G33255 (Haloacid dehalogenase-like hydrolase (HAD) 

superfamily protein) which changed a triplet coding for glutamine into a stop codon. 

A preliminary stop codon in a coding sequence leads to a truncated protein and presumably 

results in its loss of function. 

Table 3-12: Candidate SNPs identified in er-ant1 suppressor line 6.3.  

TAIR ID AF Change Entrez Gene Description 

AT2G32250 0.97 R/C FAR1-related sequence 2 (FRS2) 

AT2G42240 0.96 A/V RNA-binding (RRM/RBD/RNP motifs) family protein 

AT2G33010 0.96 T/I Ubiquitin-associated (UBA) protein 

AT2G36350 0.95 S/L Protein kinase superfamily protein 

AT2G33255 0.94 Q/* Haloacid dehalogenase-like hydrolase (HAD) superfamily 

protein 

AT2G32480 0.94 G/D chloroplastic membrane metallo proteases (ARASP) 

AT2G30880 0.91 R/H Pleckstrin homology (PH) domain-containing protein 

(SWAP70) 

AT2G33340 0.90 G/R MOS4-associated complex 3B (MAC3B) 

AT2G40490 0.89 S/F Uroporphyrinogen decarboxylase (HEME2) 

AT2G32870 0.89 G/E TRAF-like family protein 

Interestingly, candidate SNPs in AT2G33255 could also be identified in other er-ant1 

suppressor mutant lines (Table 3-13).  
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Table 3-13: Identified SNPs in AT2G33255 of different er-ant1 suppressor mutant lines.  

Line AF Max AF SNP Position Change 

8.3 0.86 0.88 14098898 G→D 

4.1 0.97 1 14099659 G→E 

4.2 0.83 0.94 14099659 G→E 

4.4 1 1 14099659 G→E 

6.3 0.94 0.97 14099679 Q→* 

5.6 0.86 0.92 14100204 G→E 

17.1 0.98 0.98 14100204 G→E 

Shown are allele frequencies of the SNP in AT2G33255 (AF), highest allele frequency among all candidate SNPs 
in the respective line (Max AF), AT2G33255 SNP position on chromosome two (SNP position), and the respective 
SNP caused amino acid change (Change). Lines are sorted by SNP position (5’→3’). Redundant lines are 
highlighted by identical colours. 

Some of the SNPs identified in AT2G33255 had identical chromosomal positions: the 

sequences of the lines 4.1, 4.2 and 4.4 exhibited a non-synonymous SNP at position 14099569, 

leading to an amino acid exchange from glycine to glutamic acid. Lines 5.6 and 17.1 shared an 

SNP at position 14100204, also changing glycine to glutamic acid (Table 3-13; Figure 3-25). 

Furthermore, an SNP resulting in an exchange of glycine to aspartic acid was identified in the 

sequence of line 8.3.  

 

Figure 3-25: Position of SNP induced changes in AT2G33255 gene product. 
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Because SNPs in AT2G33255 were not only found in various er-ant1 suppressor mutant lines 

but also occurred at different chromosomal positions and thus caused different changes in 

the corresponding protein, the SNPs in this gene were considered as very promising 

suppressor candidates.  

3.6.5 Confirmation of candidate SNPs via Sanger sequencing 

Since NGS is not free from errors (Fox et al., 2014), the chosen candidate SNPs were confirmed 

in the individuals of the respective M3 generation via “Sanger”-sequencing prior to further 

analyses. For line 6.3, the candidate SNP in AT2G33255 was verified in all tested individuals 

(Figure 3-26). 

 

 

Figure 3-26: Confirmation of candidate SNP in AT2G33255 via Sanger sequencing of 
wild-type, er-ant1 and er-ant1 line 6.3 suppressor M3 plant gDNA. Blue arrows 
highlight nucleotides identical to the reference genome TAIR10. The red arrow 
highlights the confirmed candidate SNP. 

Furthermore, it was confirmed that the corresponding region of wild-type and er-ant1 gDNA 

sequences was not modified when compared to the public reference genome information 

TAIR 10 and line 6.3. 

3.7 Confirmation of the AT2G33255 suppressor mutation 

The SNP in line 6.3 leads to a preliminary stop codon within the AT2G33255 coding sequence. 

Accordingly, the resulting amino acid sequence would lack 110 amino acids of its C-terminus 

and might thus be functionally inactive. So, the next goal was to confirm that the loss of 

function of the protein encoded by AT2G33255 was causative for the observed suppressor 
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phenotype in line 6.3. This was achieved by crossing AT2G33255 T-DNA insertion lines with 

the original er-ant1 mutant and subsequent analysis for complementation. Since AT2G33255 

was annotated as a “Haloacid dehalogenase-like hydrolase (HAD) superfamily protein”, the 

corresponding transcript and protein are called from now on “HAD” and “HAD”, respectively, 

for simplicity. 

3.7.1 Isolation of had T-DNA insertion mutants 

To follow the reverse genetic approach, a respective had knockout mutant had to be 

identified, first. For this, three different exonic T-DNA insertion lines (had-1, had-2 and had-3) 

were analysed. After isolation of homozygous T-DNA insertion plants, the resulting had-1, 

had-2, had-3 and er-ant1 plants were used for the determination of HAD expression via 

qRT-PCR relative to wild-type plants (Figure 3-27). 

 

Figure 3-27: HAD expression level of er-ant1 and three had T-DNA insertion lines 
relative to wild type. Expression levels were determined via qRT-PCR. RNA for cDNA 
synthesis was extracted from leaves of 3-week-old plants. Data were normalised to the 
SAND housekeeping gene. Shown are mean values of >four plants, ± SE.  

The HAD expression level of er-ant1 was similar to the wild type. It was markedly reduced in 

had-1 but still remarkably higher (55 % relative to wild type) than in had-2 and had-3 (~ 10 % 

relative to wild type). According to this, the independent knockout lines had-2 and had-3 were 

selected for the following experiments. Nevertheless, line had-1 was kept for future tests in 

which a knockdown of HAD might be useful. 
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3.7.2 Morphology of had-2 and had-3 plants 

No information exists about the characterisation of had knockout plants. Therefore, they were 

initially analysed for morphologic phenotypes. No apparent differences between plants of the 

had-2 or had-3 genotype and the wild type were observed when plants were grown under 

ambient air conditions (Figure 3-28). 

 
Figure 3-28: 4-week-old plants grown at ambient CO2 conditions (10h light/14 h dark). 

3.7.3 Crossing of er-ant1 with had-2 

To confirm that knocking out HAD in the er-ant1 background is causative for the observed 

suppressor phenotype in the er-ant1 suppressor mutant line 6.3, had-2 was crossed with the 

original er-ant1 mutant. Segregating plants exhibited either the original had-2 morphology 

(wild-type morphology), the original er-ant1 morphology (dwarfs) or an intermediate size 

remarkably bigger than er-ant1 plants but still smaller than had-2 plants (semi size) 

(Figure 3-29 A and B).  

To test whether the intermediate size was due to a homozygous T-DNA insertion in both, er-

ant1 and had-2, corresponding T-DNA screens were performed. This analysis revealed that 

exclusively the semi-sized plants were homozygous for both T-DNA insertions (Data not 

shown). To confirm the had-2 x er-ant1 double knockout, ER-ANT1 and HAD transcript levels 

were quantified in wild-type, er-ant1, had-2 and homozygous had-2 x er-ant1 F3 plants by 

qRT-PCR (Figure 3-29 C). In had-2 x er-ant1, the ER-ANT1 and HAD transcript levels resembled 

the transcript levels of the respective single mutants. Thus, this mutant can be considered as 

a true knockout. 
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Figure 3-29: Complementation of the dwarf phenotype by had-2 x er-ant1 crossing.(A) Population 
of F2 had-2 x er-ant1 plants after four weeks cultivation at ambient CO2 conditions. Scale = 5 cm. (B) 
Phenotypic comparison of 4-week-old plants grown under ambient CO2 conditions. (C) Transcript 
levels of ER-ANT1 (dark grey) and HAD (light grey) determined by qRT-PCR. RNA for cDNA synthesis 
was extracted from leaves of 3-week-old plants. Data were normalised to the SAND housekeeping 
gene. wt: wild type. Shown are mean values of 3 plants, ± SE. 
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3.7.4 Amino acid content in had knockout mutants and had-2 x er-ant1 

The glycine content of line 6.3 M3 suppressor plants was similar to that of er-ant1 (3.5.3). To 

check whether this is also true for the had-2 x er-ant1 mutant, its glycine level was quantified. 

Moreover, other amino acids known to be altered were quantified in had and er-ant1 single 

knockout plants as well as in had-2 x er-ant1.  

In general, Amino acid contents in had-2 and had-3 were not significantly changed compared 

to wild-type plants. When compared to the wild type, er-ant1 showed much lower levels of 

aspartate, glutamate and alanine, substantially increased histidine and arginine levels and a 

remarkably high accumulation of glycine (Table 3-14). Except for glycine, which remained high, 

all other amino acid levels were restored to almost wild-type level by the additional absence 

of functional HAD (Table 3-14). 

Table 3-14: HPLC determined amino acid contents of had-2, had-3, er-ant1 and  
had-2 x er-ant1 relative to wild-type plants. 

Amino acid had-2 had-3 er-ant1 had-2 x er-ant1 

Aspartate 95 % 98 % 12 %*** 93 %* 

Glutamate 104 % 93 % 24 %*** 82 %* 

Glycine 158 % 102 % 6847 %*** 6363 %*** 

Histidine 125 % 108 % 219 %*** 137 %* 

Alanine 115 % 104 % 20 %*** 96 % 

Arginine 109 % 122 % 847 %*** 124 % 

Plants were grown at 2000 ppm CO2 and a light/dark cycle of 16/8 h for four weeks and 
subsequently shifted to ambient air. Samples were taken after 5 d of adaptation, 5 h after 
onset of light. Shown are the mean values of four individual replicates. Asterisks indicate 
the significance level between wild-type and mutant plants according to Student’s t-test 
(*P < 0.05, **P < 0.01, ***P < 0.001). 

3.8 Characterisation of HAD 

In general, there was very little information published about HAD. Thus, various analyses have 

been performed to elucidate its function and to understand why its lack positively affects the 

development of er-ant1. 
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3.8.1 Expression analysis in silico 

Knowledge about the expression of a particular gene at different developmental stages can 

provide information which helps to unravel the function of the corresponding protein. 

Therefore, expression of HAD at different developmental stages of A. thaliana was analysed 

in silico with the Genevestigator development tool (Zimmermann et al., 2004; Hruz et al., 

2008). This tool summarises the expression of genes during the organism’s life cycle based on 

information of several publicly available microarray data sets. The result is shown in 

Figure 3-30. 

 

Figure 3-30: Result of Genevestigator development expression analysis. The expression value indicated for a 
given stage of development is the average expression of all samples annotated as such. IQR= interquartile range. 

HAD expression is already high in germinated seeds and reaches a maximum in fully developed 

rosettes (Figure 3-30). With the begin of bolting, expression of HAD decreases but remains on 

an overall high level until silique development. HAD expression is lower in mature siliques and 
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therefore belongs to the 50 % of medium-expressed genes. The expression of HAD is only 

lower in senescent leaves, but it is still in the interquartile range. 

3.8.2 Promotor activity of HAD in vivo 

To analyse the promoter activity, a GUS study was conducted. This method allows a more 

detailed view on the promoter activity, for example, on specific regions of plant organs and 

tissues. For this, the putative promoter region (1166 bp) of HAD was inserted into the vector 

pBGWFS7 upstream of the β-glucuronidase gene. After plant transformation, GUS activity was 

determined by histochemical staining. 

Within this study, germinating seeds, young germlings (two-leaf-stage), 14-days-old plants 18-

days-old plants, 3-weeks-old plants, stems, flowers and siliques were tested. Although positive 

results have been expected within all stages (3.8.2), blue GUS staining could only be observed 

in young plants (Figure 3-31).  

 

Figure 3-31: Histochemical localisation of GUS Expression under the control of the HAD promoter in Arabidopsis 
Col-0 plants. (A) 3-weeks-old plant. (B) 2-weeks-old plant. (C, D) 18-days-old plants. Arrows indicate stained 
structures. 

After three weeks of growth, blue staining was visible in leaf vascular tissue of younger leaves 

and the apical meristem (Figure 3-31, A). In 2-weeks-old plants, blue colouring was visible in 



Results 91 

 
 

the shoot apical meristem (Figure 3-31, B). When plants were 18 days old, blue staining at the 

hydathodes was observed (Figure 3-31, C; D).  

The staining was generally very low, which contrasts the expectations based on the expression 

data. Until now, it cannot be ruled out, that the selected sequence does not represent the 

complete promotor and that a longer sequence is required. However, a longer sequence 

would include the exon region of the HAD or cover the adjacent AT2G33250 gene not only 

partially, but almost complete. 

3.8.3 Subcellular localisation of HAD 

Different organelles are involved in diverse physiological tasks within a cell. Information on 

subcellular localisation can contribute towards the understanding of a protein’s function and 

its biological relationships. Therefore, it was essential to know in which subcellular structure 

HAD is expressed. To achieve this goal, the localisation of HAD was predicted in silico first. 

Secondly, GFP localisation studies were performed.  

3.8.3.1 HAD subcellular localisation analysis in silico 

SUBA is a central resource for Arabidopsis protein subcellular location data. For the analysis, 

the algorithm takes predictive and experimental data into account (Hooper et al., 2017). For 

the predictive data, SUBA uses the information of 16 different prediction programmes. Nine 

of these programmes, including for example TargetP, predicted HAD to be localised in 

mitochondria. ChloroP and three other prediction software programmes suggested a plastidial 

localisation. The three remaining programmes predicted HAD to be located either in the 

plasma membrane, vacuole or cytosol.  

On the experimental side, SUBA compiles information of published proteomic, GFP 

localisation and protein-protein interaction datasets. In case of HAD, underlying data was 

minimal, since SUBA did not find information regarding protein-protein interaction or GFP 

studies. Nevertheless, SUBA compiled three published proteome datasets which identified 

HAD in the mitochondria, plastids and multivesicular bodies, respectively. Within these 

datasets, the reliability of the identified HAD localisation was evaluated. Senkler et al., 2017 

identified HAD by label-free quantitative shot-gun proteomics in purified mitochondria 
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extracts separated by 1D Blue Native PAGE. Here, they could detect seven unique HAD 

peptides. Another study identified HAD peptides within multivesicular bodies, but the authors 

evaluated this finding as not significant (Heard et al., 2015). Furthermore, Zybailov et al., 2008 

identified two unique HAD peptides in the chloroplast. Based on all experimental and 

predictive data, the SUBA consensus algorithm finally predicted that HAD is located to 

mitochondria. 

3.8.3.2 GFP subcellular localisation study HAD 

The HAD amino acid sequence comprises the HAD-like superfamily domain and an N-terminal 

extension (approximately 50 residues). To clarify the subcellular localisation of HAD in vivo, 

tobacco and Arabidopsis protoplasts were transiently transformed with two different HAD-

GFP fusion constructs. Protoplast transformation with HAD with C-terminal GFP resulted in 

green fluorescence signals weakly surrounding chloroplasts and quite strong signals in the 

centre of the chloroplasts (Figure 3-32). However, when GFP was attached to the N-terminus 

of HAD, the corresponding signal resulted in the visualisation of diffuse structures distributed 

throughout the cell.  

These data suggest that the N-terminal GFP masks the targeting sequence and by this hinders 

the transit into the chloroplast. The GFP analysis is indicative for a chloroplastidial rather than 

for a mitochondrial localisation. 
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Figure 3-32: HAD-GFP localisation in transiently transformed tobacco and Arabidopsis protoplasts. Pictures 
were taken 16 h after transformation with a confocal laser microscope (Leica TCS SP5 2). Scale bar = 10 µm 

3.8.4 Haloacid dehalogenase-like hydrolase superfamily 

HAD belongs to the Haloacid dehalogenase-like hydrolase (HAD-like) superfamily (HADSF). 

Members of this family share a conserved α/β-domain. This domain is called hydrolase fold 

and has similarity to the Rossmann fold (Burroughs et al., 2006). Despite its name, this 

superfamily consists predominantly of phosphatases (~ 79 %) and ATPases (~ 20 %) and also 

includes members which are phosphonatases, phosphomutases, phosphomannomutases and 

dehalogenases (Koonin and Tatusov, 1994; Kuznetsova et al., 2015). 
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The HADSF represents the largest superfamily of phosphatases in all organisms (Kuznetsova 

et al., 2015). In Databases, the superfamily (Interpro IPR036412) is represented by 725 780 

sequences of proteins which are involved in a variety of cellular processes (Mitchell et al., 

2019).  

In Arabidopsis, 156 genes coding for HAD-like proteins (excluding splice variants) could be 

identified in the InterPro database (Mitchell et al., 2019).  

3.8.5 Conserved domains of HAD 

NCBI CD-Search (Conserved Domain-Search) was used to identify conserved domains in the 

HAD amino acid sequence. It is a web-based tool for the detection of conserved domains in 

protein sequences and uses RPS-BLAST to compare query protein sequences against 

conserved domain models. If CD-Search finds a specific hit, there is high confidence in the 

association between the protein query sequence and a conserved domain (Marchler-Bauer et 

al., 2017; Marchler-Bauer and Bryant, 2004).  

Figure 3-33 shows the CD-Search concise results display output, including the best scoring 

domain models. The CD-Search identified the four highly conserved sequence motifs of the 

HADSF within the HAD query sequence and confirmed HAD as a member of this superfamily. 

In addition, CD-Search found a specific hit carrying the information that the HAD protein 

belongs to the HADSF subfamily IA-v1. 

 

Figure 3-33: Result of the NCBI CD-Search. Blue Numbers above query sequence (black bar) indicate amino acid 
position. Small triangles beneath query sequence indicate amino acids involved in conserved sites. Specific hit is 
visualised as a bright pink bar. Superfamilies to which specific hit belongs to is shown in pastel pink colour. 

HAD members of the subfamily I are characterised by a small α-helical cap between loop 1 

and loop 2 of the core domain. According to TIGRFAM, subfamilies IA and IB are separated 

based on an apparent phylogenetic bifurcation. The “v1” is short for “variant 1” and describes 

that the third motif fits the variant form hhhhsDxxx(x) where “s” refers to a small amino acid 
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and “h” do a hydrophobic one. In Arabidopsis, HADSF subfamily IA is currently represented by 

19 proteins (IPR006439, Mitchell et al., 2019, Krishnakumar et al., 2015). Eight of these 19 

members are characterised more or less in detail, yet. The characterised proteins, their 

molecular functions, corresponding GO biological processes and literature are shown in Table 

3-15. 

Table 3-15: Characterised members of the HADSF subfamily 1A in Arabidopsis.  

Gene 
symbol 

TAIR ID Molecular 
 function 

GO 
process 

Literature 
 reference 

SOQ1 AT1G56500 - light harvesting 
efficiency 

Brooks et al., 
2013 

FHY1 AT1G79790 Flavin mononucleotide 
hydrolase 

Riboflavin 
biosyn-thesis 

Rawat et al., 
2011 

FHY AT4G21470 Bifunctional riboflavin 
kinase/FMN phosphatase 

Riboflavin 
biosyn-thesis 

Sandoval and 
Roje, 2005 

GPP1 AT4G25840 Glycerol-3-phosphatase glycerol 
biosynthetic 

process 

Caparrós-
Martín et al., 

2007 
GPP2 AT5G57440 Glycerol-3-phosphatase glycerol 

biosynthetic 
process 

Caparrós-
Martín et al., 

2007 
CBBY AT3G48420 xylulose-1,5-bisphosphate 

(XuBP) phosphatase 
- Bracher et al., 

2015 
SGPP AT2G38740 phosphosugar 

phosphatase 
- Caparrós-

Martín et al., 
2013 

PYRP2 AT4G11570 5-amino-6-(5-phospho-D-
ribitylamino)uracil 

phosphatase 

Riboflavin 
biosynthesis 

Sa et al., 2016 

Although the relationship between protein homology and function is complex, proteins with 

homologue sequences and thus similar structure often have similar features. HAD was 

described as a homologue to GPP1 and GPP2 before (Caparrós-Martín et al., 2013). GPP1 

(glycerol-3-phosphatase 1) is localised in mitochondria and was shown to dephosphorylate 

glycerol-3-phosphate and 5‐amino‐6‐ribitylamino‐2,4(1H,3H) pyrimidinedione 5′‐phosphate 

(ARPP) in vitro (Caparrós-Martín et al., 2007; Sa et al., 2016). Moreover, the authors assert 

that in HAD and GPPs the folding of the predicted cap domains is remarkably similar (Caparrós-

Martín et al., 2013). 
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Although Caparrós-Martín et al. described HAD as a homologue of GPP1 and GPP2, the 

pairwise sequence alignment resulted in a calculated sequence identity of only 17.6 % 

between HAD and GPP1. HAD and GPP2 share with 18.1 % only slightly more identity (for 

details see 6.4 in the appendix). However, the findings that HAD belongs to the same HADSF 

subfamily IA and has conserved residues besides the HADSF motifs might point to a possible 

role of HAD as a phosphatase. 

3.8.6 HAD comparison to characterised PLP phosphatases 

The HADSF also includes members which are described as pyridoxal 5’-phosphate 

phosphatases (PLPPs). An example is the human PDXP (HADSF IIA), which, to a lesser extent, 

also dephosphorylates PNP and PMP (Jang et al., 2003). Recently, a new PLPP has been 

identified and characterised in tobacco (NtPLPP1; HADSF IIA) and thereby in plants for the first 

time (ShuoHao et al., 2019). ShuoHao et al. have stated that NtPLPP1 exhibits high homology 

to human PDXP and another PLPP from mouse, thereby forming a phylogenetic group, leaving 

other related plant phosphatases on another branch. The authors suggested a chloroplastidial 

localisation based on GFP localisation studies. Furthermore, they have measured the 

maximum catalytic activity for recombinant NtPLPP in E. coli with PLP as substrate at pH 7.5 

and showed that NtPLPP requires divalent ions for activity, preferential Mg2+. Although NtPLPP 

sequence shares only ~ 35 % homology with the human PDXP, properties as pH optimum, 

metal requirement, the substrate and inhibitors of purified NtPLPP were similar to PDXP. 

However, the measured NtPLPP Km value of 0.45 mM was much higher than Km values of 

human PDXP (1.5 -2.5 µM) (ShuoHao et al., 2019; Jang et al., 2003).  

Because er-ant1 mutants showed increased biomass production on agar plates containing 

pyridoxine (PN; Figure 3-10), one might envision that HAD acts in vitamin B6 metabolism, and 

more precisely in the dephosphorylation of the vitamers.  

Pairwise sequence alignments were performed to investigate if the HAD protein sequence 

shares similarities with the recently identified PLP phosphatase from tobacco (ShuoHao et al., 

2019).  

The alignment demonstrates that PLPP from N. tabacum lacks the HADSF motif I (DxD) 

(Figure 3-34). Furthermore, it was not possible to align motifs II, since motif II is represented 
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in HAD by a threonine (T) and in PLPP by a serine (S). Motif III is not highlighted as the program 

alignment failed due to the general difference of the two sequences. In summary, the 

alignment of these two protein sequences resulted in an identity of only 13.4 %, which was 

even lower than the percent identity of HAD to GPPs. 

 

Figure 3-34: ClustalW alignment of the predicted amino acid sequences of PLPP from N. tabacum (NtPLPP1) and 
HAD (AT2G33255). Residues identical or with similar properties among sequences are indicated by black shading. 
Residues not identical are highlighted by different shading (grey/white). The red box marks the conserved HADSF 
motifs IV (E/DD, GDxxxD, or GDxxxxD). Dashes represent introduced gaps for alignment improvement. Numbers 
on the right indicate amino acid positions.  

Beside the beforementioned characterised PLPP enzymes, another member of the HADSF 

from yeast has been shown to exhibit phosphohydrolase activity against PLP (Kuznetsova et 

al., 2015). This protein, YOR131C, is still annotated as a putative uncharacterised hydrolase 

(UniProt Q12486) (The UniProt Consortium, 2019). Although YOR131C shares 30 % sequence 

identity with the yeast phosphoglycolate phosphatase PHO13 and only 20 % identity to human 

PDXP, it clearly uses PLP and not phosphoglycolate as substrate (Kuznetsova, 2009; 

Kuznetsova et al., 2015). YOR131C exhibits a higher affinity for PLP than NtPLPP1 (Km: 70 

versus 450 µM) but lower affinity than human PDXP (1.5 - 2.5 µM) (ShuoHao et al., 2019; Jang 

et al., 2003).  
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All in all, YOR131C seems to function analogous to the PLPPs from human, mouse and tobacco. 

Therefore, it was reasonable to analyse whether HAD might show similarities to YOR131C. For 

that, a pairwise sequence alignment was performed, and percent sequence identity was 

calculated with EMBOSS Needle.  

The pairwise sequence alignment of HAD and YOR131C already displays higher similarity than 

the HAD alignments with PLPP from N. tabacum (3.8.6) or GPPs from A. thaliana (3.8.5) 

(Figure 3-35). This observation is supported by the calculated 32.1 % sequence identity 

between HAD and YOR131C. 

 

Figure 3-35: ClustalW alignment of the predicted amino acid sequences of PLPP from S. cerevisiae (YOR131C) and 
HAD (AT2G33255). Residues identical or with similar properties among sequences are indicated by black shading. 
Residues not identical are highlighted by different shading (grey/white). Red boxes mark conserved HADSF motifs 
I-IV (I: DxD; II, T/S; III: K/R; IV: E/DD, GDxxxD, or GDxxxxD). Dashes represent introduced sequenced gaps for 
alignment improvement. Numbers on the right indicate amino acid positions. 

3.8.7 Heterologous expression and purification of the recombinant HAD 

Next, it was necessary to test, whether HAD acts as a phosphatase and particularly whether it 

uses PLP as substrate. For this, the HAD was expressed in the heterologous E. coli system, 

purified and used for enzyme activity tests. This approach was already successfully applied for 

the characterisation of other HADSF members (Caparrós-Martín et al., 2013).  

The HAD coding sequence was inserted into the pET16b vector in frame with the 10x histidine-

tag (His-Tag) coding sequence. The His-Tag allows analysing heterologous HAD expression by 

immunostaining and protein purification via IMAC. Next, the expression construct was 
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transformed into competent E. coli Rosetta cells. In pET16b, protein expression is under the 

control of the lacI-promoter and thus inducible by IPTG. Expression was induced during the 

exponential growth phase cells. About 12 hours post induction, cells were harvested and 

disrupted. A possible formation of inclusion bodies was analysed by centrifugation of non-

soluble proteins and SDS-PAGE. 

The high amount of proteins in lane 1 (Figure 3-36) demonstrates that a large proportion of 

the recombinant protein formed insoluble aggregates. However, for functional analysis, the 

soluble HAD was required. Therefore, the fraction of soluble proteins was applied to the IMAC. 

By this procedure, the small amount of soluble HAD could be separated from the remaining 

soluble E. coli proteins (Figure 3-36). 

 

Figure 3-36 Purification of HAD after heterologous expression in E. coli Rosetta cells. (A) Separation of IPTG-
induced E. coli cells before and after purification via SDS-PAGE. (B) Protein blot analysis of IPTG-induced cells 
before and after purification using anti-His-tag antibody (1st antibody) and anti-mouse antibody (2nd antibody) 
followed by NBT/BCIP staining. Numbers at image border indicate the molecular weight of the protein (kDa). L: 
Protein Ladder (PageRuler); 1: Lysed pellet of IPTG-induced E. coli cells; 2: flow through; 3: binding buffer 1; 
4: binding buffer 2; 5: wash buffer; 6: 1st eluate; 7: 2nd eluate. 

Immune-staining detected one major band of a molecular weight between 25 and 35 kDa in 

the inclusion-body fraction, as well as in the flow through, first washing and the eluate of the 

IMAC (Figure 3-36 B; line 6). The calculated molecular weight of HAD with His-tag is ~ 30 kDa. 

This demonstrates that recombinant HAD was expressed and successfully purified.  

3.8.8 Substrate specificity of HAD 

A previous study analysed HAD as a homologue of GPP1 and GPP2. Although GPP substrates 

could be identified, HAD did not show activity with any of the applied substrates 
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(Caparrós-Martín et al., 2013). To investigate whether the recombinant and purified HAD acts 

as a phosphatase, enzyme activity assays were performed with different putative substrates, 

including also several of the study performed by Caparrós-Martín et al. The enzyme assay was 

stopped directly, to determine possible free phosphate already in the reaction mixture, and 

after one hour. The free phosphate in the solution was analysed colourimetrically. 

For most tested substrates, no phosphate release could be detected (Table 3-16). 

Table 3-16: Hydrolytic activity of HAD on different substrates.  

Tested substrate Phosphate release 

6-phosphogluconic acid - 

D-fructose-6-phosphate - 

D-fructose-1,6-bisphosphate - 

D-glucose-6-phosphate - 

α-D-glucose-1-phosphate - 

glyceraldehyde 3-phosphate - 

dihydroxyacetone-phosphate - 

phosphoenolpyruvate - 

adenosine triphosphate - 

pyridoxal 5′-phosphate + 

(+) indicates released phosphate, (-) indicates no released 
phosphate after 1 h dark incubation at 23° C. Assays were 
performed with 10 mM substrate and 25 µg purified HAD protein 
per ml. 

However, for PLP substantial increase in colour intensity (1 h, Figure 3-37) became visible 

within the phosphate determination test. 



Results 101 

 
 

 

Figure 3-37: Appearance of phosphate determination test solution in cuvettes after HAD phosphatase activity 
assay. For the 0 h samples, the phosphatase activity assay was stopped with perchloric acid directly after starting. 
For 1 h samples, the assay was stopped after 1 h dark incubation at 23°C. The assay was performed with 
10 mM PLP as substrate and 25 µg purified HAD protein per ml. 

Next, a control experiment was conducted to verify that the increased colour intensity after 

one hour was due to HAD phosphatase activity against PLP. For that, the phosphatase activity 

of the purified HAD protein was determined before and after heat inactivation. Because weak 

blue staining was already visible when the reaction was directly stopped (0 h Figure 3-37), two 

further control samples were included, to identify the source of the free phosphate in the 

samples. The released phosphate was quantified photometrically. Since the colour of the 

phosphate determination samples after one hour was very intense, the reactions in this 

experiment were already stopped after ten minutes. 

Approximately 12 nmol free phosphate was quantified in samples which contained HAD and 

2mM PLP. By contrast, only 1 nmol of free phosphate was measured in samples which 

contained the boiled HAD protein plus PLP or PLP alone, but not in samples with purified HAD 

protein without substrate (Figure 3-38). This clearly demonstrates that PLP hydrolysis is due 

to the enzymatic activity of the HAD. Moreover, the PLP is contaminated with traces of 

phosphate.  

 
Figure 3-38: Photometrically determined free phosphate of different enzyme activity approaches. All reactions 
were stopped with perchloric acid 10 min after starting enzyme activity assay. 200 µl of the assay was used for 
colourimetric phosphate approach. Free phosphate was measured photometrically as an increase in absorbance 
at 705 nm. Shown are mean values of four replicates, ± SE (HAD + 2mM PLP; boiled HAD + 2mM PLP) and two 
replicates (HAD; 2mM PLP). 
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The HADSF members, except 2-haloacid dehalogenases, use magnesium as a cofactor during 

catalysis (Peeraer et al., 2004). This is also true for YOR131C from yeast, which shows 

phosphatase activity against PLP (Kuznetsova et al., 2015). Therefore it was tested, whether 

PLP phosphatase activity of HAD is also Mg2+-dependent. An enzyme assay with and without 

the addition of Mg2+ was conducted, and the time-dependent release of phosphate was 

determined photometrically (Figure 3-39). A constant increasing release of phosphate was 

measured in the presence but not in the absence of 5mM MgCl2.  

 
Figure 3-39: Mg2+-dependency of HAD phosphatase activity. Phosphatase enzyme assay was performed with 
2 mM PLP as substrate and 25 µg purified HAD protein per ml in the presence and absence of 5 mM MgCl2. Shown 
are mean values of five replicates, ± SE (5mM MgCl2) and two replicates (0mM MgCl2).  

The results demonstrate that the HAD is highly specific because among 14 different tested 

phosphorylated compounds (Table 3-16) (Caparrós-Martín et al., 2013) only PLP was accepted 

as a substrate. Moreover, its activity relies on Mg2+ as a cofactor (Figure 3-39). 
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4 Discussion 

Photorespiration was often described as a wasteful but necessary process in plants. However, 

this view begins to change: Recent studies demonstrate that photorespiration is not only 

essential for recycling toxic 2-phosphoglycolate but also plays additional roles in plants. 

However, it is unclear how impaired ATP/ADP translocation at the ER can cause a defect in 

photorespiration. A possible connection between these two processes is not directly evident. 

Therefore, the full picture of photorespiration is apparently much more complex than 

expected earlier. This study aims to gain deeper insights into the phenotype of er-ant1 

mutants and to approach a possible connection to photorespiration. Therefore, the new 

findings are discussed in the context of energy metabolism and/or photorespiration.  

4.1.1 From PLP to photorespiration 

The group of B6 vitamins is composed of six vitamers: Pyridoxal (PL), pyridoxine (PN) and 

pyridoxamine (PM), and their phosphorylated forms PLP, PNP and PMP (Mooney and 

Hellmann, 2010). The de novo synthesis of the major active form PLP as well as its salvage into 

the other vitamers takes place in the cytosol. The non-phosphorylated forms can pass 

membranes via diffusion and by this also enter the chloroplast (Rueschhoff et al., 2013). Here, 

they become phosphorylated by the chloroplastidic pyridoxal kinase SOS4.1, which is a splice 

variant of the cytosolic SOS4, and by this trapped in the stroma (Rueschhoff et al., 2013). In 

this context it is important to mention that mutant plants lacking stromal SOS4.1 or with 

defects in cytosolic PLP synthesis show stunted growth, are chlorotic and show higher 

sensitivity to many stressors and thus in many essential aspects resemble er-ant1 mutants. 

Up to now, there is no information about the content of the different B6 vitamers in er-ant1. 

However, several facts suggest that er-ant1 suffers from PLP deficiency in chloroplasts. First, 

EMS mutagenesis and analyses of T-DNA insertion mutants revealed that missing HAD-type 

phosphatase activity alleviates the er-ant1 phenotype. This enzyme resides in the chloroplast 

stroma (3.8.3.2) and is capable of dephosphorylating PLP (3.8.8). Consequently, missing 

activity of this phosphatase counteracts PLP dephosphorylation, which supports its trapping 

in the stroma. This result also suggests that SOS4.1 is functional in er-ant1 chloroplasts. 
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Second, exogenous supply of pyridoxine (PN) was shown to increase biomass production of 

er-ant1 but not of the wild type (Figure 11). After diffusion into the cell, PN can be converted 

into all other vitamers via the cytosolic salvage pathway (Colinas et al., 2016). Consequently, 

PN feeding can enhance PLP supply to various enzymes in the cytosol. Moreover, the cytosolic 

conversion of PN into PL, its diffusion into the chloroplast and its phosphorylation by SOS4.1 

may support PLP-dependent processes in the stroma.  

Third, impaired chlorophyll biosynthesis of er-ant1 (3.5.2) is also in line with a reduced PLP 

availability in the stroma. Mutant plants impaired in PLP synthesis (lacking PDX2) also show 

substantially reduced chlorophyll levels (Tambasco-Studart et al., 2007). This is because first 

step in chlorophyll biosynthesis, the generation of 5-aminolevulinic acid (ALA), is catalysed by 

the PLP-dependent enzyme glutamate 1-semialdehyde aminotransferase (GSA1) (Tanaka et 

al., 2011; Ilag et al., 1994). Interestingly, the GSA1 transcript level is lower in er-ant1 but not 

in other strong photorespiration mutants (data not shown; Eisenhut et al., 2017). Glutamate 

is an early precursor of ALA, and its reduced availability in er-ant1 mutants might additionally 

impair chlorophyll synthesis. Therefore, the decrease in chlorophyll of er-ant1 might be due 

to a limited PLP and glutamate availability in the chloroplast. 

Fourth, missing HAD-activity in er-ant1 led to partial restoration of the chlorophyll content 

and plant growth (er-ant1 suppressor line 6.3, Figure 3-12 & Figure 3-13). Therefore, lesser 

PLP dephosphorylation in the er-ant1 chloroplast seems to be beneficial for chlorophyll 

synthesis and the overall development of the mutant. 

Notably, in had-2 x er-ant1, glycine levels remained more or less at er-ant1 level, whereas the 

arginine levels resembled those of the wild type (Table 3-14). The decrease in arginine content 

in this mutant is probably not due to a stimulation of arginine catabolism in mitochondria 

(Ochocki et al., 2018). This is because it is hard to imagine how missing PLP dephosphorylation 

in chloroplasts may stimulate PLP provision to other organelles. Alternatively, arginine 

accumulation might be prevented due to the restoration of the chlorophyll level, which would 

lead to higher photosynthetic activities and carbon fixation rates. The elevated carbohydrate 

availability thus shifts amino acid metabolism from the nitrogen store arginine to the 

biosynthesis of other amino acids. This could explain how missing HAD-activity can decrease 

the arginine accumulation in er-ant1 to wild-type level. 
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Moreover, in Arabidopsis, PLP-dependent enzymes catalyse more than 140 reactions and are 

involved in essential cellular pathways (Colinas et al., 2016; Parra et al., 2018). Not only the 

PLP-dependent chlorophyll biosynthesis but also PLP-dependent amino acid metabolism is 

apparently disturbed in er-ant1 (Figure 3-1; Figure 3-13) which might be a further hint towards 

an impaired PLP metabolism in this mutant. 

For example, the arginine accumulation in er-ant1 (Figure 3-1 F) might be due to a decreased 

PLP-dependent arginine catabolism in mitochondria (Ochocki et al., 2018). In fact, Arabidopsis 

mutant plants with decreased Vitamin B6 levels also accumulate arginine (Leuendorf et al., 

2010). Given that PLP provision to mitochondria also takes place via diffusion, PLP deprivation 

in the matrix may result from a limited availability of non-phosphorylated vitamers in the 

cytosol.  

PLP is also of importance during photorespiration; it serves, for example, as a cofactor of the 

P subunit of the GDC (Heldt and Piechulla, 2012; Kandoth et al., 2017). Using a mathematical 

model of mitochondrial GDC and SHMT, Nijhout et al., 2009 have shown that PLP deficiency 

correlates with linearly increasing glycine levels while serine levels are only marginally 

affected (Nijhout et al., 2009). Moreover, Arabidopsis mutant plants impaired in vitamin B6 

synthesis also accumulate glycine (Leuendorf et al., 2010). Therefore, the increased glycine 

level and unchanged serine amounts in illuminated er-ant1 leaves (Figure 3-1 A & B) may, in 

fact, result from insufficient PLP supply to the GDC. This may also be causative for the blocked 

photorespiration in er-ant1 mutants.  

The proposed defects in PLP-dependent processes of mitochondria (glycin decarboxylation 

and arginine catabolism) and chloroplasts (chlorophyll biosynthesis) are suggestive for an 

impaired production of non-phosphorylated vitamers in the cytosol. This is also in line with 

the observation that missing HAD-type phosphorylase activity has a positive impact on PLP-

dependent processes in the chloroplast, whereas glycine accumulation remains high.  

Also, the significantly decreased glutamate levels in illuminated leaves of er-ant1 (Figure 3-1 

D) may at least partially be due to generally reduced PLP levels in er-ant1 mutants. In 

Arabidopsis, the de novo synthesis of PLP involves two PLP-synthases (PDXs). PDX2 hydrolyses 

glutamine to glutamate and ammonia (Tambasco-Studart et al., 2007). Therefore, reduced 

glutamine hydrolysis via PDX2 may contribute to the reduced glutamate level of er-ant1. The 
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ammonia of the PDX2 reaction is used by PDX1 to form PLP from ribose-5-phosphate (RBP) 

and glyceraldehyde-3-phosphate (GAP). Since er-ant1 mutants are downregulated in the 

expression of Calvin cycle enzymes (Figure 3-4) and contain lesser sugar than the wild type 

(Hoffmann et al., 2013), it is possible that the limited availability of phosphorylated sugar 

precursors generally limits cytosolic B6 vitamer production in this mutant.  

4.1.2 From photorespiration to redox homeostasis 

Conditions that increase the rate of photorespiration, such as heat and highlight, can induce 

adverse redox imbalances and fast alterations in the energy state of the cell: When stomata 

close, the CO2 concentration decreases which rapidly leads to over-reduction of the 

chloroplast (Keech et al., 2017). This is accompanied by an increase in the NADH/NAD and 

ATP/ADP ratio in the chloroplast, the cytosol and mitochondria (Igamberdiev et al., 2001; 

Keech et al., 2017).  

In mitochondria, glycine is oxidised by the GDC, which leads to the release of NADH. The low-

CO2-induced increase of the mitochondrial NADH/NAD+ ratio is apparently directly coupled to 

mitochondrial glycine oxidation because the ratio was markedly lower after application of a 

GDC inhibitor (Wigge et al., 1993). 

er-ant1 mutants were reported to exhibit reduced GDC activity when compared to the 

wild type (Hoffmann et al., 2013). Since photorespiratory glycine oxidation represents the 

major flux through mitochondria in the light (Bykova et al., 2014), one might expect that 

er-ant1 also shows a reduced NADH/NAD+ ratio when the CO2 availability decreases. However, 

gene expression of both matrix-facing NAD(P)H dehydrogenases NAD1 and NAD2 was 

upregulated in er-ant1 mutants (Table 3-7), which generally points to an elevated need for 

dissipating reducing equivalents and thus for higher NADH/NAD ratios.  

In er-ant1 mutants, the activity of GDC is decreased due to posttranslational modifications 

(Hoffmann et al., 2013) and possibly due to limited PLP availability. GDC is feedback inhibited 

by its product (Bykova et al., 2014) and given that er-ant1 exhibits too high NADH/NAD ratios 

in mitochondria, the high NADH level might additionally reduce its activity. Notably, the 

mitochondrial malate dehydrogenase (mMDH) is supposed to play a crucial role in preventing 
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GDC inhibition by maintaining low levels of NADH (Bykova et al., 2014). Interestingly, both 

genes encoding mMDHs in Arabidopsis are downregulated in er-ant1 (Table 3-8). 

Besides NAD(P)H dehydrogenases and mMDH, an additional important way to prevent over-

reduction of the electron transport chain and corresponding ROS formation in mitochondria 

is the action of the alternative oxidase (AOX) (Vishwakarma et al., 2015). To enable flexible 

adaptation of the cellular energy state towards changing conditions, AOX activity is strictly 

regulated at transcriptional, translational and post-translational level (Selinski et al., 2018). It 

has been shown, that er-ant1 mutant plants possess elevated ROS levels, and it was proposed 

that GDC of er-ant1 is subject of oxidative modifications (Hoffmann et al., 2013). The 

upregulation of several AOX isoforms is indicative for an over-energisation of the electron 

transport chain in er-ant1, which implies that the elevated ROS levels in er-ant1 are generated 

in mitochondria.  

Apart from its well-known function as a safety valve (Day et al., 1996; Lambers, 1982) AOX 

were recently shown to play a more general role as they seem to be of high importance in 

balancing the mitochondrial ATP/ADP ratio (Selinski et al., 2018). Therefore, the upregulation 

of AOX expression could also hint towards an elevated ATP/ADP ratio in er-ant1 mitochondria. 

However, how the absence of an ER-located ATP/ADP transporter can cause such an increase 

in mitochondria becomes not immediately evident.  

Inhibition of the mitochondrial TCA cycle enzyme aconitase results in citrate accumulation, 

rearrangement of metabolic fluxes and strong retrograde responses, including the induction 

of AOX1A expression (Wagner et al., 2018). Therefore, the substantial accumulation of citrate 

(Hoffmann et al., 2013) and the stimulation of the expression of AOX1A might by indicative 

for reduced fluxes via the TCA cycle in er-ant1. In fact, several TCA enzymes are inhibited by 

high ATP/ADP or NADH/NAD ratios (Berg et al., 2002). Therefore, the citrate accumulation is 

a further hint towards an elevated energy and redox state in er-ant1 mitochondria.  

4.1.3 Hypoxia 

Absence of ER-ANT1 is apparently associated with a high mitochondrial ATP/ADP ratio, 

whereas energy depletion in mitochondria seems to increase ER-ANT1 activity (Table 3-2). 

Since oxidative phosphorylation relies on O2, hypoxia ultimately leads to blockage of 
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mitochondrial ATP production (Diab and Limami, 2016). Hypoxia induces multiple significant 

transcriptional changes, such as increased expression of genes associated with fermentation 

pathways (Diab and Limami, 2016) but also of ER-ANT1 (Table 3-2). The increased expression 

of ER-ANT1 suggests that ER-ANT1 is of particular importance during hypoxia or even more 

generally when mitochondrial ATP production is limited.  

Interestingly, many transcripts encoding proteins required for fermentation are upregulated 

in er-ant1 but not in all other strong photorespiration mutants (Table 3-10). Therefore, some 

specific alterations in er-ant1 might provide the signal for the induction of the hypoxia-

dependent gene expression already under normoxic conditions. It seems thus possible that 

er-ant1 is not able to adapt its metabolism, even more, when real oxygen limitation occurs. 

The fact that er-ant1 shoot and root growth on culture plates becomes highly impaired by 

elevated agar concentrations, known to decrease the diffusion of oxygen, strengthens this 

hypothesis (Leroch et al., 2008; Hulst et al., 1989).  

Gene regulation and the overall survival of plants exposed to hypoxia was shown to rely on 

the availability of starch (Loreti et al., 2018). The er-ant1 mutant contains significantly lower 

levels of glucose, sucrose and starch than the wild type (Hoffmann et al., 2013). Therefore, its 

growth impairment on increasing agar concentrations may also be due to the generally 

decreased carbohydrate availability, which might be insufficient for adequate fermentation 

when truly necessary. Indeed, the growth of the rice er-ant1 mutant was significantly 

enhanced by exogenous sucrose supply (Zhang et al., 2016).  

The genevestigator perturbation study revealed that er-ant1 expression is upregulated by 

heat and downregulated by cold (Table 3-2). This regulation is in line with the importance of 

ER-ANT1 under hypoxic conditions because the oxygen level in plant tissues is known to 

decrease with increasing temperatures (Borisjuk and Rolletschek, 2009). In this context, it is 

also interesting that induction of the expression of the heat shock factor A2 (HsfA2) by anoxia 

(Banti et al., 2010) is also visible in er-ant1 under normoxia (data not shown). Moreover, 

induction of ER-ANT1 by heat apparently depends on specific heat shock proteins since it does 

not occur in hsfa1a/1b knockout mutants (Busch et al., 2005). When Arabidopsis wild-type 

plants are treated with heat, they tolerate subsequent anoxia better than without heat 
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treatment (Banti et al., 2010). This ability of heat-dependent acclimation to anoxia is lost in 

both, hsfA2 and hsfA1a/1b, knockout mutants (Banti et al., 2010).  

Another hint for a misbalanced gene expression regulation of er-ant1 in response to low 

oxygen is the upregulation of the zink-finger transcription factor STOP1 in er-ant1 but not in 

the strong photorespiration mutants (data not shown; Eisenhut et al., 2017 ). STOP1 regulates 

the expression of genes encoding metabolic enzymes important for low oxygen tolerance such 

as enzymes belonging to the GABA-shunt, the glutamate dehydrogenases GDH1 and GDH2 

and HsfA2 (Enomoto et al., 2019). Therefore, the significantly decreased glutamate content in 

illuminated er-ant1 leaves could result from an increased flux of glutamate via GDH into the 

TCA or to the GABA shunt (Figure 3-1). In this context, it is important to note that STOP1 is 

coexpressed with ER-ANT1 during the whole plant development (Genevestigator coexpression 

study, data not shown). 

Interestingly, also a key transcription factor of the ethylene signalling pathway, ETHYLENE 

INSENSITIVE 3 (EIN3), is coexpressed with ER-ANT1 during development (Genevestigator 

coexpression study; data not shown). This transcription factor has been shown to promote 

GDH synthesis during anoxia (Tsai et al., 2016).  

In general, the efficiency for ATP production using fermentative pathways to maintain 

glycolysis is very low and highly carbohydrate-consuming (Diab and Limami, 2016). 

Consequently, the carbon storage depletes very quickly during hypoxia and ultimately results 

in carbon starvation (Diab and Limami, 2016). Since hypoxia-associated pathways are 

apparently upregulated already under normoxia, a prolonged glycolytic activity might explain 

the reduced sugar and starch levels of er-ant1.  

Ethanol is a dead-end product in plants and thus results in carbon loss. However, carbon flux 

may be redirected from ethanolic fermentation to the alanine fermentative pathway via 

alanine aminotransferase (AlaAT) to safe carbohydrates (Diab and Limami, 2016). The 

corresponding synthesis of alanine from glutamate and pyruvate generates 2-oxoglutarate, 

which can enter the TCA cycle and provides one additional ATP per metabolised sucrose 

molecule (Diab and Limami, 2016) Therefore, alanine usually accumulates upon hypoxia (Diab 

and Limami, 2016). Different to the other hypoxia-associated responses, er-ant1 does not 

accumulate alanine but rather shows decreased levels of this amino acid in roots and 
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illuminated leaves (Figure 3-1 G). In this context, it is important to note that er-ant1 apparently 

suffers from general vitamin B6 deficiency (4.1.1) and that AlaAT uses PLP as cofactor. PLP 

deprivation thus might be a limiting factor for alanine production in er-ant1. However, since 

starch and sugar levels are already depleted in er-ant1 mutants, there is probably no carbon 

left to be saved in the form of alanine. Furthermore, also the precursor glutamate for alanine 

synthesis is decreased in er-ant1. This is in line with the observation, that alanine was 

increased when er-ant1 was cultivated at high CO2 conditions (Figure 3-2) and thereby has 

higher levels of sugar and starch and glutamate (Data not shown; (Leroch, 2006)). 

4.1.4 Amino acid metabolism 

Although er-ant1 shows reduced alanine levels and depletion of sugars and starch, it 

accumulates arginine (Figure 3-1 F). Because of its highest N/C-ratio amongst the 

proteinogenic amino acids, arginine could serve to store for excessive nitrogen. Which is in 

line with the decreased carbohydrate pool and reduced expression of Calvin cycle enzymes 

(Hoffmann et al., 2013; Figure 3-4). 

The transcriptomic analysis revealed that the elevated arginine levels in er-ant1 most likely 

not results from a stimulated de novo synthesis but rather from decreased arginine catabolism 

(Figure 3-5). Expression of ARGAH2, encoding arginase 2, which catalyses the hydrolysis of 

arginine to urea and ornithine, is downregulated in er-ant1 but not in other strong 

photorespiration mutants (Figure 3-5). Interestingly ornithine, the product of arginine 

degradation, is further metabolised to glutamate-5-semialdehyde via the ornithine delta‐

aminotransferase (δOAT), which is a PLP-dependent enzyme. Therefore, the reduced 

degradation of ornithine and thus also of arginine might result from a vitamin B6 deficiency in 

er-ant1 mutants. Interestingly, a very recent study revealed that repression of arginase 2 de 

facto allows saving substantial amounts of PLP, at least in human kidney cancer tumours 

(Ochocki et al., 2018).  

The glutamate-5-semialdehyde produced by (δOAT) is further converted to glutamate (Funck 

et al., 2008). It seems possible that the decreased glutamate levels in illuminated er-ant1 

leaves are a further consequence of the decreased arginine catabolism. As proline 

biosynthesis was shown to be independent of glutamate produced by arginine and ornithine 
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degradation, the unchanged level of proline in er-ant1 mutants does not oppose this 

assumption (Funck et al., 2008; Hoffmann et al., 2013). 

One might envision that the downregulation of several genes involved in JA-synthesis 

(Figure 3-6) is linked to the observation that ARGAH2 is downregulated in er-ant1, as ARGAH2 

has been shown to be induced by jasmonate (Brownfield et al., 2008; Jung et al., 2007). 

Therefore, downregulation of JA-synthesis could support saving PLP due to less arginine 

catabolism.  

Furthermore, JA has been shown to induce expression of PGDH1 and PSAT1 (Jung et al., 2007) 

which are involved in the biosynthesis of serine via the phosphorylated pathway (PPSB) 

(Figure 3-7). Although serine metabolism is tightly connected with photorespiration, er-ant1 

differs in this context from other photorespiration mutants as the expression of PGDH1 and 

PSAT1 is not changed in er-ant1 but induced in the strong photorespiration mutants (Table 

3-3; Eisenhut et al., 2017). 

In er-ant1, missing induction of the PPSB would make sense because of several reasons. The 

PPSB starts with the conversion from 3-phosphoglycerate (3-PGA) to 3-

phosphohydroxypyruvate, which is catalysed by PGDH1. 3-PGA is apparently decreased in er-

ant1, possibly due to the depleted carbohydrate pool (Hoffmann et al., 2013) and reduced 

expression of Calvin cycle enzymes (Figure 3-4). Therefore, missing substrate availability 

would make the upregulation of PGDH1 useless. Moreover, induction of PGDH1 might be even 

unfavourable, because the catalytic activity of PGDH leads to the formation of NADH 

(Figure 3-7) and would indirectly prevent ATP and NADPH consumption by 3-PGA conversion 

in the Calvin cycle. This would further increase the ATP/ADP and NADPH/NADP ratios in the 

chloroplast. 

In the second step of the PPSB (Figure 3-7) the PLP-dependent PSAT1 catalyses the amino 

group transfer from glutamate to 3-phosphohydroxypyruvate (Wulfert and Krueger, 2018; Ros 

et al., 2014). However, glutamate and probably also PLP are limited in er-ant1 (Figure 3-1 D) 

and the induction of PSAT1 would further enhance the depletion of these molecules. Because 

PLP is de novo synthesised from carbohydrates, the induction of the PPSB would also indirectly 

lead to lesser PLP production. Thus, downregulation of JA-synthesis in illuminated leaves of 
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er-ant1 might prevent induction of the PPBS and by this the further increase of ATP/ADP and 

NAD(P)H/NAD(P) ratios, as well as additional glutamate and PLP consumption. 

In the strong photorespiration mutants, the stimulation of the PPSB pathway apparently leads 

to increased serine levels. It is surprising, that although PPBS does not seem to be induced, 

serine levels in illuminated leaves of er-ant1 resemble the wild type (Figure 3-1 A), since the 

photorespiration is supposed to be impaired in er-ant (Hoffmann et al., 2013). In general, it 

might be that the glycolate pathway is still active in er-ant1 even though photorespiration is 

somehow defective. Moreover, it is not clear why er-ant1 plants exhibit elevated serine levels 

in roots and during the dark phase in leaves. Because of the relevance of the PPSB particularly 

under non-photosynthetic conditions, the corresponding increase might result from nocturnal 

and root-specific stimulation of this pathway. However, it is also imaginable that in non-

photosynthetic tissues of er-ant1, the consumption of serine is lower than in the wild type. 

This might also apply to the photosynthetic tissues. Under the assumption that the glycolate 

pathway is impaired in er-ant1, lower serine consumption in the illuminated leaves might lead 

to serine levels similar to that of the wild type. 

Serine synthesised by the PPSB can act, for example, as a precursor for the synthesis of 

homocysteine in the plastid (Okamura and Hirai, 2017). After transport to the cytosol, 

homocysteine is converted into methionine catalysed by methionine synthases (MS) (Wulfert 

and Krueger, 2018). Indeed, expression of MS1 and MS2, encoding the two cytosolic isoforms 

of methionine synthase, is downregulated in er-ant1 but not in all strong photorespiration 

mutants (Table 3-3). Therefore, it is imaginable that serine consumption in er-ant1 is, among 

others, reduced by decreased synthesis of methionine. 

Interestingly, only about 20 % of the plant methionine is incorporated into proteins, whereas 

80 % is activated to S-adenosylmethionine (SAM) (Hesse et al., 2004). The fact that the 

expression of three out of four SAM synthases was downregulated exclusively in er-ant1 might 

be due to less methionine availability.  

4.1.5 ER-ANT1 and cancer 

Interestingly, the new findings concerning the er-ant1 mutant somehow remind to the 

metabolic situation in cancer cells. First, under normoxic conditions, er-ant1 shows increased 
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transcription of genes encoding proteins involved in fermentation. Notably, this does not 

apply to all strong photorespiration mutants (Table 3-10). Already in 1924, Otto Warburg 

observed that also cancer cells tend to “ferment” glucose even under normoxic conditions to 

support oxidative phosphorylation in mitochondria. The combined use of glycolysis and 

oxidative phosphorylation was recently shown to be due to a specific reprogramming of the 

cancer cell (Cesari et al., 2014). The reason for this mechanism is still elusive. At first glance, 

one might assume that the exclusive use of oxidative phosphorylation might be better suited 

to fulfil the enormous energy demands of proliferating cells.  

Second, expression of ER-ANT1 is reduced by MeJA treatment (Table 3-2) and transcripts for 

JA biosynthesis were downregulated in the er-ant1 mutant but not in other strong 

photorespiration mutants (Figure 3-6). Generally, JA and MeJA fulfil an important role in plant 

development and growth. In mammalian cancer cells, MeJA has been shown to suppress 

growth and induce cell death, whereas other cells remain unaffected (Cesari et al., 2014). In 

the tumour cells, MeJA treatment results in ROS accumulation and dissociation of hexokinases 

from voltage-dependent anion channels (VDACs), which leads to the reduction of intracellular 

ATP levels and induction of fermentation (Cesari et al., 2014). This finally causes a 

mitochondrial burst and cell death (Cesari et al., 2014).  

Interestingly, the hypoxia-induced transcriptional responses regarding energy production and 

consumption are conserved between animals and plants (Diab and Limami, 2016). Therefore, 

one might speculate that the MeJA-dependent effects on hexokinases and VDACs might also 

apply to plants. Indeed, plants contain even more VDAC isoforms which have been shown to 

play important roles in plant growth and are suggested to control ATP levels (Li et al., 2013). 

Moreover, also in Arabidopsis hexokinase 1 (Hxk1) interacts with VDAC and overexpression of 

Hxk1 prevents H2O2-induced programmed cell death (Li et al., 2013; Homblé et al., 2012). In 

this context, er-ant1 mutants might reduce JA synthesis to maintain the proposed interaction 

between the hexokinases and the VDACs and by this prevent programmed cell death. 
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4.1.6 How can absence of ER-ANT1 affect PLP metabolism 

The following scenario tries to bring ER-ANT1 into the context of high and low CO2 and 

provides a possible solution to the question, why er-ant1 plants suffer only under ambient 

conditions, but not under saturating CO2.  

Generally, in all eukaryotes, SLC-type transporters mediate energy provision to the ER (Klein 

et al., 2018 unpublished data, Plant Physiology, TUK). These transporters exhibit a 

comparatively high affinity for ATP and ADP. Moreover, they are apparently well suited and 

sufficient to mediate ATP import into the plant ER under saturating CO2. It has been shown 

that increasing CO2 concentrations result in decreased ATP/ADP ratios in the cytosol, in 

mitochondria and in chloroplasts (Gardeström and Wigge, 1988) (Figure 4-1). In this context, 

it is important to mention that even under saturating CO2, the cytosolic ATP concentration is 

almost 2-fold higher than that of ADP (Gardeström and Wigge, 1988). Therefore, the high-

affinity SLC transporters might still favour ATP over ADP provision to the ER (Figure 4-1). 

Moreover, saturating CO2 increases the carbohydrate availability in the cell (Figure 4-1) and 

supports multiple anabolic processes, including transcription and amino acid production 

(given that nitrate and sulfate assimilation are well operating). The increased availability of 

substrates stimulates protein biosynthesis in the ER (Figure 4-1), which leads to efficient 

removal of ATP and thus ADP generation in the lumen. This minimises the chance of 

disadvantageous ATP export via the high-affine SLC transporters. Therefore, SLC transporters 

may guarantee the ATP supply to the ER when the cytosolic ATP/ADP ratio is low. However, 

this presupposes that protein biosynthesis in the lumen is efficiently operating. This is clearly 

given under saturating CO2, nitrate and sulfate availability. Under these conditions, ER-ANT1 

is apparently not required, and thus its absence has no substantial effect on plant vitality.  
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Figure 4-1 Schematic scenario displaying the energy status and carbohydrates under the conditions of elevated 
CO2. Decreased ratios of ATP/ADP under high CO2 in mitochondria (purple), chloroplasts (green), ER (orange) and 
cytosol (white). SLC transporters (grey circle) provide ATP to the ER (orange) for protein synthesis. Carbohydrate 
levels are high. Figure provided by Ilka Haferkamp (TUK). 

When protein synthesis slows down due to a decreased amino acid supply, the ATP/ADP ratio 

in the ER lumen increases (Figure 4-2). This also enhances the likelihood of unwanted ATP loss 

via the SLC-type ATP/ADP transporters and is quite likely under conditions of decreased CO2 

availability (Figure 4-2). It is important to note that ER-ANT1, in contrast to the SLC-type 

transporters, exhibits a comparatively low affinity for both, ATP and ADP. Therefore, it needs 

higher substrate levels to reach half-maximal velocity. Because low CO2 increases the cytosolic 

ATP/ADP ratio, the higher ATP concentration would exclusively support ATP uptake into the 

ER via ER-ANT1 (Figure 4-2). Therefore, ER-ANT1 might help to maintain ATP provision to the 

ER under conditions when the ATP/ADP ratio in the lumen increases.  
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Figure 4-2 Schematic scenario displaying the energy status and carbohydrates under the conditions of low CO2. 
Elevated ratios of ATP/ADP under low CO2 in mitochondria (purple), chloroplasts (green), ER (orange) and cytosol 
(white). ER-ANT1 (red circles) provides ATP to the ER (orange) for protein synthesis. Carbohydrate levels are 
decreased. Figure provided by Ilka Haferkamp (TUK). 

Given that this hypothesis is correct, the absence of ER-ANT1 will cause a misbalance between 

the high cytosolic energy state and the reduced energy consumption in the ER (Figure 4-3). 

However, this misbalance requires a high cytosolic ATP/ADP ratio and thus can be prevented 

by high CO2. With decreasing CO2 availability, the er-ant1 mutant becomes confronted with 

two new situations (Figure 4-3). First, reduced protein synthesis in the ER and second, an 

increase in the cytosolic ATP/ADP ratio, which is even higher than in the wild type (Figure 4-3). 

In fact, the stimulation of several pathways for removal of excess energy and reduction 

equivalents is indicative of the increased cellular energy state. Induction of fermentation 

might be a further mechanism to counteract high cytosolic ATP/ADP ratios. However, the 

constant removal of excess energy consumes plenty of carbohydrates. Therefore, it is not 

surprising that er-ant1 mutant plants are much smaller than the wild type under ambient 

conditions.  
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Figure 4-3 Schematic scenario displaying the energy status and carbohydrates under the conditions of low CO2 
in A. thaliana lacking ER-ANT1. High ratios of ATP/ADP under low CO2 in mitochondria (purple), chloroplasts 
(green) and cytosol (white). Decreased ATP/ADP ratio in the ER (orange) and therefore decreased protein 
synthesis. Photorespiration is disturbed. Carbohydrates are low. Stimulated phosphorylation of PN, PL and PM 
due to high ATP/ADP ratio in the cytosol. Figure provided by Ilka Haferkamp (TUK). 

The postulated over-energisation of the cytosol could also explain the perturbation of PLP 

metabolism. It is easy to envision that elevated ATP availability stimulates phosphorylation of 

the B6 vitamers (Figure 4-3). Simultaneously, the availability of the membrane permeable, 

non-phosphorylated forms decreases. The reduced delivery of vitamers to the organelles 

might thus explain why the internal PLP-dependent processes are affected in er-ant1 even 

though PLP de novo synthesis, salvage and SOS4.1 kinase are apparently operating in this 

mutant.  
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4.2 Outlook 

This study revealed that a malfunction in B6 vitamer metabolism and particularly limited PLP 

availability in the chloroplast might be causative for the photorespiratory phenotype . In this 

context, missing ATP import into the ER was supposed to result in a higher ATP/ADP ratio in 

the cytosol which favours the phosphorylation of the vitamers and by this hinders their entry 

into the chloroplast. The final prove, however, is missing and thus it is of utmost importance 

to determine the energy state of the cell as well as the content of phosphorylated versus non-

phosphorylated B6 vitamers. Moreover, it would be interesting to determine their ratios in the 

individual organelles. Limited PLP availability in mitochondria could further explain the 

observed glycine accumulation since GDC and SHMT activity relies on this cofactor.  

High salt concentrations were shown to shift the cytosolic availability of non-phosphorylated 

to the phosphorylated vitamers and by this hinder their entry into the chloroplast. The lower 

plastidial PLP availability results in substantial growth defects and chlorosis. If the absence of 

the HAD-type phosphatase in fact enhances PLP trapping the chloroplast, the corresponding 

T-DNA insertion line should exhibit higher resistance to salt stress. Corresponding studies 

were already started and the results will be obtained soon.  

Furthermore, the proposed function of ER-ANT1 in energy provision to the ER might be 

supported by complementation studies. Absence of ER-ANT1 might be restored by 

overexpression of other ER-targeted ATP/ADP transporters. Therefore, it might be interesting 

to test whether the AXER-homologs from Arabidopsis can rescue er-ant1 mutants. 

Biochemical characterisation of the recombinant proteins revealed that ER-ANT1 has a quite 

low affinity for ATP, but might be very fast. The AXER homologs are highly affine for ATP but 

might be too slow to balance ATP homoeostasis. Therefore, the overexpression of one of the 

AXER homologs might restore missing ATP/ADP translocation across the ER membrane in 

er-ant1. Alternatively, an ER-resident nucleotide transporter (NTT5) from diatoms could be 

used for complementation. Interestingly, the affinities of NTT5 are approximately five times 

lower than those of the AXER homologs and thus rather resemble the characteristics of 

ER-ANT1. Therefore, the biochemical parameters classify the diatom carrier as a further 

promising candidate for a complementation study. 
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Loss of HAD function in the chloroplast was proven to alleviate the er-ant1 phenotype. Initial 

characterisation of this protein suggests that it is highly specific for dephosphorylating PLP. 

Therefore, missing PLP phosphatase activity might increase the retention time of PLP in the 

stroma and thus its availability for enzymatic reactions. For the complete biochemical 

characterisation, some experiments remain open, for example, the determination of the 

Michaelis-Menten constant (KM). Very recently, the first PLP-phosphatase of plants was 

discovered in tobacco. This protein exhibits a quite high KM. It will be interesting to know 

whether the HAD-type phosphatase from Arabidopsis shows similarly low or even higher 

affinity for PLP. Although several phosphorylated metabolites were excluded as substrates, 

the capacity of HAD to dephosphorylate PMP and PNP remains to be tested. 

The suppressor screen identified different suppressor candidates. Six M3 lines contained 

mutations in the HAD-type phosphatase, and missing activity of this protein was verified to 

suppress the phenotype of er-ant1. However, at least seven lines have suppressor mutations 

in other regions. Moreover, the morphology and glycine content, as well as transcriptomic 

data, differ among the individual EMS mutants of the M3 generation. In fact, there were other 

candidates worth analysing.Bioinformatic analyses revealed that certain candidates show high 

reliability of been the correct hits. Moreover, most of them are not characterised yet. The 

detailed investigation of these candidates will clearly support our knowledge on ER-ANT1 and 

will also provide new insights into plant metabolism in general.  
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6 Appendix 

6.1 Gene ontology er-ant1 

Table 6-1: Gene ontology (GO) biological process analysis of all genes upregulated in er-ant1 after 4 d shift from 
high to ambient CO2 but not in other photorespiration mutants analysed by Eisenhut et al., 2017. Shown are 
significantly enriched GO terms (Threshold: log2 fold change ≥ 1; Test type: Fisher’s test; Correction: false 
discovery rate-corrected for P < 0.05). 

GO upregulated genes (biological process) A. thaliana 
(27581) 

er-ant1 
(510) 

er-ant1 
(expected) 

er-ant1 (fold 
Enrichment) 

box C/D snoRNP assembly 5 3 0.9 32.45 
peptidyl-arginine methylation, to 
asymmetrical-dimethyl arginine 

7 4 0.13 30.90 

polyadenylation-dependent snoRNA 3'-end 
processing 

7 4 0.13 30.90 

nuclear polyadenylation-dependent tRNA 
catabolic process 

7 4 0.13 30.90 

U4 snRNA 3'-end processing 11 6 0.20 29.50 
exonucleolytic trimming to generate mature 

3'-end of 5.8S rRNA from tricistronic rRNA 
transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) 

8 4 0.15 27.04 

Response to X-ray 6 3 0.11 27.04 
nuclear-transcribed mRNA catabolic process, 

exonucleolytic, 3'-5' 
13 6 0.24 24.96 

histone arginine methylation 11 5 0.20 24.58 
nuclear polyadenylation-dependent rRNA 

catabolic process 
9 4 0.17 24.04 

nuclear mRNA surveillance 14 6 0.26 23.18 
positive regulation of mitochondrial 

translation 
10 4 0.18 23.18 

rRNA modification 37 6 0.68 8.77 
maturation of LSU-rRNA 32 5 0.59 8.45 

ribosomal large subunit assembly 42 6 0.78 7.73 
maturation of SSU-rRNA 51 6 0.94 6.36 

protein targeting to mitochondrion 62 7 1.15 6.11 
amide biosynthetic process 617 25 11.41 2.19 

Table 6-2: Gene ontology (GO) molecular function analysis of all genes upregulated in er-ant1 after 4 d shift from 
high to ambient CO2 but not in other photorespiration mutants analysed by Eisenhut et al., 2017. Shown are 
significantly enriched GO terms (Threshold: log2 fold change ≥ 1; Test type: Fisher’s test; Correction: false 
discovery rate-corrected for P < 0.05). 

GO upregulated genes 
(molecular function) 

A. thaliana 
(27581) 

er-ant1 
(510) 

er-ant1 
(expected) 

er-ant1 (fold 
Enrichment) 

protein-arginine omega-N asymmetric 
methyltransferase activity  

8 4 0.15 27.04 

mitochondrial ribosome binding  11 5 0.20 24.58 
histone-arginine N-methyltransferase 

activity 
9 4 0.17 24.04 

translation activator activity 10 4 0.18 21.63 
snoRNA binding 20 5 0.37 13.52 

catalytic activity, acting on RNA 425 24 7.86 3.05 



 

Table 6-3: Gene ontology (GO) cellular component analysis of all genes upregulated in er-ant1 after 4 d shift from 
high to ambient CO2 but not in other photorespiration mutants analysed by Eisenhut et al., 2017. Shown are 
significantly enriched GO terms (Threshold: log2 fold change ≥ 1; Test type: Fisher’s test; Correction: false 
discovery rate-corrected for P < 0.05). 

GO upregulated genes 
(cellular component) 

A. thaliana 
(27581) 

er-ant1 
(510) 

er-ant1 
(expected) 

er-ant1 (fold 
Enrichment) 

cytoplasmic exosome (RNase complex) 14 7 0.26 27.04 
Pwp2p-containing subcomplex of 90S 

preribosome 
6 3 0.11 27.04 

nuclear exosome (RNase complex) 15 6 0.28 21.63 
box C/D snoRNP complex 11 3 0.20 14.75 
small-subunit processome 49 13 0.91 14.35 
RNA polymerase I complex 19 4 0.35 11.39 

preribosome, large subunit precursor 20 4 0.37 10.82 
RNA polymerase III complex 29 5 0.54 9.32 

integral component of mitochondrial inner 
membrane 

28 4 0.52 7.73 

cytosolic large ribosomal subunit 137 11 2.53 4.34 

Table 6-4: Gene ontology (GO) biological process analysis of all genes downregulated in er-ant1 after 4 d shift 
from high to ambient CO2 but not in other photorespiration mutants analysed by Eisenhut et al., 2017. Shown 
are significantly enriched GO terms (Threshold: log2 fold change ≤ -1; Test type: Fisher’s test; Correction: false 
discovery rate-corrected for P < 0.05). 

GO downregulated genes 
 (biological process) 

A. thaliana 
(27581) 

er-ant1 
(606) 

er-ant1 
(expected) 

er-ant1 (fold 
Enrichment) 

S-adenosylmethionine biosynthetic process 4 3 0.09 34.13 
jasmonic acid biosynthetic process 25 9 0.55 16.38 
anthocyanin-containing compound 

biosynthetic process 
16 5 0.35 14.22 

regulation of flavonoid biosynthetic process 25 5 0.55 9.10 
protein N-linked glycosylation 43 8 0.94 8.47 
flavonoid biosynthetic process 59 9 1.30 6.94 

response to jasmonic acid 216 24 4.75 4.85 
response to wounding 216 21 4.75 4.42 

response to heat 220 17 4.83 3.52 
response to water deprivation 346 23 7.60 3.03 

Defense response to fungus 232 15 5.10 2.94 
response to salt stress 590 34 12.96 2.62 

response to oxygen-containing compound 575 28 12.63 2.22 
Transmembrane transport 708 33 15.56 2.12 

Table 6-5: Gene ontology (GO) molecular function analysis of all genes downregulated in er-ant1 after 4 d shift 
from high to ambient CO2 but not in other photorespiration mutants analysed by Eisenhut et al., 2017. Shown 
are significantly enriched GO terms (Threshold: log2 fold change ≤ -1; Test type: Fisher’s test; Correction: false 
discovery rate-corrected for P < 0.05). 

GO downregulated genes 
 (molecular function) 

A. thaliana 
(27581) 

er-ant1 
(606) 

er-ant1 
(expected) 

er-ant1 (fold 
Enrichment) 

glucomannan 4-β-mannosyltransferase  8 4 0.18 22.76 

carbohydrate derivative transmembrane 
transporter activity  

77 9 1.69 5.32 

active transmembrane transporter activity 683 34 15.01 2.27 

 



 

Table 6-6: Gene ontology (GO) cellular component analysis of all genes downregulated in er-ant1 after 4 d shift 
from high to ambient CO2 but not in other photorespiration mutants analysed by Eisenhut et al., 2017. Shown 
are significantly enriched GO terms (Threshold: log2 fold change ≤ -1; Test type: Fisher’s test; Correction: false 
discovery rate-corrected for P < 0.05). 

GO downregulated genes 
 (cellular component) 

A. thaliana 
(27581) 

er-ant1 
(606) 

er-ant1 
(expected) 

er-ant1 (fold 
Enrichment) 

endoplasmic reticulum chaperone complex 4 3 0.09 34.13 
proton-transporting V-type ATPase, V1 

domain  
6 3 0.13 22.76 

endoplasmic reticulum lumen 39 8 0.86 9.34 
plant-type vacuole membrane 119 12 2.61 4.59 

Golgi membrane 376 24 8.26 2.91 
cytoskeleton 381 20 8.37 2.39 

 

6.2 Chromosomal mapping approach (example for line 4.4) 

For the identification of the EMS-mutagenized loci, which led to enhanced growth of er-ant1 

suppressor mutants, chromosomal gene mapping was performed (Alonso-Blanco et al., 1998). 

For that purpose, the M3 generation plants of er-ant1 suppressor line 4.4 (see 3.5.1), which 

had Columbia-0 (Col-0) ecotype background, was crossed with A. thaliana wild-type plants of 

the ecotype Landsberg erecta (Ler) (Figure 6-1). This crossing resulted in an F1 generation with 

heterozygous hybrids. After the self-pollination of the F1 generation, the resulting F2 

generation was used for chromosomal mapping (mapping population).  

 

Figure 6-1: Crossing strategy for the production of the mapping population used for chromosomal gene mapping. 



 

From this mapping population, approximately 50 plants were chosen per line, which showed 

enhanced growth at ambient air conditions compared to original er-ant1 mutant plants. 

Subsequently, gDNA from these plants was isolated, and a T-DNA screen was performed to 

identify homozygous er-ant1 knockout plants. Then, only homozygous er-ant1 T-DNA 

insertion plants were used for a PCR-based genetic screen using markers for simple sequence 

length polymorphisms (SSLP; http://www.amp.genomic.org.cn). PCR products obtained with 

the specific SSLP primer combinations differ in size, depending on if the tested DNA region has 

Col-0 or Ler background. Doing this with several plants and primer combinations results in 

information about which chromosomal parts are interchangeable and do not play a role in the 

growth enhancement of the respective plant. Simultaneously, loci which contain the 

suppressor mutation always show Col-0 specific PCR products, because the EMS mutagenesis 

was conducted on er-ant1 seeds with Col-0 background.  

After a rough mapping with SSLP primer combinations covering all five A. thaliana 

chromosomes, a single region (apart from the already known er-ant1 region on chromosome 

5) was obtained in which Col-0 specific PCR products were found exclusively (Figure 6-2). A 

new set of SSLP primer was used, covering only this particular region but in much closer 

proximity than within the rough mapping. By that, the area could be narrowed down to a 

smaller region of 3.4 million base pairs. Within this region, 1041 putative loci were identified. 

To further narrow this down, further crossing steps would have been needed or even an 

outcross in a Near Isogenic Line. Doing this would have consumed a lot more time and effort. 

Therefore, and because of the availability of alternative possibilities which seemed to be more 

efficient concerning time and workload, the strategy was changed. 

http://www.amp.genomic.org.cn/


 

 

Figure 6-2: Rough chromosomal mapping results of er-ant1 suppressor mutant line 4.4. Black chromosome labels 
indicate the SSLP position. Blue labels show percentage of Col-0 specific PCR-products of 27 tested plants of the 
mapping population. Gel picture for visualisation for possible PCR results of one SSLP primer combination. 

  



 

6.3 Mapping Statistics  

The mapping rates of samples reflect the similarity between each sample and the reference 

genome. The depth and coverage are indicators of the evenness and homology with the 

reference genome. 

Table 6-7: Mapping statistics. 

Sample 
Mapped 

reads Total reads 
Mapping 
rate (%) 

Average 
depth (x) 

Coverage at 
least 1x (%) 

Coverage at 
least 4x (%) 

er-ant1 45369272 47946686 94.62 47.43 99.98 99.96 

neg_1_2 47866704 49483480 96.73 48.12 99.98 99.96 

neg_1_3 49005334 49970678 98.07 41.82 99.97 99.96 

neg_4_1 58995978 63119214 93.47 48.17 99.98 99.96 

neg_4_2 51946036 53981484 96.23 44.96 99.98 99.96 

neg_4_3 54687985 57776730 94.65 43.35 99.98 99.96 

neg_4_4 45414706 46892656 96.85 44.73 99.98 99.96 

neg_5_4 46045326 47436708 97.07 45.03 99.98 99.96 

neg_5_5 43675205 47359492 92.22 43.66 99.98 99.96 

neg_5_6 62678722 64343774 97.41 52.50 99.98 99.96 

neg_6_3 47183300 48514958 97.26 42.89 99.98 99.96 

neg_8_3 44919361 48176140 93.24 44.86 99.98 99.96 

neg_16_2 49697464 52465504 94.72 42.87 99.98 99.96 

neg_17_1 59383702 61110918 97.17 50.33 99.98 99.96 

pos_1_2 50722265 52861804 95.95 50.85 99.98 99.96 

pos_1_3 59021928 60719054 97.20 51.15 99.98 99.96 

pos_4_1 56307252 58000454 97.08 49.32 99.98 99.96 

pos_4_2 41065934 42626008 96.34 41.63 99.98 99.96 

pos_4_3 58502853 59309858 98.64 49.80 99.98 99.96 

pos_4_4 45961042 46915736 97.97 46.35 99.98 99.96 

pos_5_4 50672935 51801310 97.82 50.67 99.98 99.97 

pos_5_5 44935099 47336870 94.93 45.33 99.98 99.96 

pos_5_6 53220001 54081746 98.41 47.76 99.98 99.96 

pos_6_3 56564399 57471136 98.42 49.92 99.98 99.96 

pos_8_3 46873068 48859450 95.93 47.13 99.98 99.96 

pos_16_2 59639496 61565880 96.87 51.68 99.98 99.96 

pos_17_1 66361757 68235866 97.25 56.45 99.98 99.96 

 

  



 

6.4 Alignments of AT2G33255  

Table 6-8: Similarity scores from ClustalW multiple sequence alignments with AT2G33255 and the eight 
characterised HADSF subfamily IA members. The identity and similarity values in per cent describe the proteins’ 
sequence similarity to the protein sequence of AT2G33255. 

 SOQ1 PYRP2 FHY FHY1 CBBY GPP2 GPP1 SGPP 

 % Identity 3 % 7 % 8 % 8 % 11 % 12 % 13 % 13 % 

The ClustalW multiple sequence alignment performed in this study did not reveal HAD 

homologs within the group of characterised HADSF subfamily IA members in A. thaliana. 

However, the HAD protein sequence had the highest sequence similarity within this group 

with GPP1 and SGPP. For this reason, single sequence alignments were performed with the 

protein sequences of both GPP proteins and HAD (Figure 6-3) and pairwise sequence 

alignment with the protein sequence of HAD and SGPP (Figure 6-4).  

 

Figure 6-3: Alignment of the predicted amino acid sequences of GPP1 (At4g25840), GPP2 (At5g57440) and HAD 
(AT2G33255). Residues identical among sequences are indicated by black shading. Residues conserved by two 
proteins are indicated by grey shading. Red boxes mark conserved HADSF motifs I-IV (I: DxD; II, T/S; III: K/R; IV: 
E/DD, GDxxxD, or GDxxxxD). Dashes represent introduced sequenced gaps for alignment improvement. Numbers 
on the right indicate amino acid positions.  



 

 
Figure 6-4 Alignment of the predicted amino acid sequences of SGPP2 and HAD (AT2G33255). Residues identical 
or with similar properties among sequences are indicated by black shading. Residues which are not identical are 
highlighted by different shading (grey/white). Red boxes mark conserved HADSF motifs I-IV (I: DxD; II, T/S; III: 
K/R; IV: E/DD, GDxxxD, or GDxxxxD). Dashes represent introduced sequenced gaps for alignment improvement. 
Numbers on the right indicate amino acid positions.  

Within the EMBOSS Needle pairwise sequence alignment, HAD protein sequence shares more 

percent identity with SGPP (19.7 %) than with the GPP protein sequences. 
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