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Summary 

One of the most stress-responsive genes encoding a mitochondrial protein in 

Arabidopsis (At3g50930) has been annotated as AtBCS1 (cytochrome bc1 

synthase 1), but was previously functionally uncharacterised. Here, we show 

that the protein encoded by At3g50930 is present as a homo-multimeric protein 

complex on the outer mitochondrial membrane and lacks the BCS1 domain 

present in yeast and mammalian BCS1 proteins, with the sequence similarity 

restricted to the AAA ATPase domain. Thus we propose to re-annotate this 

protein as AtOM66 (Outer Mitochondrial membrane protein of 66 kDa). While 

transgenic plants with reduced AtOM66 expression appear phenotypically 

normal, AtOM66 over-expression lines have a distinct phenotype, showing 

strong leaf curling and increased starch content. Analysis of mitochondrial 

protein content demonstrated no detectable changes in mitochondrial 

respiratory complex protein abundance. Consistent with the stress inducible 

expression pattern, overexpression lines of AtOM66 are more tolerant to 

drought stress but undergo stress-induced senescence earlier than wild type. 

Genome-wide expression analysis revealed a constitutive induction of salicylic 

acid-related (SA) pathogen defence and cell death genes in over-expression 

lines. Conversely, expression of SA marker gene PR-1 was reduced in atom66 

plants, while jasmonic acid response genes PDF1.2 and VSP2 have increased 

transcript abundance. In agreement with the expression profile, AtOM66 over-

expression plants show increased SA content, accelerated cell death rates and 

are more tolerant to the biotrophic pathogen Pseudomonas syringae, but more 

susceptible to the necrotrophic fungus Botrytis cinerea. In conclusion, our 

results demonstrate a role for AtOM66 in cell death and amplifying SA 

signalling.  
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Introduction 

 Plants are continually exposed to changing and detrimental 

environmental conditions, often referred to as stress. Several studies have 

shown that mitochondria are a target of a variety of abiotic stresses (Bartoli et 

al. 2004, Giraud et al. 2008). These stress responses result in the production of 

reactive oxygen species (ROS) causing oxidative damage (Fujita et al. 2006, 

Gadjev et al. 2006). Mitochondria are the main target for oxidative damage in 

wheat leaves (Bartoli, Gomez, Martinez and Guiamet 2004), which can result in 

inhibition of Complex I and aconitase (Verniquet et al. 1991, Zhang et al. 1990), 

pyruvate dehydrogenase (PDC) and 2-oxoglutarate dehydrogenase (OGDC) 

(Millar and Leaver 2000). Mitochondria are also suggested to regulate this 

cellular stress response (Cvetkovska and Vanlerberghe 2013). Changes to 

mitochondrial redox homeostasis in Complex I mutants in Nicotiana sylvestris 

were shown to result in enhanced activity of antioxidant enzymes and increased 

tolerance to abiotic and biotic stress treatments (Dutilleul et al. 2003). Absence 

of alternative oxidase AOX1a in Arabidopsis thaliana changed expression of 

antioxidant defence components and stress responsive genes, and thereby the 

basal defence status (Giraud, Ho, Clifton, Carroll, Estavillo, Tan, Howell, 

Ivanova, Pogson, Millar and Whelan 2008). This has also been observed in 

tobacco plants where reduced expression of alternative oxidase induced an 

elevated stress state of H2O2 and nitric oxide (Cvetkovska et al. 2014). Studies 

show that various nuclear genes encoding mitochondrial proteins are 

responsive to multiple stress conditions, including alternative oxidase, NADH 
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dehydrogenases and heat shock proteins (Clifton et al. 2005, Giraud et al. 

2012, Taylor et al. 2009, Van Aken et al. 2009).  

 One of the most strongly and widely stress-induced genes in Arabidopsis 

is At3g50930, encoding an AAA ATPase previously annotated as AtBCS1 (Ho 

et al. 2008, Van Aken and Whelan 2012). AAA-type ATPases were firstly 

defined as ‘ATPases Associated with diverse cellular Activities’ (Erdmann et al. 

1991). They are conserved in prokaryotes and eukaryotes and form a large 

protein family (Erzberger and Berger 2006), characterized by a highly 

conserved P-loop NTPase domain of about 240 amino acids (Hanson and 

Whiteheart 2005, Tomoyasu et al. 1993). AAA proteins function in microtubule 

disassembly, membrane fusion, peroxisome biogenesis and assembly of 

mitochondrial membrane protein complexes (Hanson and Whiteheart 2005, Iyer 

et al. 2004, Ogura and Wilkinson 2001, Patel and Latterich 1998). Most 

eukaryotic non-plant genomes contain approximately 20-30 potential AAA 

ATPases but the Arabidopsis genome encodes approximately 60 putative 

members of this family (Ogura and Wilkinson 2001). AAA ATPases regulate 

diverse aspects of cellular function, such as 26S proteasome activity (Fu et al. 

1999), vesicle trafficking (Rancour et al. 2004) and hypersensitive responses in 

plants (Kang et al. 2008, Kang et al. 2010, Sugimoto et al. 2004).  

 In this study, we investigated AAA-type ATPase At3g50930, previously 

annotated as AtBCS1 (cytochrome BC1 synthesis) based on its sequence 

similarity to an inner mitochondrial membrane protein in yeast and humans, 

involved in the assembly of cytochrome bc1 complex. Analysis of the 

intraorganellar location revealed a mitochondrial outer membrane location. 
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Furthermore, no effects on Complex III abundance, as observed in yeast BCS1 

mutants, were found in AtBCS1 loss-of-function or overexpression lines. 

Therefore we propose the reannotation of this gene as AtOM66 (Outer 

Mitochondrial membrane protein of 66 KDa). Furthermore, we show that 

AtOM66 plays a role in resistance to abiotic and biotic stress, and a role in 

determining progression to cell death. Genome-wide transcriptome analysis 

revealed a role in SA signalling, with overexpression lines showing an 

expression pattern indicative of constitutive SA response. 

 

Results 

At3g50930 encodes an outer mitochondrial membrane protein 

A BLAST search of At3g50930 revealed homology to the mitochondrial protein 

BCS1 in yeast (Nobrega et al. 1992) and BCS1L in human (Hinson et al. 2007, 

Visapaa et al. 2002), which translocate the Rieske FeS protein (Rip1p) across 

the inner mitochondrial membrane  into complex III (Wagener et al. 2011). 

These two proteins show 43.5 % and 42.7 % amino acid identity, respectively, 

to the protein encoded by At3g50930 in the conserved AAA ATPase domain. 

Phylogenetic analysis showed the presence of BCS1-like genes in many 

species that were clearly divergent into two groups, the plant group and non-

plant group (Figure 1A), consistent with a previous report (Frickey and Lupas 

2004). Structural analysis revealed that all the BCS1-like proteins contained a 

conserved AAA domain (pfam00004), but only those in the non-plant group 

contain an additional BCS1_N domain (Figure 1B). The plant proteins contain a 
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predicted N-terminal and more central transmembrane domain, and a C-

terminal coiled-coil domain with unknown function, absent in yeast and human 

BCS1 (Figure 1C). Interestingly, alignment of plant BCS1-like proteins showed 

a unique extension of 42 amino acid residues on the N-terminus in Arabidopsis 

(Figure 1B) and a second ATG start codon at position 43, in line the other plant 

proteins.  

 AtBCS1/AtOM66 targets GFP to the mitochondria (Van Aken, Zhang, 

Carrie, Uggalla, Paynter, Giraud and Whelan 2009) and it was detected as 

present in the outer mitochondrial membrane (OMM) proteome (Duncan et al. 

2011). Detailed analysis of the targeting specificity for AtOM66 was performed. 

The annotated full-length AtOM66 or the sequence without the first 42 amino 

acids (AtOM66 ∆42; Figure 1B) were fused to GFP and transiently transformed 

into Arabidopsis suspension cell culture or onion epidermal cells. Microscopic 

analysis revealed a green ring pattern co-localising with the AOX-RFP 

mitochondrial marker for both proteins, indicating outer mitochondrial 

membrane localization (Figure 1D). This is consistent with previous GFP 

targeting assays of outer membrane proteins revealing a similar ring like 

structure (Duncan et al., 2011). The truncated sequence without the first 100 

amino acids of AtOM66 (AtOM66 ∆100) that contains the predicted 

transmembrane region did not target GFP to mitochondria (Figure 1D).  

 In vitro mitochondrial import assays were set up with three AtOM66 

translation products. The full length protein with the putative second methionine 

start codon at position 43 mutated to a leucine (to ensure only the annotated full 

length translation product was synthesized (Figure 1C)), AtOM66 ∆42 and 
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AtOM66 ∆100 were synthesised. Both full-length and AtOM66 Δ42 showed 

binding (insertion) to mitochondria (Figure 1E). Disruption of IMM 

transmembrane potential by valinomycin (preventing import across the inner 

membrane) did not affect binding (insertion) of AtOM66 or outer membrane 

control protein TOM40. Mild proteinase K (PK) treatment degraded most of the 

AtOM66 protein present (Figure 1E), but left integral outer membrane protein 

TOM40 and inner membrane protein TIM23 mostly intact, consistent with outer 

membrane location. TIM23 import however was inhibited by addition of 

valinomycin as shown by its increased degradation by PK, as it is an integral 

membrane protein and thus requires a membrane potential for insertion into the 

inner membrane. Note the amount of protease resistant Tim23 in the presence 

of valinomycin likely represents Tim23 protein inserted into the outer 

membrane, i.e., stage IIIa of carrier protein import pathway, where proteins are 

associated with the outer membrane protein receptor and inserted into the 

Tom40 pore in the outer membrane (Chacinska et al. 2009). Na2CO3 extraction 

revealed most of the imported AtOM66 was retained in the membrane pellet 

(Figure 1E). For AtOM66 ∆100 little or no binding (import) was detected, with 

most of the translation product being washed away (Figure 1B). Additionally, no 

AtOM66 ∆100 was retained after Na2CO3 extraction. These results confirm that 

AtOM66 is located on the mitochondrial outer membrane, requiring an N-

terminal targeting sequence.  

 To determine the topology of AtOM66 in the outer membrane, a stably 

transformed Arabidopsis line was generated expressing AtOM66 ∆42 with an N-

terminal c-myc tag and C-terminal 6xHis tag (Figure 1C; 1F). Intact 
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mitochondria were purified and treated for 30 min with increasing 

concentrations of PK to progressively degrade the mitochondrial proteins and 

membranes from the outside in. The PK treated mitochondria were analysed by 

western blotting to assess the degradation patterns of AtOM66 and control 

proteins (Figure 1F). Detection with the anti-cMyc and anti-6xHis antibodies 

revealed that both termini of AtOM66 are degraded at low PK concentrations, 

being more protected than the OMM receptor protein TOM20-3, but less 

protected than the integral OMM protein TOM40. These results suggest that 

both the N-terminal and C-terminal of AtOM66 are exposed on the OMM, 

suggesting a type IIIb membrane protein (Figure 1G) (Singer 1990). On the 

basis of these results and the predicted presence of two transmembrane 

domains, it was concluded that AtOM66 protrudes into the mitochondrial 

intermembrane space.  

 

AtOM66 is present in a homo-multimeric protein complex 

 AAA type ATPases can form homomultimeric (often hexameric) protein 

complexes arranged in a ring-like structure (Zhang et al. 2000). Therefore, 

mitochondrial import assays of the three AtOM66 translation products were 

performed and subsequently analysed by Blue Native-PAGE (Figure 2A). 

AtOM66 was incorporated into several high molecular weight complexes. The 

observed pattern was reminiscent of a ladder, suggesting several intermediates 

are formed before the major complex with an apparent molecular weight of 

around 750 kDa (Figure 2A, first panel). The AtOM66 complex with strongest 
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radiolabel appears to have mobility in between Complex I and Complex V of the 

respiratory chain (Figure 2A, panel 1 and 2). It was also evident that the 

AtOM66 ∆42 translation product was imported and assembled most efficiently. 

Full length AtOM66 with the second Met mutated was also imported and 

assembled in an identical pattern but less efficiently. AtOM66 ∆100 was not 

imported or assembled into protein complexes (Figure 2 A).  

By comparing the apparent size of the three radiolabelled AtOM66 translation 

products to the signal detected by SDS-PAGE and western blotting on the same 

membrane, it is suggested that the AtOM66 ∆42 translation product runs at the 

apparent molecular weight of 66 KDa as observed for the endogenous AtOM66 

protein in plants. Thus endogenous AtOM66 appears to start from the second 

start codon, in line with genes in other plant organisms (Supplementary Figure 

1, Figure 1B). 

 To confirm the existence of the AtOM66 complex in vivo, mitochondria 

were extracted from wild type Col-0 and 35S:AtOM66 (AtOM66 OX) over-

expressing plants. Western blotting of the mitochondria separated by BN-PAGE 

with an anti- AtOM66 antibody (generated against amino acids 61 to 198) 

revealed a very similar ladder pattern to the BN-PAGE import reactions, with the 

most intense band located in a complex just larger than Complex V, as 

determined by an anti-ATP synthase-β antibody (Figure 2A). Additionally, a 

band of relatively high intensity just below supercomplex I + III was also visible 

by Western blotting. This analysis further demonstrated that 35S:AtOM66 

overexpressed protein is effectively assembled into a native protein complex. 
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The AtOM66 major complex or intermediates did not clearly overlap with 

Complex III subunits MPPα (mitochondrial processing peptidase alpha subunit) 

or Rieske iron-sulfur protein (RISP) (Figure 2A), nor was the assembly of 

Complex III affected in the 35S:AtOM66 plants.  

 To confirm that endogenous AtOM66 is present in a homomultimeric 

protein complex, a Tandem Affinity Purification (TAP) procedure was setup 

(Van Leene et al. 2011). A stable Arabidopsis cell culture was generated 

expressing AtOM66-GS (AtOM66 at the N-terminal, fused to a streptavidin 

binding peptide (SBP), TEV protease cleavage site and two protein G domains). 

A TAP based affinity purification was executed several times using NP-40 or 

digitonin as solubilisation reagents, and compared to a GS-tag negative control 

cell line. Bound proteins were eluted and separated by SDS-PAGE (Figure 2B). 

Western blots were performed on the TAP eluates from AtOM66-GS and control 

GS lines (Figure 2B) with an antibody detecting AtOM66, clearly revealing two 

signals at the expected size of AtOM66-GS after TEV cleavage (AtOM66-GS*) 

and endogenous AtOM66, which were absent in the control GS eluates (Figure 

2B). Digitonin appeared to be the most effective detergent compared to NP40, 

and interestingly a much larger amount of endogenous AtOM66 is co-

precipitated than the tagged AtOM66, in agreement with a homo-multimeric 

(possibly hexameric) stoichiometry. No signal could be detected in both 

AtOM66 and GS control eluates with an anti-SDH1 antibody, indicating AtOM66 

does not appear to bind SDH1 (Figure 2B). TAP eluates of AtOM66-GS and GS 

cells were compared by SDS-PAGE and Coomassie staining, and bands 

specific to AtOM66-GS were identified by mass spectrometry (Supplementary 
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Figure 1, Supplementary Table 1). Besides AtOM66-GS*, endogenous AtOM66 

and AtOM66 breakdown products, no other specific interactors could be 

detected, indicating AtOM66 is part of a homomultimeric complex. 

AtOM66 is highly responsive to both abiotic and biotic stresses 

Analysis of publicly available microarray data revealed that AtOM66 is 

also highly responsive to biotic stress signals (Zimmermann et al. 2004). It was 

highly induced in the Mitogen-activated protein kinase (MAPK) cascade 

signalling mutants (Figure 3A) mekk1, mkk1 mkk2 and mpk4, which show 

elevated SA levels, increased resistance to virulent pathogens, and constitutive 

pathogenesis-related gene expression (Gao et al. 2008, Nakagami et al. 2006). 

Conversely, AtOM66 expression level increased more than 15-fold when 

treated with elicitors including flagellin (flg22) and EF-Tu, but flg22 induction 

was completely suppressed in the fls2 flagellin receptor background (Zipfel et 

al. 2004) (Supplemental Table 1). 

To validate the public microarray data, Col-0 plants were exposed to four 

treatments including UV, SA, antimycin A and flagellin; quantitative RT-PCR 

(qRT-PCR) was carried out to quantify the transcript level of AtOM66. All these 

treatments significantly induced transcript levels of AtOM66, with flagellin 

causing the highest levels of induction already after 30 minutes of treatment 

(Figure 3B-C). Induction of AtOM66 at the protein level was confirmed. Col-0 

plants were treated with 50 µM antimycin A and samples were collected at 0, 6 

and 18 h post-treatment for mitochondrial isolation (Figure 3D). AtOM66 protein 
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levels were clearly induced, peaking at 6h and dropping to almost basal levels 

by 18 h, while TOM40 remained unchanged.  

 

AtOM66 gain-of-function results in curled-leaf phenotype and increased cell 

death 

 To characterize the function of AtOM66, overexpression and T-DNA 

insertion mutants were obtained. A T-DNA insertion mutant line SALK_206282 

was available from the T-DNA Express database and homozygous lines were 

generated. Furthermore, knock-down transgenic lines were generated by 

artificial microRNA-based RNAi (Figure 4A). AtOM66 expression in the 

transgenic amiRNA lines was confirmed by qRT-PCR in three biological 

replicates. Several amiRNA lines retained only approximately 10% of the 

AtOM66 transcript compared to the wild type plants (Figure 4B). Two of these 

lines, amiRNA1-3 and amiRNA1-6, were selected for further study. Phenotypic 

study of atom66 and knock-down lines did not reveal any obvious growth 

difference compared to wild type under normal condition (Figure 4D) or drought 

stress (Figure 6). 

 35S::AtOM66 were generated and AtOM66 overexpression in 

independent transgenic lines was confirmed by qRT-PCR (Figure 4C). The lines 

with strong expression of AtOM66 (AtOM66 OX) showed a compressed rosette 

structure with curled leaves under normal conditions (Figure 4D). The plants 

completed their life cycle and set healthy seeds.  AtOM66 OX lines contained 

less starch at both end of day and end of night time points, but the difference 
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was more pronounced at the end of the night (Figure 4E). Furthermore, AtOM66 

OX plants showed accelerated senescence when exposed to prolonged 

darkness (Figure 4F), while no difference between WT and AtOM66 loss-of-

function plants could be observed. To further investigate the role of AtOM66 in 

cell death, protoplasts were isolated from 4 week old plants and exposed to 

increasing doses of UV-C radiation, which is known to induce cell death in 

plants with apoptosis-like features including DNA laddering and caspase-like 

protease activity (Danon et al. 2004). From these assays it was evident that 

AtOM66 promotes cell death, with AtOM66 OX cells showing much higher cell 

death rates at comparable UV-C doses than wild type, while atom66 loss-of-

function cells showed a significantly lower cell death rate than WT (Figure 4G). 

 

AtOM66 mutant plants show no major differences in mitochondrial respiratory 

complex abundance 

 Several mutants in mitochondrial proteins display curly leaf phenotypes, 

often associated with reduction in respiratory complex protein abundance (Kuhn 

et al. 2009, Meyer et al. 2009, Van Aken et al. 2007). Therefore, we subjected 

AtOM66 loss and gain-of-function plants to an analysis of mitochondrial protein 

abundance (Figure 5, Supplemental Figure 2). No changes in protein 

abundance were observed in representative subunits of Complex I-V, 

alternative oxidase (AOX) or a set of OMM proteins including TOM40, TOM20-

2/3/4, metaxin, porin, SAM50 and OM64. The only significant changes were 

observed for AtOM66 itself, which was induced approximately 5-fold in the 

overexpressing lines and significantly reduced in the loss-of-function lines 
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(Figure 5, Supplemental Figure 2). Purified mitochondria of AtOM66 gain and 

loss-of-function plants were also separated by BN-PAGE, but no differences 

were observed compared to the wild type plants (Supplementary Figure 3). AAA 

ATPases have been shown to be involved in membrane morphology (Shahriari 

et al. 2010) and several mutants in mitochondrial proteins show aberrant 

mitochondrial morphology (Gibala et al. 2009, Van Aken, Pecenkova, van de 

Cotte, De Rycke, Eeckhout, Fromm, De Jaeger, Witters, Beemster, Inze and 

Van Breusegem 2007). Therefore, leaf tissues of 3 week old AtOM66 gain and 

loss-of-function plants were also examined by transmission electron microscopy 

but no alterations in mitochondrial morphology or size could be observed 

(Supplementary Figure 3). 

 

AtOM66 gain-of-function plants are more drought tolerant 

 Drought tolerance of transgenic loss-of-function and over-expression 

lines was tested on 3.5 week old AtOM66 plants of similar rosette size (Figure 

6A). The development of the plants during water deficit was followed and Fv/Fm 

(maximum potential quantum efficiency of Photosystem II) was measured as a 

marker of photosynthetic efficiency and plant viability (Woo et al. 2008) ( Figure 

6B). Wild type and loss-of-function lines were visually affected sooner by water 

deficit, reflected by a drop in Fv/Fm at day 11, while both AtOM66 OX lines 

retained a healthier appearance and normal Fv/Fm values. By day 13, AtOM66 

OX lines appeared healthier and retained a much higher Fv/Fm than WT and 

loss-of-function plants, which had almost completely lost photosynthetic 

capacity. Plants were re-watered at day 13 and Fv/Fm was measured the next 
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day. Both AtOM66 OX lines had clearly survived the drought treatment, 

whereas wild type and loss-of-function plants were not viable (Figure 6A-B). 

Physiological leaf parameters were also measured at day 7 of the drought 

course when no visible signs of drought stress could be observed in the plants 

or pots (Figure 6A and 6C). It was evident that AtOM66 OX leaves showed 

significantly (p<0.006) lower stomatal conductance (35% reduction versus WT) 

and water transpiration rates (42% reduction versus WT) than WT and AtOM66 

loss-of-function plants. This was further accompanied by a mild (10%) but 

significant (p<0.025) reduction in intercellular CO2 concentration. 

Reactive oxygen species (ROS) levels were assessed by nitroblue tetrazolium 

(NBT detecting superoxide) and diaminobenzidine (DAB detecting H2O2). 

Before drought treatment, no strong differences in ROS levels were detected, 

though a slight increase in NBT staining could be observed in AtOM66 OX 

plants. However, at day 9 when signs of water stress were visible in wild type 

plants, AtOM66 OX lines showed delayed accumulation of superoxide 

compared to wild type and loss-of-function plants, and clear reduction in 

anthocyanin content, which is retained after tissue clearing for the DAB staining 

(Figure 6C). 

 

Genome-wide expression analysis of AtOM66 mutants reveals wide-spread 

changes in pathogen defence signaling, cell death and senescence 

To obtain further insight in the molecular changes caused by AtOM66 

perturbation, we collected triplicate plant tissues of wild type, gain and loss-of-
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function plants during different time points of the drought treatment of 3.5 week 

old plants (Figure 6). The first time point was taken two days after watering and 

is considered as untreated control. Additionally, samples were taken at day 9 

when the first signs of drought stress were clearly visible in WT plants including 

anthocyanin formation (early drought stress) and at day 11 when signs of 

drought stress were visible in all lines (late drought stress). Total RNA was 

prepared and used for Affymetrix GeneChip ATH1 microarray analysis 

(Supplementary Tables 2 and 3). Firstly, the number of significantly altered 

transcripts was calculated under untreated conditions (posterior probability of 

differential expression (PPDE) > 0.95; 2-fold change; Figure 7A). The most 

dramatic changes were found in both AtOM66 OX lines, with 846 changed 

transcripts in AtOM66 OX2P and 559 in AtOM66 OX2E lines, respectively. 

Transcript patterns were highly similar, with 455 of 559 differential transcripts in 

AtOM66 OX2E also differentially expressed in AtOM66 OX2P plants. Only 35 

transcripts were found as significantly altered in atom66 loss-of-function plants, 

including AtOM66 transcript which was called ‘absent’ in the atom66 plants. In 

total 6 of 35 transcripts were commonly differential in all three lines, significantly 

more than expected (p<0.0001; Figure 7B). Interestingly, three genes of six 

were up-regulated in AtOM66 OX lines and down-regulated in atom66 plants, 

and all are related to pathogen defence, including Pathogenesis Related protein 

1 (PR-1) and leucine-rich repeat receptor-like protein RPL23.  

Significantly changed genes in both AtOM66 OX and atom66 lines were 

tested for over- or under-representation of functional genes categories by Gene 

Ontology (GO) analysis. A selection of significantly overrepresented GO terms 
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is listed in Table 1 (full list in Supplementary Table 4). Many functional 

categories relating to pathogen defence, salicylic acid, ROS regulation and 

programmed cell death were very highly overrepresented (>12 fold) in the over-

expressor lines. Also hyperosmotic salinity response is over-represented under 

untreated conditions, which may help explain the increased drought tolerance in 

AtOM66 OX lines. Transcripts for alternative oxidase AOX1a were also mildly 

induced (3.1 and 2.7 fold in AtOM66 OX2P1 and OX2E lines, respectively). 

Receptor-like kinases and WRKY transcription factors are also 

overrepresented. Also in atom66 KO plants, functional categories relating to 

biotic stress are over-represented. This analysis clearly indicates that even 

under untreated conditions, altered presence of AtOM66 is able to initiate a 

genome-wide pathogen defence and cell death-like response.  

Based on marker genes that respond to specific plant hormones (Nemhauser et 

al. 2006), further insight was obtained into the molecular changes triggered by 

AtOM66 perturbations (Figure 7C). Most obviously, SA marker genes PR-1 and 

BGL2 were strongly induced in AtOM66 OX plants (>16 fold), while PR-1 was 

down-regulated (5.74 fold) in atom66 loss-of-function plants. Conversely, 

jasmonic acid (JA) marker genes VSP2 and PDF1.2 were down-regulated in 

AtOM66 OX and up-regulated in atom66 plants, respectively. ABA marker 

genes were consistently down-regulated in AtOM66 OX lines under both 

untreated and drought treated conditions. These results further suggest that 

AtOM66 positively affects SA-mediated defence signaling, while repressing JA-

mediated responses. 
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 The expression patterns observed in AtOM66 transgenic lines were 

compared to previously published mkk1 mkk2 and mpk4 mutants that have 

constitutive SA dependent defence responses. It was evident that the 

expression patterns of AtOM66 OX lines showed much higher similarity to mkk1 

mkk2 and mpk4 mutants than randomly expected (Supplementary Table 5). Of 

455 probe sets differential in both AtOM66 OX lines, 359 (mkk1 mkk2) and 264 

(mpk4) were differential in the defence mutants, a proportion 5.2-fold (mpk4) 

and 3.6-fold (mkk1 mkk2) larger than randomly expected. Of 35 probe sets 

differential in atom66 plants, 20 were in common with mkk1 mkk2 and 13 with 

mpk4 mutants, again approximately 3-fold higher than expected. In total 235 

probe sets were commonly differential between AtOM66 OX, mkk1 mkk2 and 

mpk4, and their expression patterns showed similar trends (Supplementary 

Figure 4). Many (24) of these probe sets also showed expression changes in 

atom66 plants that were mild (PPDE(<p) > 0.90) but in opposite direction to 

AtOM66 OX, mkk1 mkk2 and mpk4 (Supplementary Figure 4).  

AtOM66 mutant expression profiles were further compared to sdh1-1 microarray 

data (Gleason et al., 2011), another mitochondrial mutant with altered pathogen 

defences, but no significantly altered overlaps were found. Overexpression 

plants of ER bound transcription factor involved in cell death NAC089 were also 

compared (Yang et al. 2014), but again no greater than randomly expected 

overlap was present. Together, these observations further suggest that AtOM66 

can trigger defence and cell death responses that are related to SA signaling, 

but not necessarily other cell death and ROS-mediated defence signaling 

pathways in the cell. 
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 Hierarchical clustering analysis was performed to visualize the general 

trends in the AtOM66 transgenic lines over the course of the drought treatment 

(Figure 7D). Some genes were not or later induced (cluster 1, 2 and 7) or 

reduced (cluster 6 and 8) by drought in AtOM66 OX lines. Cluster 4 contained 

genes that were constitutively up-regulated in AtOM66 OX plants in untreated 

conditions (e.g. PR-1). Many genes involved anthocyanin biosynthesis showed 

significantly delayed expression in AtOM66 OX lines during the drought 

treatment (cluster 2), in agreement with the later appearance of anthocyanins 

as observed in Figure 6C.  

 The promoters of differential expressed genes were analysed for 

overrepresentation of transcription factor binding sites (Supplementary Table 5). 

The most striking overrepresentation was shown among genes with changed 

expression in both AtOM66 OX lines, where WRKY transcription factor binding 

sites (W-box) were shown to be highly enriched (p<10-10), and ABA response 

elements (p=0.001). Over-representation of W-boxes is interesting in light of the 

role of WRKY transcription factors in SA-mediated defence signaling (Fu and 

Dong 2013) and the overrepresentation of WRKY transcription factors 

differentially expressed in AtOM66 OX plants (Table 1). It was previously shown 

that AtOM66 itself is directly regulated by AtWRKY40 and AtWRKY63 

transcription factors (Van Aken et al. 2013), so it appears that AtOM66 can 

further amplify the WRKY signaling cascade. 

In agreement with previous observations that AtOM66 OX lines display 

accelerated senescence during low-light stress (Figure 4), several senescence 

associated genes (SAGs), Staygreen (SGR) and blue-copper binding protein 
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AtBCB were induced earlier in AtOM66 OX plants (Park et al. 2007), suggesting 

that although the plants are more tolerant to drought, senescence associated 

processes are triggered earlier by high AtOM66 levels (Figure 7E), eventually 

leading to cell death. 

 

AtOM66 OX plants contain elevated levels of salicylic acid 

The transcriptome analysis suggested that SA signalling is affected in the 

AtOM66 transgenic plants, showing strong similarities to other mutants with 

constitutively elevated SA levels. To validate whether AtOM66 OX plants 

effectively have altered SA hormone levels, free SA content was measured on 

four week old plants. In line with the observed transcript data, both AtOM66 OX 

lines showed approximately 1.9 fold higher levels of SA compared to WT and 

atom66 loss-of-function lines (Figure 8). 

 

AtOM66 plants show altered tolerance to pathogen infection  

 Given the observed transcriptomic changes, AtOM66 mutant lines were 

tested for altered resistance to plant pathogens. Firstly, resistance to the hemi-

biotrophic pathogen Pseudomonas syringae p.v tomato (Pst DC3000) was 

tested. Four-week-old plants were infected with P. syringae cultures and 

bacterial count was monitored over the course of infection (Figure 8A). Three 

days after inoculation it was evident that AtOM66 OX lines showed significantly 

less colony forming units than wild type and AtOM66 loss-of-function lines. This 
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was further evidenced by a clear reduction of visible signs of infection on 

AtOM66 OX leaves (Figure 9A). 

 Secondly, resistance of AtOM66 transgenic lines towards the 

necrotrophic pathogen Botrytis cinerea was assessed. Four-week-old soil-

grown plants were infected with Botrytis cinerea cultures and seven days after 

infection the lesion size was examined and scored (Figure 9B). AtOM66 OX 

lines were more sensitive to B. cinerea infection as indicated by a more severe 

spread of disease. AtOM66 loss-of-function lines responded similarly to 

pathogen attack compared to wild type (Figure 9B).  

 

Discussion 

In this study, we characterized a mitochondrial AAA-type ATPase that upon 

overexpression in plants resulted in abnormal rosette development and 

differential response to cell death triggers and pathogen attack. The structural 

difference between AtOM66 and yeast BCS1 indicated a possible different 

function of AtOM66. The OMM location of AtOM66, in contrast to the IMM 

location of BCS1 and BCS1L, also supports this hypothesis. Furthermore, the 

clear reduction of Complex III in yeast BCS1p mutants is not observed in 

AtOM66 loss- and gain-of-function lines, as no differences in gross 

mitochondrial protein content or structure were found. This suggests that 

AtOM66 in plants is unlikely to be involved in biosynthesis of a respiratory 

complex. A lack of interaction partners identified by TAP analysis (and also a 

yeast two-hybrid cDNA library screen in which no positive interactors were 
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picked up) suggests that AtOM66 might only undergo very transient interactions 

with potential target proteins, or possibly is involved in membrane structure or 

permeability as was found for other AAA-type ATPases. AtOM66 also lacks the 

peptidase domain found in FtsH-type AAA proteases, so it is unlikely to be a 

protease.  

As described above, AtOM66 is very strongly and rapidly induced by abiotic and 

biotic stresses. Here we show that overexpression of AtOM66 has a positive 

effect on drought tolerance. This may be because AtOM66 OX plants appear to 

have a constitutive stress response, indicated by altered gene expression in the 

functional categories of hyperosmotic salinity response and regulation of 

reactive oxygen species (Table 1). Furthermore, four out of five universal ROS 

marker genes (Gadjev et al., 2006) are significantly induced in AtOM66 OX 

plants. Also effects on ABA signaling were evident, and AtOM66 had a delayed 

induction of ABA marker genes compared to WT plants. Interestingly, AtOM66 

OX plants showed significant reductions in stomatal conductance, transpiration 

rates and intercellular CO2 concentrations. This indicates that the 

overexpression plants minimise water loss compared to wild type plants even 

under conditions when the plants still have a healthy water supply. Therefore, 

this reduced water loss likely allows the plants to survive longer when water 

supply is halted. Stomatal conductance is carefully balanced by the plant to 

maximise CO2 availability to photosynthetic cells, yet preventing excessive 

water loss. Therefore, this reduction in gas exchange may also explain the 

observed reduction in starch content and accelerated dark-induced senescence 

in AtOM66 OX plants. Recent reports have also shown that mutant plants with 

Page 23 of 70 The Plant Journal



24 
 

constitutively high levels of SA (as observed in AtOM66 OX plants) also show 

reduced stomatal closure and increased drought tolerance in an SA-dependent 

manner (Miura et al. 2012). Thus it appears that the constitutively high level of 

SA triggered by overexpression of an outer mitochondrial membrane protein, 

has far-reaching consequences for biotic and abiotic stress tolerance. 

Gene expression analysis of the AtOM66 mutant lines revealed a prominent 

alteration in basal expression of pathogen response genes. Many mitochondrial 

mutants in Arabidopsis thaliana have been characterized by microarray analysis 

and often these have been associated with induction of abiotic stress pathways 

(De Clercq et al. 2013, Ng et al. 2013, Van Aken and Whelan 2012). However, 

AtOM66 mutant lines seem to be unique in their strong induction of biotic 

defence response genes, which was not reported in mitochondrial mutants with 

much more severe growth defects such as atphb3 (Van Aken et al., 2007). 

Another mitochondrial mutant that is affected in its response to pathogen 

infection is sdh1-1 (Gleason et al. 2011), which has a non-lethal point mutation 

in the complex II subunit SDH1. sdh1-1 was isolated in a screen for mutants 

that failed to induce GSTF8 expression in response to SA, indicating SA 

signalling can interact with mitochondrial function, possibly through an effect on 

generation of ROS. The sdh1-1 mutant was also more susceptible to the 

necrotrophic fungus Rhizoctonia solani. Our study provides more evidence that 

an outer mitochondrial membrane protein can induce a powerful SA-stimulated 

transcriptional response, and that in its absence a JA-like transcriptional 

response is favoured. In both cases the molecular mechanism of how the 

mitochondrial proteins are transmitting these signals is still unclear. Although 
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ROS is likely to be involved in both mutants, transcriptional patterns were not 

similar. We attempted to show direct interaction between AtOM66 and the 8 

Arabidopsis subunit types of SDH by direct yeast two-hybrid assays, but could 

not detect any interactions. We also probed the AtOM66-GS TAP eluates with 

an antibody directed against SDH1-1, but could not detect an interaction. 

Further work is needed to clarify the precise molecular mechanisms of how 

SDH1 and AtOM66 control pathogen responses, and if both pathways are 

overlapping or distinct. 

A number of AAA-type ATPases were shown to be involved in biotic stress 

response in plants. NtAAA1 was shown to attenuate the hypersensitive 

response by suppression of a small GTPase (Lee and Sano 2007). CRT1 

(Compromised for Recognition of Turnip Crinkle Virus) was shown to interact 

with resistance proteins to regulate disease resistance and crt1 mutants lacking 

CRT1 exhibited reduced resistance to viral and Pseudomonas syringae  

infection (Kang, Oh, Sato, Katagiri, Glazebrook, Takahashi, Kachroo, Martin 

and Klessig 2010). Induction of AtOM66 by Flg22 appears to require a plasma 

membrane receptor FLS2, while AtOM66 can be directly induced by SA itself. 

Therefore, it is surprising that overexpression of AtOM66 is sufficient to trigger 

an SA response, as one may expect AtOM66 to be downstream of SA 

production. AtOM66 appears to be able to stimulate SA signalling directly 

without any further external triggers by stimulating SA production itself (Figure 

4D), as further suggested by the 11-fold increase of SA biosynthetic gene 

isochorismate synthase ICS1 in AtOM66 OX plants. This may indicate it is part 

of a self-amplification loop, likely involving WRKY-type transcription factors 
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(Table 1, Supplementary Table 5). Our results show that AtOM66 OX plants 

have a constitutive SA-like expression pattern similar to mkk1 mkk2 and mpk4 

mutants (Supplementary Figure 4, Supplementary Table 4) and are more 

resistant to P. syringae. In contrast, atom66 plants showed a reduction in 

several SA responsive genes, most notably PR-1. An antagonistic relation 

between SA and JA/ET signaling has been described many times previously 

(Pieterse et al. 2009). Likewise, AtOM66 OX plants are more resistant to the 

hemibiotrophic pathogen P. syringae, resistance to which is mediated by SA, 

while they are more susceptible to the necrotrophic pathogen B. cinerea, 

resistance to which is mediated by JA/ET (Diaz et al. 2002). In conclusion, 

AtOM66 appears to be part of the biotrophic/SA signaling network and its 

overactivation can leave the plant exposed to infection by necrotrophic 

pathogens. 

In summary, AtOM66 is shown to be located on the mitochondrial outer 

membrane and involved in the resistance to pathogens at least partly by 

stimulating SA production and signaling. However, the exact mechanism of 

function of AtOM66 in cell death and plant defense remains unclear and is 

unlikely via assembly of respiratory complexes. In agreement with mitochondria 

being critical players in plant hypersensitive response (Lam et al. 2001, Senthil-

Kumar and Mysore 2012), AtOM66 appears to facilitate programmed cell death 

resulting in enhanced spread of necrotrophic fungi.  Indeed, cell death 

regulators such as SOBIR1 (suppressor of BIR1), AtRING1, EDS1, PAD4 and 

PBS3 are constitutively induced in AtOM66 OX plants (Liebrand et al. 2013, Lin 

et al. 2008). As AtOM66 appears to form a homo-multimeric complex on the 
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outer membrane, it is tempting to speculate it is involved in outer mitochondrial 

membrane structure or permeability. This may be similar in function to 

metazoan Bcl-2 type proteins that regulate OMM permeability to induce cell 

death, but have no known mitochondrial orthologs in plants (Doukhanina et al. 

2006).  

 

Experimental procedures 

Materials and growth conditions 

Arabidopsis thaliana ecotype Columbia (Col-0) was used in all experiments. 

Seeds were sown on soil mix or MS media with 3% sucrose and stratified for 3 

days at 4°C, then grown under long-day conditions (16 h light/8 h dark) at 22 

°C. 

Construction of vectors 

Coding sequences for full-length or truncated AtOM66 were PCR amplified from 

Arabidopsis thaliana cDNA. The full-length and truncated coding sequences 

were cloned into the pDONR201 Gateway vector (Invitrogen, California, USA). 

Cloning into the final GFP vectors was done as described (Carrie et al., 2008b). 

The 42 amino acids targeting signal of alternative oxidase (AOX) was fused to 

RFP as a mitochondrial marker (Carrie et al., 2008). Mutagenesis of the Met43 

to Leucine was executed with the Stratagene site-directed mutagenesis kit. All 

primers used in this study are listed in Supplementary Table 6. 

Biolistic transformation and microscopy 
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Biolistic co-transformation using gold particles of the GFP and RFP fusion 

vectors was performed on Arabidopsis cell culture and onion epidermal cells as 

previously reported (Carrie et al., 2008; Supplementary Methods).  

In silico sequence analysis 

A rooted phylogenetic tree  was created using Neighbor-Joining  MEGA version 

5 (Tamura et al. 2011) with a bootstrap of 1,000 replicates. The scale bar 

indicates 10 % sequence divergence, node numbers indicate bootstrap 

percentages. Sequences were collected from Genebank (Supplementary 

Methods). For domain analysis, transmembrane helices were predicted using 

DAS (http://www.sbc.su.se/~miklos/DAS/maindas.html; Cserzo et al., 1997) and 

coiled-coils were predicted using Coils 

(http://www.ch.embnet.org/software/COILS_form.html; Lupas et al., 1991). 

Mitochondrial isolation and in vitro import studies 

Mitochondria were isolated from 2 week old in vitro grown plants as previously 

described (Lister et al. 2007), or from 4 week old soil grown plants. Analysis of 

precursor protein import into intact mitochondria isolated from wild type (Col-0) 

was performed as described previously (Lister et al., 2007)(Supplementary 

Methods). Proteinase K (PK) treatments were performed on freshly isolated 

mitochondria by incubating for 30 min at 4°C with increasing concentrations of 

PK (1x PK: 8 µL of 0.4 mg/mL per 100 µL of 1 mg/mL mitochondria). 

Procedures for Western blotting and antibody production are described in 

Supplementary Methods. The anti-SDH1 antibody was kindly provided by Hans-
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Peter Braun (Peters et al. 2012).  Densitometry of Western blots was performed 

using ImageJ. 

Tandem Affinity Purification 

The method described by Van Leene et al., 2011 was followed. In brief, 

AtOM66 and non-related mitochondrial control protein AtLETM2 (At1g65540) 

were cloned from pDONR201 into pKCTAP with a 35S promoter and C-

terminally fused to a GS-tag (two IgG domains and a streptavidin binding 

peptide (SBP) fused by Tobacco Etch Virus protease cleavage site). PSB-D 

Arabidopsis Col-0 cell cultures were stably transformed by Agrobacterium co-

cultivation and selected in liquid culture. Full procedures for purification, 

analysis and mass spectrometric identification can be found in Supplementary 

Methods. 

Generation of transgenic plants 

The artificial microRNA construct was constructed as previously described 

(Schwab et al. 2006) and cloned into binary vector pGreen (Hellens et al. 2000). 

Arabidopsis transformation was carried out using the Agrobacterium-mediated 

floral dipping method (Clough and Bent 1998). SALK_206282 line atom66 was 

genotyped using standard PCR procedures. To produce AtOM66 OX lines, the 

full length coding sequence was cloned into 35S binary vector pK7WG2 (Karimi 

et al. 2002). Plants overexpressing cmyc-AtOM66∆42-6xHis were similarly 

created. Coi1 plants (SALK_035548) where selected as previously described 

(Thatcher et al. 2012). 35S::NahG (NahG) seed was obtained from Syngenta 

(http://www.syngenta.com). 

Page 29 of 70 The Plant Journal



30 
 

Starch measurements 

The perchloric acid method for extraction of the insoluble fraction was described 

by (Stettler et al. 2009), the hydrolysis procedure for converting starch into a 

glucose equivalent as well as the microplate quantification method was 

described by (Gomez et al. 2007).  

Ultrastructure analysis by Transmission Electron Microscopy 

The outer edge of mature rosette leaf tissues were harvested from 4 week old 

WT, AtOM66 OX and atom66 plants, and further processed for transmission 

electron microascopy (Supplementary Document 1).  

Stress treatments of plants 

For the QRT-PCR time course analysis plants were grown on soil for 16 days 

before treatments (Antimycin A: 50 µM; SA: 0.5 mM; Flg22: 1 µM) and whole 

rosettes were collected. For UV, the plants were treated with UV-B light (5 

mW/cm2) for 10 mins (UVP 34-0042-01). For drought treatment, 3.5 weeks old 

plants were grown in soil under normal conditions. Plants of comparable rosette 

sizes were selected and randomized, and water levels per pot were equalized 

at the start of the treatment. Plants were re-watered after 13 days of no water 

supply. ROS measurements using nitroblue tetrazolium (NBT) and 3-3’-

diaminobenzidine (DAB) were performed as previously described by Giraud et 

al., 2008. Physiological leaf parameters were measured using a LiCOR 6400-

XT. For cell death assays (Supplementary Methods), protoplasts of 4 week old 

plants were treated with UV radiation using a CX-2000 UV cross-linker (UVP 

Ltd) in biological and technical duplicates, and the protoplasts were left in 
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continuous light for 4 h at 22°C. 0.05% Evans blue (Sigma) was added to 

protoplast suspensions and pictures of at least four randomly selected fields of 

view were taken within 10 min. In total >14000 cells were scored.  

Quantitative RT-PCR and Microarray analysis 

RNA isolation, cDNA generation and quantitative RT-PCR (qRT-PCR) was 

performed as described in (Kühn et al., 2011; Supplementary Methods). 

Analysis of the changes in transcript abundance between Col-0, and AtOM66 

mutants was performed using Affymetrix GeneChipTM Arabidopsis ATH1 

Genome Arrays (Affymetrix, Santa Clara, CA), along with preliminary data 

quality assessment, as described previously (Zhang et al. 2012)(Supplementary 

Methods). A complete overview of microarray expression values and statistics 

are present in Supplementary Table 2 and 3. Changes were considered 

significant at false discovery rate correction level of PPDE (<p) >0.95 and two-

fold change. Overlaps between data sets were calculated using chi-square 

statistical tests.  

Pathogen infections 

Inoculation with Botrytis cinerea was carried out as previously described (Brauc 

et al. 2011). Briefly, 5 leaves from each 3 week old plant were inoculated with 

10 µL of a spore suspension of 5.105 spores mL-1 in half-strength potato 

dextrose broth. Seven plants per line were included and the experiment was 

repeated in time. Symptoms were evaluated 7 days post inoculation and a 

disease index was calculated based on four scoring categories (0, resistant; 1, 

slightly spreading lesions; 2, moderately spreading lesions; 3, severely 
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spreading lesions) as previously described (Curvers et al. 2010). Pseudomonas 

syringae: 4 week old plants were inoculated with a syringe with 5x106 cells/mL 

of Pseudomonas syringae p.v. tomato (PstDC3000). Three replicates consisting 

of 4 pooled leaves were sampled per line per time point. Bacterial enumeration 

was performed as described previously (Gleason et al., 2011). Statistical 

analyses were performed using Student’s t-test. 
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Table 1. 

2-fold in AtOM66 OX2P and 2E (455 probe sets) 

    Category Description sample genome fold p-value 

Process salicylic acid biosynthetic 78 210 23.9 3.09E-83 

 

regulation of systemic acquired resistance 5 14 22.9 2.59E-03 

 

detection of biotic stimulus 37 106 22.4 9.22E-37 

 

detection of bacterium 6 18 21.4 3.54E-04 

 

protein kinase cascade 61 224 17.5 9.60E-55 

 

regulation of hydrogen peroxide metabolism 51 188 17.4 3.40E-45 

 

regulation of reactive oxygen species 52 204 16.4 1.40E-44 

 

response to endoplasmic reticulum stress 80 353 14.6 5.70E-66 

 

respiratory burst involved in defense response 25 122 13.2 9.03E-18 

 

jasmonic acid mediated signaling pathway 59 292 13.0 1.37E-44 

 

regulation of plant-type hypersensitive response 73 373 12.6 6.49E-55 

 

regulation of programmed cell death 75 399 12.1 3.70E-55 

 

defense response 194 1667 7.5 2.1E-115 

 

abscisic acid mediated signaling pathway 25 255 6.3 5.67E-10 

 

hyperosmotic salinity response 15 162 5.9 6.69E-05 

 

cellular response to stress 128 1474 5.6 2.40E-56 

      Function glutathione transferase activity 8 49 10.5 1.36E-03 

      Compartment endoplasmic reticulum lumen 5 10 32.1 3.43E-04 

 

cell wall 28 585 3.1 3.12E-04 

      Gene Family Receptor kinase-like protein family 30 298 3.1 1.91E-05 

 

WRKY Transcription Factor Family 10 60 5.1 0.00255 

      2-fold in atom66 KO UT (35 probe sets) 

    Category Description sample genome fold p-value 

Process response to other organism 11 1535 5.9 9.49E-04 

 

response to biotic stimulus 11 1536 5.9 9.55E-04 

 

multi-organism process 11 1905 4.7 7.59E-03 

 

Table 1. GO analysis of genes significantly altered in AtOM66 gain and loss-of-

function plants. The number of genes in a GO subcategory present in the 

AtOM66 data sets (sample), and the whole genome (genome) are indicated. 

The fold overrepresentation compared to a randomly selected sample set is 

shown (fold), as well as the p-value of over- or underrepresentation are shown, 

respectively.  
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Figure Legends 

Figure 1. At3g50930 encodes a mitochondrial outer membrane protein. A) 

Phylogenetic tree of AtOM66 (At3g50930) with BCS1 proteins from various 

organisms. Scale bar indicates 10 % sequence divergence, node numbers 

indicate bootstrap percentages. B) Domain structure of BCS1 proteins. The 

boxes indicate the AAA and BCS1_N domain, respectively.  Alignment of the N-

terminus of BCS1/OM66 proteins from plants species. Identical amino acid 

residues are shaded in black. Similar amino acid residues are shaded in gray. 

C) Predicted protein structure of At3g50930 (AtOM66). The position of the c-

myc and 6XHis tags used to determine topology in the outer membrane are 

shown in blue. D) Full-length and truncated coding sequences of At3g50930 

were fused to the N-terminus of GFP to assess targeting. AOX-RFP was used 

as a mitochondrial marker. E) In vitro import of radiolabelled full-length and 

truncated AtOM66 into isolated mitochondria. Radiolabelled precursor proteins 

were incubated with isolated mitochondria. Mit, mitochondria; PK, proteinase K; 

Val, valinomycin; p, precursor protein band. F) Proteinase K titration assay of 

isolated mitochondria from plants expressing cMyc-AtOM66∆42-6xHis. Purified 

mitochondria were incubated with increasing concentrations of proteinase K 

(PK). Degradation patterns of AtOM66 and other mitochondrial marker proteins 

were visualised by Western blotting. G) Domain structure and proposed 

topology of the protein encoded by At3g50930 (AtOM66). TM: transmembrane 

region; AAA: ATPase Associated with diverse cellular Activities domain; CC: 

coiled-coil domain. 

Figure 2. AtOM66 forms a multimeric membrane protein complex. A) 

Radiolabelled AtOM66 and MPPα translation products were incubated with 

isolated mitochondria and separated by BN-PAGE. The gel was stained with 

Coomassie blue (centre panel) and radiolabelled proteins were visualized.  In 

parallel, isolated mitochondria of wild-type (Col-0) and AtOM66 over-expressing 

plants were separated by BN-PAGE, and blotted to a nitrocellulose membrane. 

The position of AtOM66, RISP and ATP synthase β subunit were detected by 

western blotting. Numbers indicate apparent molecular weight markers in kDa. 
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B) GS-tagged AtOM66 was expressed in Arabidopsis cell culture and binding 

proteins were affinity purified. Eluted fractions were compared against GS 

negative control line. Eluates from purifications using NP-40 or digitonin 

detergents were analysed by western Blot analysis using an anti AtOM66 or  

SDH1 antibody.  

Figure 3. AtOM66 is highly stress-inducible. A) Fold change gene 

expression values of AtOM66 in MAPK cascade mutants involved in innate 

immunity taken from Genevestigator. B) Time-dependent relative expression 

level of AtOM66 in wild type plants after treatment with UV, Antimycin A (AA), 

salicylic acid (SA) and C) flagellin (Flg22). The expression of AtOM66 prior to 

treatments was set to 1. D) Arabidopsis plants were treated with 50 µM AA and 

mitochondria were isolated. Abundance of AtOM66 was assessed by Western 

Blot analysis and compared to TOM40 control protein. Values indicate 

quantified protein abundance with standard error. * p<0.05. 

Figure 4. Generation of knockdown and overexpression transgenic lines 

of AtOM66. A) The position of T-DNA insertion and the region selected as 

targets of artificial microRNAs. B-C) Analysis of the relative mRNA abundance 

of AtOM66 in the knockdown (B) and overexpression (C) transgenic lines by 

qRT-PCR. D) Phenotype of 3.5 week old WT, gain and loss-of-function AtOM66 

plants. E) Quantitation of starch content as glucose equivalent in WT and 

AtOM66 lines (n=5).  F) Dark-induced senescence assay. 3.5 week old WT and 

AtOM66 OX plants were transferred to complete darkness. AtOM66 OX plants 

showed signs of senescence including leaf chlorosis earlier than WT plant 

(picture taken after 6 days of darkness). G) UV-C induced cell death of WT, 

AtOM66 OX and atom66 plants. Protoplasts isolated from 4-week-old plants 

were treated with increasing doses of UV radiation and after 4h the ratio of dead 

cells was measured by Evans blue staining (n=4-6). Error bars indicates S.E. *: 

p<0.05; **: p<0.005 

Figure 5. Mitochondrial protein content in AtOM66 OX plants. Isolated 

mitochondria of WT and two lines of AtOM66 OX plants were separated by 

SDS-PAGE and used for Western Blotting analysis with antibodies specific to a 
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range of mitochondrial proteins. A dilution series of 20, 10 and 5 µg of 

mitochondrial protein were loaded. AtOM66 relative protein abundance was 

further quantitated by densitometry. N=3, *: p<0.05.  

Figure 6. AtOM66 OX plants are more drought tolerant. A) 3.5 week old 

plants of comparable rosette size were subjected to drought treatment. Plants 

were re-watered after 13 days of drought treatment. Plant recovery was 

analysed three days after re-watering. B) Photosynthetic efficiency as 

measured by Fv/Fm over the drought period (n=5). Plants were re-watered at 

day 13 and recovery of Fv/Fm tested at day 14. C) Physiological leaf 

parameters (stomatal conductance, intercellular CO2 concentration and water 

transpiration rate) were measured at day 7 of the drought course using a LiCOR 

6400 XT (n=5-7). D) ROS staining for superoxide (NBT) and hydrogen peroxide 

(DAB) at the start of the drought treatment (day 2, control) and when signs of 

drought stress were visible in WT (day 9, early drought). *: p<0.025; **: 

p<0.006. Error bars indicates S.E. 

Figure 7. Microarray analysis of AtOM66 lines. A) The number of 

significantly altered genes (PPDE(<p) >0.95; 2 fold) of AtOM66 OX and atom66 

plants under untreated conditions. B) Heat map representation of 6 genes with 

significantly altered expression in three AtOM66 mutant lines. C) Heat map 

expression analysis of normalized marker genes for different Arabidopsis 

phytohormones. Relative normalization was executed under only untreated 

conditions (left panel) or over the whole drought experiment (right panel).  IAA: 

indole acetic acid; Ethyl.: ethylene; cytokin: cytokinin; gibber.: gibberellins; SA: 

salicylic acid; JA: jasmonic acid. D) Hierarchical clustering of all genes 

significantly altered compared to WT in both AtOM66 OX or atom66 lines in at 

least one of the time points. The expansion of Cluster 2 represents genes 

involved in anthocyanin synthesis: genes indicated in blue are differentially 

down regulated in AtOM66 OX plants at the early drought time point. E) Heat 

map expression representation of genes involved in senescence over the 

course of the drought treatment. Error bars indicates S.E. 
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Figure 8. AtOM66 OX plants contain elevated levels of salicylic acid. Free 

salicylic acid concentrations were measured on four week old plants (n=4-5, *p-

value <0.05). Error bars indicates S.E. 

Figure 9. Pathogen resistance analysis of AtOM66 lines. A) Four-week-old 

plants were infected with Pseudomonas syringae (PstDC3000) and number of 

colony forming units was analysed at 0, 2 and 3 days post inoculation (left 

panel). Right panel shows visual signs of pathogen infection at 3 days post 

infection. B) The relative disease index of wild type and transgenic AtOM66 

plants 7 days after infection with Botrytis cinerea. Asterisks indicate significant 

differences compared with wild type (p<0.05). Error bars indicates S.E. 
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Supplemental Figure  

Supplemental figure 1. Sizing of AtOM66 protein in Arabidopsis thaliana 

and Tandem Affinity Purification.  

Supplementary figure 2. Mitochondrial protein content in AtOM66 loss-of-

function plants.  

Supplementary figure 3. BN-PAGE and transmission electrion microscopy 

analysis of AtOM66 mutants 

Supplementary figure 4. Hierarchical clustering of probe sets (235) 

commonly differential between AtOM66 OX plants, mpk4 and mkk1 mkk2.  

Page 39 of 70 The Plant Journal



40 
 

Supplementary files 

Supplementary Methods 

Supplementary Table 1: TAP mass spectrometry analysis and Genevestigator 

gene expression data 

Supplementary Table 2: ATH1 GC-RMA normalised expression data 

Supplementary Table 3: Cyber-T microarray statistical analysis 

Supplementary Table 4: microarray chi-square and Gene Ontology Analysis 

Supplementary Table 5: Athena promoter analysis 

Supplementary Table 6: primers  
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Figure 1. At3g50930 encodes a mitochondrial outer membrane protein. A) Phylogenetic tree of AtOM66 
(At3g50930) with BCS1 proteins from various organisms. Scale bar indicates 10 % sequence divergence, 

node numbers indicate bootstrap percentages. B) Domain structure of BCS1 proteins. The boxes indicate the 

AAA and BCS1_N domain, respectively.  Alignment of the N-terminus of BCS1/OM66 proteins from plants 
species. Identical amino acid residues are shaded in black. Similar amino acid residues are shaded in gray. 
C) Predicted protein structure of At3g50930 (AtOM66). The position of the c-myc and 6XHis tags used to 
determine topology in the outer membrane are shown in blue. D) Full-length and truncated coding 

sequences of At3g50930 were fused to the N-terminus of GFP to assess targeting. AOX-RFP was used as a 
mitochondrial marker. E) In vitro import of radiolabelled full-length and truncated AtOM66 into isolated 

mitochondria. Radiolabelled precursor proteins were incubated with isolated mitochondria. Mit, 
mitochondria; PK, proteinase K; Val, valinomycin; p, precursor protein band. F) Proteinase K titration assay 

of isolated mitochondria from plants expressing cMyc-AtOM66∆42-6xHis. Purified mitochondria were 

incubated with increasing concentrations of proteinase K (PK). Degradation patterns of AtOM66 and other 
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mitochondrial marker proteins were visualised by Western blotting. G) Domain structure and proposed 
topology of the protein encoded by At3g50930 (AtOM66). TM: transmembrane region; AAA: ATPase 

Associated with diverse cellular Activities domain; CC: coiled-coil domain.  
195x276mm (300 x 300 DPI)  
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Figure 2. AtOM66 forms a multimeric membrane protein complex. A) Radiolabelled AtOM66 and MPPα 
translation products were incubated with isolated mitochondria and separated by BN-PAGE. The gel was 

stained with Coomassie blue (centre panel) and radiolabelled proteins were visualized.  In parallel, isolated 
mitochondria of wild-type (Col-0) and AtOM66 over-expressing plants were separated by BN-PAGE, and 
blotted to a nitrocellulose membrane. The position of AtOM66, RISP and ATP synthase β subunit were 

detected by western blotting. Numbers indicate apparent molecular weight markers in kDa. B) GS-tagged 
AtOM66 was expressed in Arabidopsis cell culture and binding proteins were affinity purified. Eluted fractions 

were compared against GS negative control line. Eluates from purifications using NP-40 or digitonin 
detergents were analysed by western Blot analysis using an anti AtOM66 or  SDH1 antibody.  

203x169mm (300 x 300 DPI)  
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Figure 3. AtOM66 is highly stress-inducible. A) Fold change gene expression values of AtOM66 in MAPK 
cascade mutants involved in innate immunity taken from Genevestigator. B) Time-dependent relative 

expression level of AtOM66 in wild type plants after treatment with UV, Antimycin A (AA), salicylic acid (SA) 
and C) flagellin (Flg22). The expression of AtOM66 prior to treatments was set to 1. D) Arabidopsis plants 

were treated with 50 µM AA and mitochondria were isolated. Abundance of AtOM66 was assessed by 
Western Blot analysis and compared to TOM40 control protein. Values indicate quantified protein abundance 

with standard error. * p<0.05.  
198x117mm (300 x 300 DPI)  
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Figure 4. Generation of knockdown and overexpression transgenic lines of AtOM66. A) The position of T-DNA 
insertion and the region selected as targets of artificial microRNAs. B-C) Analysis of the relative mRNA 
abundance of AtOM66 in the knockdown (B) and overexpression (C) transgenic lines by qRT-PCR. D) 

Phenotype of 3.5 week old WT, gain and loss-of-function AtOM66 plants. E) Quantitation of starch content as 
glucose equivalent in WT and AtOM66 lines (n=5).  F) Dark-induced senescence assay. 3.5 week old WT and 
AtOM66 OX plants were transferred to complete darkness. AtOM66 OX plants showed signs of senescence 
including leaf chlorosis earlier than WT plant (picture taken after 6 days of darkness). G) UV-C induced cell 
death of WT, AtOM66 OX and atom66 plants. Protoplasts isolated from 4-week-old plants were treated with 
increasing doses of UV radiation and after 4h the ratio of dead cells was measured by Evans blue staining 

(n=4-6). Error bars indicates S.E. *: p<0.05; **: p<0.005  
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Figure 5. Mitochondrial protein content in AtOM66 OX plants. Isolated mitochondria of WT and two lines of 
AtOM66 OX plants were separated by SDS-PAGE and used for Western Blotting analysis with antibodies 

specific to a range of mitochondrial proteins. A dilution series of 20, 10 and 5 µg of mitochondrial protein 
were loaded. AtOM66 relative protein abundance was further quantitated by densitometry. N=3, *: p<0.05. 
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Figure 6. AtOM66 OX plants are more drought tolerant. A) 3.5 week old plants of comparable rosette size 
were subjected to drought treatment. Plants were re watered after 13 days of drought treatment. Plant 
recovery was analysed three days after re-watering. B) Photosynthetic efficiency as measured by Fv/Fm 

over the drought period (n=5). Plants were re-watered at day 13 and recovery of Fv/Fm tested at day 14. 
C) Physiological leaf parameters (stomatal conductance, intercellular CO2 concentration and water 

transpiration rate) were measured at day 7 of the drought course using a LiCOR 6400 XT (n=5-7). D) ROS 
staining for superoxide (NBT) and hydrogen peroxide (DAB) at the start of the drought treatment (day 2, 
control) and when signs of drought stress were visible in WT (day 9, early drought). *: p<0.025; **: 

p<0.006. Error bars indicates S.E.  
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Figure 7. Microarray analysis of AtOM66 lines. A) The number of significantly altered genes (PPDE(<p) 
>0.95; 2 fold) of AtOM66 OX and atom66 plants under untreated conditions. B) Heat map representation of 
6 genes with significantly altered expression in three AtOM66 mutant lines. C) Heat map expression analysis 
of normalized marker genes for different Arabidopsis phytohormones. Relative normalization was executed 
under only untreated conditions (left panel) or over the whole drought experiment (right panel).  IAA: indole 
acetic acid; Ethyl.: ethylene; cytokin: cytokinin; gibber.: gibberellins; SA: salicylic acid; JA: jasmonic acid. 
D) Hierarchical clustering of all genes significantly altered compared to WT in both AtOM66 OX or atom66 

lines in at least one of the time points. The expansion of Cluster 2 represents genes involved in anthocyanin 

synthesis: genes indicated in blue are differentially down regulated in AtOM66 OX plants at the early 
drought time point. E) Heat map expression representation of genes involved in senescence over the course 

of the drought treatment. Error bars indicates S.E.  
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Figure 8. AtOM66 OX plants contain elevated levels of salicylic acid. Free salicylic acid concentrations were 
measured on four week old plants (n=4-5, *p-value <0.05). Error bars indicates S.E.  
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Figure 9. Pathogen resistance analysis of AtOM66 lines. A) Four-week-old plants were infected with 
Pseudomonas syringae (PstDC3000) and number of colony forming units was analysed at 0, 2 and 3 days 

post inoculation (left panel). Right panel shows visual signs of pathogen infection at 3 days post infection. B) 
The relative disease index of wild type and transgenic AtOM66 plants 7 days after infection with Botrytis 

cinerea. Asterisks indicate significant differences compared with wild type (p<0.05). Error bars indicates S.E. 
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Supplemental figure 1. Sizing of AtOM66 protein in Arabidopsis thaliana. Isolated mitochondria from wild-
type plants were supplemented with radiolabelled translation products of full length AtOM66 and AtOM66 
lacking the first 42 (AtOM66 ∆42) or 100 (AtOM66 ∆100) amino acids. Proteins were separated by SDS-

PAGE and AtOM66 was detected by western blotting with an AtOM66 antibody. The membrane was then 
exposed to a phosphor imager plate to detect radiolabelled translation products. The different images were 

then over-layed to allow size comparisons and to determine which translation start site was utilised in 

planta. The size of the protein standards are indicated in kDa.  
205x286mm (300 x 300 DPI)  
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Supplementary figure 2. Mitochondrial protein content in AtOM66 loss-of-function plants. Isolated 
mitochondria of WT and two lines of AtOM66 loss-of-function plants were separated by SDS-PAGE and used 
for Western Blotting analysis with antibodies specific to a range of mitochondrial proteins. A dilution series of 
20, 10 and 5 µg of mitochondrial protein were loaded to allow more accurate quantitation. AtOM66 relative 
protein abundance was further quantitated by densitometry. Three biological replicates were performed, *: 

p<0.05.  
194x140mm (300 x 300 DPI)  
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Supplementary figure 3. A) Isolated mitochondria of AtOM66 gain and loss-of-function plants were analysed 
by BN-PAGE and stained with colloidal Coomassie. B) In-gel complex I activity staining on isolated 

mitochondria of AtOM66 gain and loss-of-function plants separated by BN-PAGE. C) Transmission electron 

micrographs of representative mitochondria of 4 week old wild type and AtOM66 OX leaves.  
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Supplementary figure 4. Hierarchical clustering of probe sets (235) commonly differential between AtOM66 
OX plants, mpk4 and mkk1 mkk2. Color scale reflects relative linear expression levels.  
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Supplementary Experimental Procedures 

In silico sequence analysis 

A rooted phylogenetic tree of BCS1 proteins was created using Neighbor-Joining  

MEGA version 5 (Tamura et al., 2011) with a bootstrap of 1,000 replicates. The scale 

bar indicates 10 % sequence divergence, node numbers indicate bootstrap 

percentages. Sequences were collected from Genebank. For domain analysis, 

transmembrane helices were predicted using the DAS prediction server 

(http://www.sbc.su.se/~miklos/DAS/maindas.html; Cserzo et al., 1997) and coiled-

coils were predicted using the Coils server 

(http://www.ch.embnet.org/software/COILS_form.html; Lupas et al., 1991). 

Genebank sequences of different species in the phylogenetic tree: Arabidopsis 

thaliana (A. thaliana, NP_190662.2), Ricinus communis (R. communis, 

XP_002521536.1), Vitis vinifera (V. Vinifera, XP_002269184.1), Populus trichocarpa 

(P. trichocarpa, XP_002310261.1), Oryza sativa (O. sativa, NP_001174549.1), 

Sorghum bicolor (S. bicolour, XP_002455914.1), Zea mays (Z.mays, 

NP_001147824.1), Homo sapiens (H. sapiens, NP_001073335.1), Pan troglodytes 

(P. troglodytes, XP_516092.2), Canis familiaris (C. familiaris, XP_536070.1), Bos 

Taurus (B. Taurus, NP_001015671.1), Mus musculus (M. musculus, NP_080060.1), 

Rattus norvegicus (R. norvegicus, NP_001007667.1), Gallus gallus (G. gallus, 

NP_0010006520.1), Danio rerio (D. rerio, NP_957476.2), Drosophila melanogaster 

(D. melanogaster, NP_609358.1), Anopheles gambiae (A. gambiae, XP_313188.3), 

Caenorhabditis elegans (C. elegans, NP_001022191.1), Schizosaccharomyces 

pombe (S. pombe, NP_593875.1), Saccharomyces cerevisiae (S. cerevisiae, 

NP_010663.1), Kluyveromyces lactis (K. lactis, XP_454059.1), Ashbya gossypii (A. 

gossypii, NP_983602.1), Plasmodium falciparum (P. falciparum, XP_966022.1). 
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Biolistic transformation and microscopy 

Biolistic co-transformation of the GFP and RFP fusion vectors was performed on 

Arabidopsis cell culture and onion epidermal cells as previously reported (Carrie et 

al., 2008; Supplementary Document 1). In brief, GFP and RFP plasmids (5 µg each) 

were co-precipitated onto gold particles and transformed using a PDS-1000/He 

biolistic transformation system (Bio-Rad). Two mL of Arabidopsis suspension cell 

culture or freshly peeled onion epidermal cells were placed on osmoticum medium 

and bombarded. Cells were then incubated for 24-48 h at 22°C in the dark. GFP and 

RFP expression and targeting were visualized using a BX61 Olympus microscope 

(Olympus) using excitation wavelengths of 460/480 nm (GFP) and 535/555 nm 

(RFP), and emission wavelengths of 495–540 nm (GFP) and 570–625 nm (RFP). 

Subsequent images were captured using CellR imaging software as previously 

described (Carrie et al., 2009). 

Tandem Affinity Purification 

The method described by Van Leene et al., 2011 was followed. In brief, AtOM66 and 

non-related mitochondrial control protein AtLETM2 (At1g65540) were cloned from 

pDONR201 into pKCTAP with a 35S promoter and C-terminally fused to a GS-tag 

(two IgG domains and a streptavidin binding peptide (SBP) fused by Tobacco Etch 

Virus protease cleavage site). PSB-D Arabidopsis Col-0 cell cultures were stably 

transformed by Agrobacterium co-cultivation and selected in liquid culture. Cells 

were gradually bulked to larger volume and collected 5-7 days after fresh dilution. 

Cells were snap frozen in liquid nitrogen, ground with mortar and pestle, and divided 

into 7.5 g aliquots. Frozen cells were lysed in lysis buffer containing protease and 

phosphatase inhibitor cocktails in the presence of 0.1% (v/v) NP40 or 1% (w/v) 

digitonin, and incubated with 0.01 % (w/v) benzonase (GE Healthcare) for 30 min at 
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4°C. Lysates were cleared by centrifugation and filtration through a 0.45 µM 

membrane. Cleared lysates were incubated with IgG Fast Flow 6 sepharose beads 

(GE healthcare) for 1h at 4°C and washed. Bound bait protein was eluted by AcTEV 

(Invitrogen) proteolysis for 1h at 16°C and incubated on streptavidin sepharose 

beads (GE Healthcare) for 1h at 4°C. Beads were then collected and washed. Bound 

proteins were eluted in SDS-PAGE 2x loading buffer, separated by SDS-PAGE and 

used for Western Blotting or stained by Coomassie blue R250 for mass 

spectrometry.  

For protein identification, gel pieces 2 X 2 X 1 mm were excised from the bands of 

interest and shaken at 1,400 rpm in 50 µl of 50 % (v / v) acetonitrile, 10 mM NH-

4HCO3 for 45 minutes. This step was repeated before the gel slices were dried at 50 

°C for 20 minutes. Gel slices were treated with 0.1 µg of trypsin in 15 µl of 20 mM 

NH4HCO3 and incubated at 37 °C for 12 hours. Digestion products were extracted by 

addition of 15 µl of acetonitrile and shaken at 1,400 rpm for 15 minutes. This 

extraction was repeated with 50 % (v /v) acetonitrile and 5 % (v / v) formic acid. The 

resultant solutions were pooled before drying down in a vacuum centrifuge. Sample 

were resuspended in 10 µl of 5 % (v / v) acetonitrile, 0.1 % (v / v) formic acid and 

analysed on an Agilent 6510 Q-TOF mass spectrometer (Agilent Technologies) with 

an HPLC Chip Cube source as per Eubel et al., 2008. Protein identifications were 

filtered to include only those with protein ion scores higher than 50, with the 

additional criteria that if they were identified by a single peptide, it was not composed 

of more than 10 % leucine / isoleucine residues.  

 

Western Blotting analysis  
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Proteins were separated by SDS-PAGE or BN-PAGE. SDS-PAGE gels were blotted 

using a semi-dry Hoefer blotting instrument, BN-PAGE gels were blotted using a Bio-

Rad wet-blotter as previously described (Wang et al., 2012)Complex I in-gel activity 

stains were performed as previously described (Sabar et al., 2005). An antibody 

against AtOM66 was generated by cloning AtOM66 amino acids 61 to 198 into 

pIVEX1.3 WG and subsequent in vitro transcription-translation using the Roche 

RTS500 kit. The 6xHis tagged peptide was then purified using a Bio-Rad Profinia as 

per manufacturer’s instructions. 1 mg purified recombinant protein was aliquoted into 

4 injection aliquots and sent to IMVS (Adelaide, Australia) for making polyclonal 

antibodies from rabbits. Four aliquots were injected every three weeks with Freunds 

Adjuvant. A test bleed was sampled after the third injection and the final bleed 

sampled after the last injection. 

Ultrastructure analysis by Transmission Electron Microscopy 

The outer edge of mature rosette leaf tissues were harvested from 4 week old WT, 

AtOM66 OX and atom66 plants, incubated in primary fixation buffer (8.5 ml 0.1 M 

cacodylate buffer, 4% formaldehyde, 0.5 ml glutaraldehyde) for 2 h under vacuum, 

washed with cacodylate buffer (0.1 M, three times) and stained for 1.5 h with 1% 

osmium-tetraoxide. An ethanol dehydration series in increasing concentration was 

performed before exposing samples to increasing concentrations of eponaraldite. 

Samples were hardened at 65°C (2 days), and cut into ultrathin sections using a 

diamond knife and transferred onto copper grids for final staining with 5 to 6% 

uranium acetate (20 min) and lead citrate (15 min). Analysis was performed using 

the Hitachi H7100FA transmission electron microscope with digital camera. 

Stress treatments of plants 
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For QRT-PCR time course analysis plants were grown on soil for 16 days before 

treatments and whole rosette tissues were collected. For UV, the plants were treated 

with UV-B light (5 mW/cm2) for 10 mins (UVP 34-0042-01). For antimycin A, a 50 

mM stock solution in 100 % ethanol was made. The stock solution was diluted 1 in 

1000 with ddH2O and a drop of Tween20 was added to 100 mL solution and plants 

were sprayed. For salicylic acid, plants were sprayed with 0.5 mM salicylic acid 

solution containing 0.01 % Silwett L-77. For Flg22, the peptide was dissolved in 

ddH2O to 1 µM and then sprayed. All the plants were returned to the growth room 

after treatments and samples were collected at the indicated time points. For drought 

treatment, 3.5 weeks old plants were grown in soil under normal conditions. Plants of 

comparable rosette sizes were selected and randomized, and water levels per pot 

were equalized at the start of the treatment. Plants were re-watered after 13 days of 

no water supply. ROS measurements using nitroblue tetrazolium (NBT) and 3-3’-

diaminobenzidine (DAB) were performed as previously described by Giraud et al., 

2008. For cell death assays, 4 week old plants were incubated in leaf digestion 

medium (4.41 g/liter Murashige and Skoog (MS) medium including Gamborg B5 

vitamins (Duchefa), 0.4 M sucrose, 0.96% cellulase R-10, and 0.64% macerozyme 

(Yakult Pharmaceutical), pH 5.8) in the dark for 16 h at room temperature. Buoyant 

protoplasts were harvested by centrifugation for 5 min at 600 rpm and washed 2–3 

times in 12 ml of W5 medium (154 mM NaCl, 5 mM KCl, 5 mM glucose, and 125 mM 

CaCl2, pH 5.6–5.8). The pellet was then resuspended in protoplast culture medium 

(4.41 g/liter MS medium including Gamborg B5 vitamins, 0.4 M sucrose, 0.4 M 

mannitol, and 0.5 g/liter MES, pH 5.8) at a density of 106 protoplasts per ml. For 

each replicate, 0.5 ml of protoplasts was used per well of a 24-well culture plate 

(Greiner Bio One Cellstar). Stress treatments were carried by applying UV radiation 
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using a CX-2000 UV cross-linker (UVP Ltd) in biological and technical duplicates, 

and the protoplasts were left in continuous light for 4 h at 22°C. The dye Evans blue 

(Sigma) was added to protoplast suspension to the final concentration of 0.05%. 

After 5 min of room temperature incubation, an aliquot of the stained protoplasts was 

mounted on a slide. Pictures of at least four randomly selected fields of view were 

taken within 10 min. In total >14000 cells were scored. The ratio of Evans blue-

stained cells over total cell number was calculated. All the microscopic work was 

carried using a Leica microscope connected to a digital SPOT camera. 

Quantitative RT-PCR 

RNA isolation, cDNA generation and quantitative RT-PCR (qRT-PCR) was 

performed as described in (Kühn et al., 2011) using the LightCycler 480 SYBR 

Green I Master Mix (Roche) and the primer pairs listed in Supplemental Table 6 on a 

LightCycler 480 real-time PCR system (Roche). The nuclear UBC gene was used for 

data normalisation. Transcripts were measured in technical triplicate from three 

independent RNA isolations in separate experiments. 

Microarray analysis 

Analysis of the changes in transcript abundance between Col-0, and AtOM66 

mutants was performed using Affymetrix GeneChipTM Arabidopsis ATH1 Genome 

Arrays (Affymetrix, Santa Clara, CA), along with preliminary data quality assessment, 

as described previously (Zhang et al., 2012). In total 17413 probe sets were deemed 

present by the MAS5.0 algorithm. Once processed, GC Robust Multiarray Average 

normalized gene expression values were analyzed to identify differentially expressed 

genes by a regularized t test based on a Bayesian statistical framework using the 

software program Cyber-T (Kayala and Baldi, 2012). A complete overview of 
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microarray expression values and statistics are present in Supplementary Table 2 

and 3. Changes were considered significant at a false discovery rate correction level 

of PPDE (<p) >0.95 and two-fold change. Representations of gene categories were 

calculated using chi-square statistical tests. GO Term analysis was performed using 

AmiGO (http://amigo.geneontology.org/cgi-bin/amigo/go.cgi; Carbon et al., 2009) 

and Virtual Plant (Katari et al., 2010). Graphical representation and hierarchical 

clustering were performed in Multiexperiment Viewer 4 (Saeed et al., 2003). 

SA measurement 

SA was extracted according to (Edlund et al., 1995) with modifications according to 

(George et al., 2010) including 0.1 ng.µl-1 stable isotope-labeled internal standard (2-

hydroxybenzoic-3,4,5,6-d4 acid/SA-d4, CDN isotopes). Reverse phase (RP)-UPLC-

ESI-MS/MS running conditions were exactly as specified in Pan et al. (2008). 
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