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Abstract

Plants, because of their immobile nature, are continually exposed to a variety of 

extreme environmental conditions i.e. stresses. Stresses have adverse effects 

on plant growth, development and seed production. Nearly all biotic and abiotic

stresses disrupt the metabolic balance of cells, resulting in osmotic stress and 

enhanced production of reactive oxygen species (ROS) (Mittler et al., 2004).

Mitochondria are one of the major sources of ROS and a major target of 

oxidative stress, and are vital for maintaining the viability during biotic and 

abiotic stress. Previous studies showed that there are a number of

mitochondrial proteins that are induced by different treatments directly targeted 

to mitochondria (Clifton et al., 2006). However, the response of mitochondria to 

stress and the roles mitochondria play under stress are still not very clear. In 

this study, the functional characterization of mitochondrial stress response was 

conducted.

By combining a list of 1196 Arabidopsis thaliana genes that putatively encode 

mitochondrial proteins with 16 publicly available microarray datasets under 

stress conditions, 45 nuclear encoded proteins were defined as mitochondrial 

stress-responsive proteins. Furthermore, the mitochondrial localization of these 

proteins was tested using green fluorescent protein (GFP) fusion assays. In

total 26 proteins could be confirmed to be targeted to mitochondria and were

thus considered to be mitochondrial stress responsive proteins.

Two of the mitochondrial stress responsive genes were selected for functional 

characterization.

One of these proteins, AtLETM1 (leucine zipper-EF-hand-containing 

transmembrane protein), was investigated using T-DNA insertion lines. Analysis 

revealed the presence of a paralog in Arabidopsis. Inactivation of either 

AtLETM1 or AtLETM2 did not result in any severe deleterious growth 

phenotypes, while inactivation of both genes was lethal. However, plants that 

are hemizygous for AtLETM2 and homozygous for AtLETM1 (letm1 (-/-) LETM2

(+/-)) showed a retarded growth phenotype during early seedling growth. 

Studies revealed that a functional maternal AtLETM2 allele in the absence of 
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AtLETM1 was required for viability and was shown that the expression of 

paternal AtLETM2 allele was silenced during early embryogenesis. The 

translation rates in mitochondria of letm1 (-/-) LETM2 (+/-) plants were 

decreased, resulting in plants with reduced amounts of the -subunit of 

mitochondrial ATP synthase and cytochrome c. The letm1 (-/-) LETM2(+/-)

plants also displayed lower levels of ATP, increased total ascorbate levels and 

increased resistance to drought stress. These results show that AtLETM activity 

is essential for mitochondrial translation and its expression is under maternal 

control during early seed development.

The second protein that was investigated was AtBCS1, an AAA-type ATPase. 

Subcellular localization assays confirmed its location in mitochondrial outer 

membrane. Phylogenetic and structural analysis indicated functional divergence 

between the plant BCS1 proteins and animal and fungal homologs, which are 

located on the mitochondrial inner membrane. The expression of AtBCS1 was 

highly increased in a set of MAPK signaling cascade mutants and by treatments 

of various biotic elicitors. The knockdown transgenic plants with decreased 

expression of AtBCS1 did not show obvious growth differences compared to 

wild type under normal and stress conditions. However, the overexpression 

transgenic plants of AtBCS1 displayed compressed rosette with curled leaves, 

and increased sensitivity to pathogen attack, suggesting that AtBCS1 is 

involved in biotic stress responses.
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Abbreviation

× g times the force of gravity

AMPS ammonium persulphate

AOX alternative oxidase

mitochondrial ATP synthase alpha subunit

mitochondrial ATP synthase beta subunit

BCS protein involved in cytochrome bc1 assembly

BN-PAGE blue native polyacrylamide gel electrophoresis

BP border primer

BSA bovin serum albumin

COX Cytochrome Oxidase

Cyt c Cytochrome C

DAB diaminobenzidine

ddH2O double deionised water

DMSO dimethyl sulfoxide

ETC Electron transport chain

Fv/Fm maximal quantum yield

Gent gentamicin

GFP Green fluoresence protein

HSP heat shock proteins

IPTG i -D-1-thiogalactopyranoside 

Kan kanamycin
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LP left primer

MES 2-(N-morpholino)ethanesulfonic acid

MS Murashige & Skoog

NBT nitroblue tetrazolium

PCR polymerase chain reaction

PK proteinase K

PMSF phenylmethylsulfonyl fluoride

psi pounds per square inch

PVDF polyvinylidene fluoride

PVP polyvinylpyrrolidone

Redox reduction/oxidation

Rif rifampicin

ROS reactive oxygen species

RP right primer

RISP Rieske iron sulphur cluster protein

RT-PCR reverse transcription PCR

SA salicylic acid

SDH succinate dehydrogenase

SDS sodium dodecyl sulfate

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SDW sterile double deionised water

TCA tricarboxylic acid

T-DNA transfer-DNA
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Tris tris(hydroxymethyl)aminomethane

TEMED N,N,N',N'-Tetramethylethylenediamine

UCP uncoupling protein

UQ ubiquinones

UQH2 ubiquinol

UTR untranslated region

x-Gluc 5-bromo-4-chloro-3-indolyl-b-glucuronic acid
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Introduction

1.1 Endosymbiotic origin of mitochondria 
Mitochondria, which are present in nearly all eukaryotic cells, are double 

membrane enclosed organelles with a size of 0.5- (Palade, 1953). The 

outer mitochondrial membrane is relatively smooth, while the inner membrane is

highly folded into cristae (McBride et al., 2006). Mitochondria are typically rod-

shaped, however, they are highly dynamic and can also be spheric or sausage-

shaped (Logan and Leaver, 2000).

Mitochondria contain their own genomes, mitochondrial DNA (mtDNA),

which are usually of circular structure and of highly variable size among 

eukaryotes (Burger et al., 2003). The mtDNA is less than 6 kb in size in 

Plasmodium falciparum, 15-18 kb in animals and much larger in plants, and the 

mitochondrial genome of Cucumis melo is 2.9 Mb (Alverson et al., 2010). The 

Arabidopsis thaliana mtDNA contains 366,924 bp and codes for 57 proteins 

(Unseld et al., 1997).

The serial endosymbiosis theory is wildly accepted for explaining the

origin of mitochondria, which suggests that mitochondria are the direct 

descendants of a bacterial endosymbiont in a host cell (Gray et al., 1999; Lang 

et al., 1999). Comparison study of the different genome sequences strongly 

supports the monophyletic origin of mitochondria from a eubacterial ancestor of

the -Proteobacteria (Gray et al., 1999; Kurland and Andersson, 2000).

During evolution, most genes of the mitochondrial genome inherited from 

the endosymbiont were either lost or transferred to the nuclear genome and 

only a small amount is still retained (Karlberg et al., 2000; Henze and Martin, 

2001; Herrmann, 2003). The drive force for this gene-transfer process is 

suggested to improve the ability to regulate gene expression or reduce

frequency of mutations (Martin and Herrmann, 1998). As a result, the 

mitochondrial proteome contains hundreds of proteins encoded in the nucleus,

which are synthesized in the cytosol and are translocated across one or two 

membranes into mitochondria (Dolezal et al., 2006).
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1.2 Mitochondrial Function

1.2.1 Respiration and metabolism

The primary function of mitochondria is energy production to generate 

adenosine triphosphate (ATP) via oxidative phosphorylation (Raghavendra and 

Padmasree, 2003; Walker and Dickson, 2006). Respiration involves the 

controlled oxidation of carbohydrates via glycolysis and the mitochondrial

located tricarboxylic acid (TCA) cycle, producing CO2 and reducing equivalents 

(NAD(P)H and FADH2) (Plaxton and Podestá, 2006). In aerobic respiration, the 

generated NAD(P)H and FADH2 pass their electrons to O2 via the electron 

transfer chain (ETC), resulting in O2 consumption and a proton electrochemical 

gradient across the inner mitochondrial membrane, which is converted into ATP

by respiratory complex V, the inner mitochondrial membrane bound F1FO-type 

H+ ATP synthase (Siedow and Umbach, 1995; Bauwe et al., 2010). The entire 

glycolytic pathway is found to be attached to the cytosolic side of the outer 

mitochondrial membrane, which allows the direct provision of pyruvate to 

mitochondria (Giege et al., 2003; Fernie et al., 2004). Moreover, there are non-

energy conserving (i.e., non-ATP producing) bypasses of the classic respiratory 

chain, rotenone-insensitive NADH dehydrogenases (NDs) and alternative 

oxidases (AOX) (Siedow and Umbach, 1995; Rasmusson et al., 2004; Plaxton 

and Podestá, 2006).

However, as well as the classic text book depiction of the TCA cycle, 

there are also a number of bypasses of the TCA cycle that could have 

regulatory implications.In plants, a -aminobutyric acid (GABA) shunt bypassed

the steps from 2-oxoglutarate to succinate of the TCA cycle, which convert 

cytosolic glutamate to succinate by three main reactions catalyzed by the 

cytosolic glutamate decarboxylase (GAD), mitochondrial GABA transaminase 

(GABA-T) and succinic semialdehyde dehydrogenase (SSADH), respectively 

(Fait et al., 2008).

Mitochondria are also involved in many other cellular processes, such as 

amino acids metabolism (Sweetlove et al., 2007). Cysteine (Cys) is an

indispensable amino acid and also the interface point between sulfur and 

nitrogen metabolism (Jost et al., 2000). In plants Cys is synthesized in cytosol, 
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chloroplasts and mitochondria catalyzed by the rate-limiting enzyme serine 

acetyltransferase (SAT) and O-acetylserine(thiol)lyase (OAS-TL) (Haas et al., 

2008; Heeg et al., 2008). However, mitochondria are the most important 

compartment for the synthesis of O-acetylserine (OAS), the precursor of Cys

and serve as the pacemaker for the cys systhesis (Haas et al., 2008). Proline

(Pro), a unique amino acid with a secondary amino group, is accumulated 

during adverse environmental conditions (Verslues et al., 2006). It is 

synthesized in cytosol and transported into mitochondria, where it is oxidized to 

glutamate by the proline dehydrogenase and -1-pyrroline-5- carboxylate 

dehydrogenase (Deuschle et al., 2001; Lehmann et al., 2010). The proline

matabolism in mitochondria increases the energetic status of the cell after the

relief of stress and serves as a reservoir of carbon and nitrogen (Hare and 

Cress, 1997; Sweetlove et al., 2007).

1.2.2 Biosynthesis of compounds

The clarification of biosynthesis pathways of many vitamins at the 

molecular level have also revealed the roles of mitochondria in the synthesis of 

folate (vitamin B9), biotin (B7), ascorbate (C) and lipoic acid (LA) (Millar et al., 

2008). Mitochondria are also involved in the synthesis of lipid, iron-sulfur 

clusters and heme (Burger et al., 2003; Gabaldón and Huynen, 2003; Lill and 

Mühlenhoff, 2006).

Folate transports and donates C1-units in several critical cellular 

processes, including the synthesis of purines and thymidylate, amino acid 

metabolism and mitochondrial and chloroplastic protein biogenesis (Rebeille et 

al., 2007; Sweetlove et al., 2007). The synthesis of precursors is in cytosol and

plastids but the final steps solely carried out within mitochondria (Rebeille et al., 

2007).

Biotin is an essential vitamin for life and serves as a cofactor for a 

number of enzymes involved in carboxylation, decarboxylation and 

transcarboxylation reactions (Alban et al., 2000). Its biosynthesis pathway in 

Arabidopsis mitochondria includes a biotin synthase (BIO2) (Picciocchi et al., 

2001) and three other essential accessory proteins, adrenodoxin, adrenodoxin 

reductase and cysteine desulfurase (Baldet et al., 1997; Picciocchi et al., 2003).
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L-Ascorbate is an essential enzyme cofactor and a primary antioxidant in 

plants and animals (Smirnoff and Wheeler, 2000; De Tullio and Arrigoni, 2004).

The last step of L-ascorbate biosynthesis is catalyzed by L-galactono-1,4-

lactone dehydrogenase in the mitochondrial inter membrane space (Hancock 

and Viola, 2005; Leferink et al., 2008; Linster and Clarke, 2008).

Lipoic acid is an essential coenzyme required for the biological activity of

a number of decarboxylating dehydrogenases and is synthesized in 

mitochondria and chloroplasts in plants (Yasuno and Wada, 1998; Yasuno and

Wada, 2002; Ewald et al., 2007). The synthesised lipoic acid is transferred to 

the dehydrogenase complexes by a mitochondrial lipoyltransferase (Wada et al., 

2001).

De novo fatty acid synthesis in plant mitochondria can occur via a type II 

fatty acid synthase (FAS) enzyme complex (Olsen et al., 2004). An Arabidopsis 

phosphatidylglycerophosphate synthase was identified to be dual-targeted to 

plastids and mitochondria in Arabidopsis (Babiychuk et al., 2003). A cardiolipin

(CL) synthase has been identified targeted in the mitochondria of Arabidopsis, 

which catalyses CL synthesis from CDP-diacylglycerol and phosphatidylglycerol

(Katayama et al., 2004). In Arabidopsis a mitonchondrial protein PSD1 is 

indentified to be a phosphatidylserine decarboxylase involved in 

Phosphatidylethanolamine (PE) synthesis (Nerlich et al., 2007).

Iron-sulfur (Fe/S) clusters are [2Fe-2S] or [4Fe-4S] clusters assembled

by iron and sulfide anions (S2-), which are cofactors in proteins with vital 

functions, such as electron transport and metabolic catalysis (Lill and 

Mühlenhoff, 2008). In fungi or mammals, biosynthesis of Fe/S cluster is carried 

out in mitochondria only, whereas in plants there is an additional biosynthesis 

pathway in chloroplasts (Nouet et al., 2011).

Heme is one of the most abundant tetrapyrroles in plants, which forms 

the prosthetic group of respiratory complex II, III and IV and cytochrome c in 

mitochondria (Sweetlove et al., 2007; Giege et al., 2008; Nouet et al., 2011). In 

animals, the last three steps in the heme biosynthesis pathway take place in 

mitochondria, while in plants heme is suggested to be synthesized in 

chloroplasts and possibly mitochondria (Maliandi et al., 2011; Nouet et al., 
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2011). The mitochondrial protein frataxin has been proposed to play an 

essential role in heme biogenesis (Richardson et al., 2010).

1.2.3 Proteomic identification of mitochondrial proteins

A number of gel and non-gel proteomics techniques have been used to 

identify the proteins in plant mitochondria (Kruft et al., 2001; Millar et al., 2001;

Werhahn and Braun, 2002; Millar and Heazlewood, 2003; Heazlewood et al., 

2004).

To date, approximately 550 non-redundant proteins have been identified 

in Arabidopsis mitochondria by mass spectrometry (Heazlewood et al., 2007;

Millar et al., 2008). They can be classified into different functional groups, 

including the cytochrome respiration chain, alternative respiration, TCA cycle 

and general metabolism, protein import, protein degradation, substrate carrier 

proteins, heat shock and chaperon proteins, DNA replication and transcription, 

protein translation, photorespiration and C1 metabolism. Recently a proteomic 

study of the Arabidopsis outer mitochondrial membrane using quantitative mass 

spectrometry with confirmatory biochemical approaches identified 42 proteins

with diverse functions (Duncan et al., 2011).

By using a combination of density gradient and surface charge 

purification techniques, an in-depth proteome of rice shoot mitochondria 

identified 322 non-redundant rice proteins with major known proteins involved in 

respiration, TCA cycle and general metabolism (Huang et al., 2009). These 

proteins show significant conservation compared with the Arabidopsis 

mitochondrial proteome, with only approximately 20% not having a clear 

homolog in the Arabidopsis mitochondrial proteome.

1.3 Mitochondrial gene expression

1.3.1 Expression of mitochondria encoded genes

The genes located on the mitochondrial genome in plant mitochondria

code for subunits of protein complexes of the ETC chain, haem and cytochrome

assembly and ribosomal proteins (Unseld et al., 1997). Plant mitochondrial 
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genes are transcribed by phage-type RNA polymerases (Hedtke et al., 1997;

Kuhn et al., 2009). The core promoter motif recognized by mitochondrial RNA 

polymerases is CRTA which usually expands to CRTAAGAGA in dicots 

(Brennicke et al., 1999; Binder and Brennicke, 2003). The transcription rates

have only limited roles in determining mitochondrial transcript abundance, while

posttranscriptional processes and RNA degradation rates appear to play the 

crucial role in regulation (Giege et al., 2000; Leino et al., 2005).

Primary transcripts of many mitochondrial genes are often processed to 

produce mature transcripts (Perrin et al., 2004), and introns undergo cis or trans

splicing (Bonen, 2008). The RNA sequence may also modified by a site-specific 

mechanism to replace cytosine bases to uracils, i.e. RNA editing (Shikanai, 

2006). There are 441 and 491 editing sites in mitochondria of Arabidopsis and 

rice, respectively (Giege and Brennicke, 1999; Notsu et al., 2002). The binding 

of specific proteins can also stabilize the mitochondrial transcripts to avoid 

degradation (Mancebo et al., 2001). It is suggested that transcription, translation 

and incorporation into complexes of mitochondrial genes are all linked (Krause 

et al., 2004; Shadel, 2004).

The pentatricopeptide (PPR) proteins, a family with more than 400 

members in plants, have been implicated in almost all steps of mitochondrial 

gene expression, including transcription, splicing, processing, editing, 

translation and stability (Lurin et al., 2004; Andrés et al., 2007). Cytoplasmic 

male sterility in plants is a maternally inherited trait, which mostly is induced by 

a novel ORF in the mitochondrial genome that codes for a protein capable of 

leading to pollen abortion by altering mitochondrial function (Budar et al., 2003).

In the majority of cases, the nuclear encoded fertility restorer (Rf) that restore 

the development of a functional male gametophyte are PPR proteins (Andrés et 

al., 2007; Fujii et al., 2011).

1.3.2 Expression of nuclear encoded genes

In fungi, animal and plants, mitochondrial genome encodes few proteins,

and most mitochondrial proteins (93–99%) are encoded in the nucleus, 

synthesized in the cytosol and imported into mitochondria (Woodson and Chory, 

2008). Tight coordination between the nucleus and organelles is crucial to the 
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survival of eukaryotic cells (Giege et al., 2005; Woodson and Chory, 2008). The 

regulation of expression of these nuclear genes is achieved by a combination of 

anterograde and retrograde regulatory pathways (Leister, 2005; Pesaresi et al., 

2006; Woodson and Chory, 2008). Anterograde regulation refers to signals 

perceived by the nucleus, such as hormone, development, light, abiotic and 

biotic factors. Retrograde regulation refers to signals originating within 

mitochondria and transmitted back to nucleus to alter expression of nuclear 

genes encoding mitochondrial proteins. ROS generated in mitochondria is a

good example of retrograde signals. Retrograde regulation can interact with 

anterograde signals to regulate gene expression and affect the metabolic 

circumstances of the cell (Millar et al., 2011).

In mammals, expression of a large number of nuclear genes encoding 

mitochondrial proteins is under the control of a network of nuclear DNA-binding 

transcription factors and co-regulators (Hock and Kralli, 2009). Co-regulators 

(PGC-1 , PGC-1 , PRC and RIP140) interact with multiple DNA-binding factors 

(NRF-1, GABP, ERRs and PPARs et al.) to coordinate the regulation of multiple 

classes of nuclear genes encoding mitochondrial proteins, including uncoupling

proteins, fatty acid oxidation, TCA, mitochondrial dynamics, oxidative 

phosphorylation, mtDNA replication and transcription and mitochondrial import,

which allows broad regulation of mitochondria in response to varied 

physiological cues and tissue- or signal-specific modifications.

Understanding the regulation of nuclear-encoded mitochondrial genes of

plants is challenging due to the more elaborate functions of their mitochondria 

compared to their mammalian and fungal counterparts (Vanlerberghe and 

McIntosh, 1997; Mackenzie and McIntosh, 1999). In plants the transcript 

abundance of nuclear genes encoding mitochondrial proteins has been shown 

to be modified under a variety of conditions, but little is known about the 

regulatory processes (Millar et al., 2011).

Recently it has been shown that the B3 domain transcription factors, 

ABI3, FUS3, and bZIP53 are important for regulating the expression of the FeS 

proteins of respiratory complex II (Roschzttardtz et al., 2009). A specific group 

of basic-Helix-Loop-Helix (bHLH) transcription factors, TCPs, have been shown 
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to bind site II cis-elements to regulate the expression of a set of nuclear genes 

encoding subunits of mitochondrial respiratory complexes and substrate carrier 

proteins in a diurnal manner (Giraud et al., 2010). The abscisic acid (ABA) 

transcription factor, ABI4, is identified as a direct repressor of Aox1a expression

by binding to its promoter (Giraud et al., 2009).

AOX is widely used as the model to study the mitochondrial retrograde 

signalling pathways in plants (Rhoads and Subbaiah, 2007; Rhoads, 2011).

Several regulatory pathways for the nuclear genes encoding mitochondrial 

proteins are proposed from the studies of the promoters of AOX and several 

other genes,  an SA-dependent pathway, a pathway converging on a number of 

CAREs to bind ABA-responsive transcription factors and a pathway that acts via

EDS1 and PAD4 regulating AOX1a (Ho et al., 2008). Several lines of evidence

also indicate that the respiratory complex I might be an important component for 

the retrograde signalling pathway in plants. Mutations in subunits of complex I 

encoded in mitochondria induce the expression of antioxidant enzymes in 

tobacco cells (Dutilleul et al., 2003a). Rotenone, an inhibitor of complex I, 

induces the expression of AOX, NDs and many components of the 

mitochondrial import machinery and respiratory chain assembly pathway in 

Arabidopsis cell cultures (Lister et al., 2004; Clifton et al., 2005).

1.3.3 Constitutive and tissue specific expression

1.3.3.1 Light

Light is the energy source and the signalling input for photosynthetic 

organisms. Different light signalling pathways interact with mitochondria to

coordinate photosynthesis and respiration (Rasmusson and Escobar, 2007). A

recent proteomic study confirms the functional fluctuation of mitochondrial

proteins during light and dark periods (Lee et al., 2010).

The respiratory machinery in mitochondria are tightly regulated by light

(Long and Berry, 1996; Tepperman et al., 2004; Thum et al., 2004; Popov et al., 

2007). Genes encoding cytochrome c and subunits of complex IV display clear 

light induction (Felitti and Gonzalez, 1998; Welchen et al., 2002; Curi et al., 

2003), while the level of SDH mRNA is higher in darkness than in the light
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(Popov et al., 2010). AOX transcripts display a diurnal cycling mediated by 

photoreceptors (Dutilleul et al., 2003b; Xu et al., 2011). The NDA1 transcripts

completely disappear under dark treatment with a rapid re-induction by light

(Svensson and Rasmusson, 2001; Michalecka et al., 2003). Furthermore, the

glycine decarboxylase is present at low level in etiolated leaves, while in green 

leaf tissues it comprises about one-third of the total soluble protein in the matrix 

of mitochondria (Oliver et al., 1990; Oliver and Raman, 1995).

1.3.3.2 Tissue

In plants, the function and activity of mitochondria varies among tissues,

where the expression of genes encoding mitochondrial proteins is also different.

Unique proteins are shown in the mitochondrial proteome of different tissues

(Humphery-Smith et al., 1992). The shoot tissues display increased 

photorespiratory apparatus and decreased TCA cycle functions compared to 

the non-photosynthetic tissues (Lee et al., 2008; Lee et al., 2011a). Moreover,

several pairs of paralogs, e.g. HCC1 and HCC2, are shown to display 

preferential expression in different tissues (Elorza et al., 2004; Welchen and 

Gonzalez, 2005; Elorza et al., 2006; Attallah et al., 2007; Attallah et al., 2011).

Furthermore, the expression of genes encoded by the mitochondrial

genome changes during development. The relative abundances of Cox I, Cox II,

Cob and ATP decrease successively from the basal meristem to the distal tip

of wheat leaves (Topping and Leaver, 1990). In the maize seedlings, the 

expression of ATP6, RNAb and 26s rRNA is higher in vascular bundles (Li et al., 

1996).

1.3.3.3 Metabolism

Various genes encoding mitochondrial proteins are shown to respond to 

a number of metabolic signals (Millar et al., 2008). Sugar starvation induces the 

transcript abundance of nearly all of the mitochondrially encoded proteins and 

subunits of the branched- -keto acid dehydrogenase (BCKDH), while

decreases that of nearly all of the nuclear-encoded proteins in the respiratory

complexes and mitochondrial translation and carbon and pyruvate metabolism

(Fujiki et al., 2000; Fujiki et al., 2001; Fujiki et al., 2002; Contento et al., 2004;

Giege et al., 2005). Genes encoding subunits of the respiratory complex IV and
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cytochrome c are shown to be induced by glucose, fructose or sucrose

(Welchen et al., 2002; Curi et al., 2003; Mufarrege et al., 2009).

AOX has been suggested to counteract deleterious metabolic

fluctuations in plants (Rasmusson et al., 2009). The expression of AOX is 

induced by exogenous application of TCA cycle acids and TCA cycle inhibitor 

(Gray et al., 2004; Dojcinovic et al., 2005; Sweetlove et al., 2007). The 

increased levels of malate and pyruvate are also suggested to activate the AOX 

protein/AOX pathway to dissipate excess chloroplastic reducing equivalents

(Dinakar et al., 2010). Moreover, nitrogen supply can also reorganize the 

alternative respiration pathways (Escobar et al., 2006).

1.3.3.4 Flowering

In general floral tissues have increased transcript levels of mitochondrial 

proteins (McCabe et al., 2000). A crucial floral-specific function of plant 

mitochondrial gene expression is shown by the cytoplasmic male-sterile (CMS)

phenotype caused by mitochondrial genome mutations (Dewey et al., 1986;

Levings, 1990; Moneger et al., 1994). In these CMS mutants, the vegetative

tissues appear to be normal, while only pollen development is interrupted, 

suggesting an increased requirement of mitochondrial function for pollen 

development than vegetative growth (Binder et al., 1996; Kubo et al., 2011).

Moreover, the expression of a number of genes encoding mitochondrial 

proteins is enhanced in flower compared to vegetative tissues, including the 

aconitase (Peyret et al., 1995), cytochrome c (Ribichich et al., 2001), complex I

subunits (Grohmann et al., 1996; Heiser et al., 1996; Schmidt-Bleek et al., 

1997), complex II subunits (Figueroa et al., 2002; Elorza et al., 2004) and

components of the Rieske iron sulfur (FeS) protein family (Huang et al., 1994).

In addition, Aox1b in Arabidopsis expression is only found in stamen tissues

during early flower development (Clifton et al., 2005).

1.3.4 Stress induced genes expression

Stress treatment can damage the cell antioxidant system, impaire the 

mitochondrial oxidative phosphorylation and result in oxidative stress and

programmed cell death (PCD), protein oxidation (Vacca et al., 2004; Marti et al., 
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2011). Therefore, there must be reorganization of gene expression to 

counteract the adverse effects.

Generally, expression of genes encoding components of the cytochrome 

ETC are not responsive to many stresses, while genes encoding AOX or 

alternative NAD(P)H dehydrogenases are highly responsive (Yu et al., 2001;

Clifton et al., 2005; Clifton et al., 2006; Ho et al., 2008; Yoshida and Noguchi, 

2009). The rapid induction of the mitochondrial non-phosphorylating alternative 

pathways suggests its important role in balancing cellular redox under stress

(Yoshida et al., 2007; Yoshida et al., 2011a; Yoshida et al., 2011b). Moreover, 

the plant uncoupling mitochondrial proteins (UCPs) is usually induced by stress,

which dissipate the transmembrane proton gradient as heat to avoid the 

production of ROS (Dlaskova et al., 2006; Armstrong et al., 2008; Figueira and 

Arruda, 2011; Garantizado et al., 2011).

Furthermore, transcript abundance of a variety of other nuclear genes 

encoding components of mitochondrial respiration pathways are also up-

regulated in response to stress, suggesting the importance of retaining the 

energy production during stress (Hamilton et al., 2001; Zhang et al., 2006;

Houde and Diallo, 2008; Xu et al., 2010). In addition, the antioxidant system is 

also upregulated, which is supposed to protect cells from damage (Wu et al., 

1999; Borovskii et al., 2002; Kwon and An, 2003).

1.4 Mitochondrial response to stress

1.4.1 Studies using abiotic stress 

Studies have shown that response of mitochondria plays important roles 

to tolerate different stresses, including salinity, drought and temperature (Lee et 

al., 2002; Armstrong et al., 2008; Atkin and Macherel, 2009; Smith et al., 2009).

Normally an increased activity of the alternative respiratory pathway is

observed under stress, which is suggested to suppress ROS and stabilize the 

photosynthetic system (Ottow et al., 2005; Feng et al., 2010). When exposed to

excess light, the capacity of cytochrome oxidase pathway is decreased by more 
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than 50% (Dinakar et al., 2010), while the unique non-phosphorylating 

pathways on the inner membrane of plant mitochondria are upregulated

(Escobar et al., 2004; Noguchi and Yoshida, 2008; Yoshida et al., 2008; Zhang 

et al., 2010; Xu et al., 2011). Similar reorganization of the respiration pathways 

are also observed under drought and cold stress (Calegario et al., 2003; Bartoli 

et al., 2005; Ribas-Carbo et al., 2005; Stupnikova et al., 2006; Feng et al., 2009;

Vassileva et al., 2009).

Moreover, stress treatment can result in an enhanced antioxidative 

system in mitochondria to protect cells from oxidative damage (Møller, 2007;

Møller et al., 2007). Salt stress is shown to induce manganese superoxide 

dismutase (MnSOD), AOX, PrxII F and Trxo1 (Mittova et al., 2004; Marti et al., 

2011). The acclimated seedlings of wheat (Triticum aestivum L.) under severe 

water deficit condition display systematic up-regulation of SOD, ascorbate 

peroxidase (APX), catalase, peroxidases and components of the ascorbate–

glutathione cycle in mitochondria as well as at the whole cell level (Selote and 

Khanna-Chopra, 2010).

Induction of genes coding for heat shock proteins (HSPs) is also part of a 

conserved response to oxidative stress (Vandenbroucke et al., 2008). The 

synthesis of mitochondrial Hsp101, Hsp70, Hsp68 and small heat-shock 

proteins is induced under heat stress conditions, which are suggested to 

maintain ETC complex I or protect the plant cell from PCD (Neumann et al., 

1993; Downs and Heckathorn, 1998; Lund et al., 1998; Downs et al., 1999;

Rikhvanov et al., 2007).

In addition, there are several other unique responses under different 

stresses. Mitochondria isolated from water stress adapted potato cells show an 

increase in the membrane permeability (Fratianni et al., 2001). Under osmotic 

stress, proline oxidation in mitochondria is selectively inhibited, resulting in free 

Pro accumulation and less inhibition of malate plus glutamate-dependent and 

succinate-dependent oxidations, which is suggested to be an important 

mechanism to resist stress (Miller et al., 2009; Soccio et al., 2010). An ATP-

inhibited potassium channel in plant mitochondrial is strongly activated by 

hyperosmotic stress, which might serves as a defence mechanism to control 

mitochondrial ROS production (Laus et al., 2011; Trono et al., 2011).



Chapter 1 Introduction

14

1.4.2 Studies using biotic stress

Biotic stress is also an unavoidable challenge for plants and 

mitochondria are also shown to be the target. The secondary metabolite 

acetylenic phenols and a chromene isolated from the grapevine fungal 

pathogen Eutypa lata are found to inhibit mitochondrial respiration and result in 

toxicity (Kim et al., 2004). Studies in the past a few years improve our 

understanding of plant response to these stresses.

Induction of AOX has also been implicated in the resistance to biotic 

stress by suppressing ROS (Simons et al., 1999; Maxwell et al., 2002).

Pathogen infection results in significant increase in the expression of AOX

(Lennon et al., 1997; Chivasa and Carr, 1998; Vidal et al., 2007). Moreover,

exogenous application of salicylic acid (SA) and fungi elicitors also induces the 

expression of Aox1a (Daurelio et al., 2010).

Furthermore, a number of other responses in the mitochondria are also 

observed. Pathogen infection can induce a rapid NO synthesis and decrease 

the activity of the l-galactono-gamma-lactone dehydrogenase (GLDH) (Kuzniak 

and Sklodowska, 2004; Fu et al., 2010; Liao et al., 2011). Bacterial elicitors can 

result in decrease of the ATP production and an induction of ROS generation 

from mitochondria, a rapid cytochrome c release and strong induction of small 

heat shock proteins (Krause and Durner, 2004). In addition, the type III effector 

HopG1 from Pseudomonas syringae pv. Tomato DC3000 is shown to directly 

target mitochondria and suppress pathogen-associated molecular pattern 

(PAMP)-triggered immunity (PTI) (Block et al., 2010). Constitutive expression of 

HopG1 results in reduction of respiration rates and an increased basal level of 

ROS, suggesting the importance of sustaining mitochondrial function during 

biotic stresses.

1.4.3 Studies using mutants

1.4.3.1 Complex I mutants

The most intensively studied mutant of Complex I is the cytoplasmic 

male sterile (CMS) mutant in tobacco (Nicotiana sylvestris) (Chetrit et al., 1992;

Busi et al., 2011). The mitochondrial genome of the CMSII mutant carries a
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deletion of a unique gene nad7 encoding for a subunit of the mitochondrial ETC 

complex I, resulting in subsequent impairment of complex I (Pla et al., 1995;

Gutierres et al., 1997; Lelandais et al., 1998; Noctor et al., 2004).The CMSII 

mutant shows greatly enhanced cytosolic ascorbate peroxidise activity together 

with decreased leaf H2O2 content and maintenance of glutathione and 

ascorbate content and redox state, which leads to higher tolerance to TMV

infection and ozone stress (Dutilleul et al., 2003b).

In the mosaic MSC16 cucumber (Cucumis sativus L.) mutant, 

rearrangements of mitochondrial DNA also results in dysfunction of complex I

and increased resistance to chilling stress (Juszczuk and Rychter, 2009; Szal et 

al., 2009). A few mutant of proteins required for the splicing of different subunits 

of respiratory complex I show impaired or enhanced tolerance to various stress

compared with WT, including cold, light, heat, osmotic and salt stress (Lee et al., 

2002; Nakagawa and Sakurai, 2006; Meyer et al., 2009; Koprivova et al., 2010;

Liu et al., 2010). Mutants of AtCIB22, a single-copy gene encoding the B22 

subunit of mitochondrial complex I, are more sensitive to sucrose starvation but 

more tolerant to ethanol stress compared to WT (Han et al., 2010).

1.4.3.2 AOX mutants

The AOX in higher plant mitochondria is now considered to counteract 

deleterious metabolic fluctuations during environmental stress and proposed to

be a marker for genetic variation in cell reprogramming (Arnholdt-Schmitt et al., 

2006; Clifton et al., 2006; Rasmusson et al., 2009).

The absence of AOX1a results in acute sensitivity to combined light and 

drought stress in Arabidopsis, accompanied by a 10-fold increase in 

anthocyanin accumulation in leaves, alterations in photosynthetic efficiency, and 

increased superoxide radicals (Giraud et al., 2008). The aox1a mutants also 

show more severe damage by antimycin A and high-light treatment (Strodtkotter 

et al., 2009; Zhang et al., 2010). However, AOX mutation in tobacco (Nicotiana 

tabacum) cause an increase in anti-oxidant defence and a lower steady-state 

level of ROS in both suspension cell cultures or leaves (Amirsadeghi et al., 

2006). Transgenic tobacco cells lacking mitochondrial AOX show increased 

susceptibility to H2O2, SA, and the protein phosphatase inhibitor cantharidin 
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(Robson and Vanlerberghe, 2002). The leaves of AOX anti-sense lines show 

greater levels of damage by KCN than those for WT (Umbach et al., 2005).

Plants overexpressing AtAOX1a show enhanced tolerance to salinity 

stress, supporting the hypothesis that AOX played important roles in cell re-

programming during salinity stress (Smith et al., 2009). Under cold stress, the 

transgenic Arabidopsis plants overexpressing wheat AOX1a also show a more 

rapid recovery of the total respiration activity and lower level of ROS,

suggesting that AOX alleviated oxidative stress when the cytochrome 

respiration pathway was inhibited under stress (Sugie et al., 2006). However, 

the AOX-overexpressing tobacco plants show significantly increased 

susceptibility to ozone and potato virus X (PVX) infection (Pasqualini et al., 

2007; Lee et al., 2011b), indicating that a careful balance of AOX levels is 

required for broad range stress tolerance in plants.

1.4.3.3 Other mutants

A number of mutants of the mitochondrial proteins are shown to be 

hypersensitive to heat stress (Bouche et al., 2003; Deuschle et al., 2004;

Sanmiya et al., 2004; Qi et al., 2011), while overexpression of them or 

mutations of some others result in enhanced tolerance (Sanmiya et al., 2004;

Shedge et al., 2010; Qi et al., 2011). Overexpression of the MnSOD results in 

enhanced tolerance to freezing stress (McKersie et al., 1993). The cells 

overexpressing FKBP51, encoding a mitochondrial Hsp90-binding immunophilin 

undergoing nucleo-mitochondrial shuttling during stress, are found to be more 

resistant to oxidative stress by H2O2 treatment, while the knockdown cells were 

more sensitive (Gallo et al., 2011).

Knockout of AtPrxIIF and AtATM3 and knockdown of COX17 all result in

enhanced susceptibility to CdCl2 treatment (Finkemeier et al., 2005; Kim et al., 

2006; Remacle et al., 2010). Disruption of two mitochondrial PPR protein results 

in hypersensitivity to salt and abscisic acid (Zsigmond et al., 2008; Laluk et al., 

2011), while overexpression or knockdown of NDB4 causes enhanced 

tolerance to salinity stress (Smith et al., 2011; Zsigmond et al., 2011). Moreover, 

knockout of metabolism enzymes or components of the respiratory chain results 

in susceptibility to prolonged darkness stress (Turano et al., 1997; Ishizaki et al., 
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2005; Ishizaki et al., 2006; Miyashita and Good, 2008), while overexpressing of 

FPS1L, encoding a mitochondrial farnesyl diphosphate synthase, results in 

enhanced sensitivity to continuous light (Manzano et al., 2006).

The mutant dsr1 disrupted in SDH1-1 by point mutation shows altered 

expression of SA-mediated stress genes and enhanced susceptibility to specific 

pathogens, suggesting a critical role of complex II in biotic stress response

(Gleason et al., 2011). On the contrary, knockout mutants of Arabidopsis

are more resistant to fumonisin B1-induced cell death compared to WT

(Chivasa et al., 2011).

1.5 project proposal

Stress is broadly defined as any condition that negatively impacts on a 

plant. Several studies have shown that mitochondria are a target of a variety of 

stresses (Bartoli et al., 2004; Giraud et al., 2008). Many stress responses result 

in the production of ROS and cause oxidative damage (Fujita et al., 2006;

Gadjev et al., 2006). Mitochondria are the main target of oxidative damage (Yao 

et al., 2002; Bartoli et al., 2004). Accumulating evidence also suggests that 

mitochondria may regulate the cellular stress response (Dutilleul et al., 2003b;

Arnholdt-Schmitt et al., 2006; Clifton et al., 2006; Giraud et al., 2008; Van Aken 

et al., 2009). In agreement with mitochondria being an important target and 

regulator of stress responses, studies shows that various nuclear genes 

encoding mitochondrial proteins are responsive to multiple stress conditions,

including AOX, NDs and heat shock proteins (Clifton et al., 2005; Taylor et al., 

2009).

However, the general view of the mitochondrial stress response in plants 

in largely unknown. Which genes are involved? What is their function during 

stress? The lack of accurate subcellular localization information further 

complicates our understanding of the role of mitochondrial proteins in stress 

response (Millar et al., 2009).

Thus, the primary aims of this project were to:
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1) Identify genes that putatively encode mitochondrial proteins and are widely 

responsive to stress conditions

2) Experimentally confirm the subcellular localization of these mitochondrial 

stress responsive proteins

3) Characterize the functions of selected mitochondrial stress responsive genes

by in-depth molecular and genetic analysis and the study of mutant plants with 

reduced or increased expression of these proteins.

The expected outcome of these studies would be to determine 

mitochondrial stress response in Arabidopsis and provide a list of genes

encoding proteins located in mitochondria and widely responsive to stress 

conditions. Furthermore, functional characterization of selected mitochondrial 

stress responsive genes would provide more information for mitochondrial roles 

under stress and help the engineering of stress-tolerant crops.

1.6 Structure of the thesis
The thesis is comprised of three parts, i.e. general introduction, research 

and general discussion. The research part contains three chapters, an

introductory study producing the general overview of wild stress response of 

mitochondrial proteins and two in-depth case studies of functional

characterization of these mitochondrial stress responsive proteins.

Chapter 2 Defining the mitochondria stress response in Arabidopsis thaliana

Chapter 3 Functional characterization of AtLETM

Chapter 4 Functional characterization of AtBCS1

In chapter 2, by combining subcellular localization study with several

stress-related microarray datasets, a list of 26 proteins in total are considered to 

be mitochondrial stress responsive proteins. This study provides the general 

overview of stress response of plant mitochondria. 

In chapter 3 and 4, two from the 26 mitochondrial stress responsive 

proteins are characterized by molecular and genetic analysis, respectively.
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Chapter 2
Defining the mitochondrial stress 
response in Arabidopsis thaliana



Molecular Plant • Volume 2 • Number 6 • Pages 1310–1324 • November 2009 RESEARCH ARTICLE

Defining the Mitochondrial Stress Response in
Arabidopsis thaliana

Olivier Van Aken, Botao Zhang, Chris Carrie, Vindya Uggalla, Ellen Paynter, Estelle Giraud and
James Whelan1

ARC Centre of Excellence in Plant Energy Biology, MCS Building M316, University of Western Australia, 35 Stirling Highway, Crawley 6009, Western Australia,
Australia

ABSTRACT To obtain a global overview of how mitochondria respond to stress, we aimed to define the plant mitochon-

drial stress response (MSR). By combining a set of 1196 Arabidopsis thaliana genes that putatively encode mitochondrial

proteins with 16 microarray experiments on stress-related conditions, 45 nuclear encoded genes were defined as widely

stress-responsive. Using green fluorescent protein (GFP) fusion assays, the mitochondrial targeting of a large number of

these proteins was tested, confirming in total 26 proteins as mitochondrially targeted. Several of these proteins were

observed to be dual targeted tomitochondria and plastids, including the small heat shock proteins sHSP23.5 and sHSP23.6.

In addition to the well defined stress components of mitochondria, such as alternative oxidases, nicotinamide adenine

dinucleotide (NAD(P)H) dehydrogenases, and heat shock proteins, a variety of other proteins, many with unknown func-

tion, were identified. The mitochondrial carrier protein family was over-represented in the stress-responsive genes, sug-

gesting that stress induces altered needs for metabolite transport across themitochondrial inner membrane. Although the

genes encoding many of these proteins contain common cis-acting regulatory elements, it was apparent that a number of

distinct regulatory processes or signals likely triggered the MSR. Therefore, these genes provide new model systems to

study mitochondrial retrograde regulation, in addition to the widely used alternative oxidase model. Additionally, as

changes in proteins responsive to stress did not correlate well with changes at a transcript level, it suggests that

post-transcriptional mechanisms also play an important role in defining the MSR.

INTRODUCTION

The best characterized processes in mitochondria are the pro-

duction of ATP in the process of oxidative phosphorylation and

the tricarboxylic acid (TCA) cycle. Mitochondria are also major

players on the integration of carbon and nitrogen metabolism

in plants (Pellny et al., 2008) and host several key reactions

involved in biosynthesis of essential molecules such as pyrimi-

dines, vitamins, heme, and Fe–S centers. Furthermore, mito-

chondria are involved in the process of programmed cell

death (PCD): although the signaling and execution of cell

death may differ between plant and animals systems, PCD is

not only important for normal developmental processes in

plants, most notably in xylem development and senescence

(Roberts and McKann, 2000), but it is also important in plant

defenses during stress conditions. For example, the hypersen-

sitive response, the localized induction of cell death to limit

the spread of pathogens, is an important defense response

in plants (Levine et al., 1994). A broad definition of stress is

any condition that negatively impacts on the growth and re-

production of a plant. Several studies have shown that mito-

chondria are a target of a variety of stresses (Bartoli et al., 2004;

Giraud et al., 2008). A common theme inmany stress responses

is the production of reactive oxygen species (ROS) (Fujita et al.,

2006; Gechev et al., 2006) that can cause oxidative damage to

lipids, proteins, and nucleic acids. In mitochondria, oxidative

damage can result in the direct inhibition of important

enzymes, such as Complex I and aconitase (Zhang et al.,

1990; Verniquet et al., 1991), and lipid peroxidation products

such as 4-hydroxy-2-nonenyl (HNE) have been shown to inhibit

mitochondrial pyruvate dehydrogenase (PDC) and 2-

oxoglutarate dehydrogenase (OGDC) by modification of lipoic

acid residues (Millar and Leaver, 2000). Furthermore, it has

been found that mitochondria are the main target for oxida-

tive damage inwheat leaves, accumulating several-fold higher
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concentrations of oxidatively modified proteins than chloro-

plasts and peroxisomes (Bartoli et al., 2004).

However, as well as being a target of ROS, mitochondria are

a major source of cellular ROS, a property that is amplified by

stress-induced inhibition and over-reduction of the respiratory

chain. Another reason for targeting mitochondria during

a stress response is thus the prevention of excessive ROS

production, which, if left unchecked, can lead to cell death

(Yao et al., 2002). It has been shown that changes in mitochon-

drial morphology precede ROS-induced cell death, and block-

ing of mitochondrial calcium channels or the permeability

transition pore prevents both the morphological changes

and subsequent cell death (Scott and Logan, 2008). A well

known mechanism to suppress excessive ROS production in

the mitochondria is the activity of the Mn superoxide dismu-

tase (MnSOD) that converts superoxide radicals into hydrogen

peroxide and molecular oxygen. This hydrogen peroxide can

then be further neutralized bymitochondrial ascorbate perox-

idase (APX; Chew et al., 2003) and glutathione peroxidase

(GSH; Navrot et al., 2006). In addition, the activity of alterna-

tive oxidase (AOX), likely in conjunction with alternative

NAD(P)H dehydrogenases (NDs), plays a significant role in sup-

pressing ROS production by preventing over-reduction of the

electron transport chain (ETC) (reviewed in Van Aken et al.,

2009). The lack of AOX was shown to lead to higher sensitivity

tocombineddroughtandhighlightstressinArabidopsisthaliana

(Giraud et al., 2008), and to programmed cell death in tobacco

suspension cells (Robson and Vanlerberghe, 2002), underlining

the importance of mitochondria in stress adaptation.

Accumulating evidence suggests that mitochondria may

regulate the cellular stress response (Arnholdt-Schmitt et al.,

2006; Clifton et al., 2006; Van Aken et al., 2009). Alteration

of mitochondrial redox homeostasis in Complex I mutants in

Nicotiana sylvestris caused altered expression and activity of

antioxidant enzymes such as catalase, APX, and AOX under

normal conditions (Dutilleul et al., 2003). Furthermore, this en-

hanced expression of antioxidant enzymes led to increased

tolerance towards biotic and abiotic stress treatments. Simi-

larly, reduced expression of alternative oxidase AOX1a in

Arabidopsis thaliana (Arabidopsis) triggered altered expres-

sion of antioxidant defense components and stress-responsive

genes, thereby changing the basal defense status of the plant

cells (Giraud et al., 2008).

In accordancewith themitochondria being a significant tar-

get and regulator of stress responses, it has become evident

that a variety of nuclear genes that code for mitochondrial

proteins are responsive to a wide range of stress conditions.

Classical examples include AOX, NDs, and heat shock proteins

that are induced strongly by multiple stresses (Clifton et al.,

2005; Taylor et al., 2009). Stresses that result in a change in

gene expression for proteins located in mitochondria can tar-

get organelle function directly, which will lead to retrogra-

de—organelle to nucleus—signaling, or indirectly, the stress

acting without any direct affect on the organelle, leading

to anterograde—nucleus to organelle—signaling. However,

besides some well known examples, relatively little is known

about the general scope of the mitochondrial stress response,

namely which genes coding for mitochondrial proteins are

part of a widespread stress-response network, and what their

specific function is in maintaining mitochondrial and cellular

function during stress. This is confounded even more by the

lack of accurate sub-cellular localization information for many

of the proteins these genes encode, as most information is

based on prediction and mass spectrometric (MS) analysis of

enriched organellar fractions that contain some wrongly

assigned proteins due to the widespread nature of these

studies (Millar et al., 2009).

In this study, we combined a comprehensive list of genes,

putatively encodingmitochondrial proteins, with a large num-

ber of publicly available stress-related microarray datasets, to

define the mitochondrial stress response in Arabidopsis. Fur-

thermore, using green fluorescent protein (GFP) fusion assays,

we validated the sub-cellular localization of the candidate pro-

teins when no unambiguous information was available in the

literature. In addition, comparisons to studies on the stress-

induced proteome were carried out and the underlying regu-

lation of the stress-responsiveness of these genes by the pres-

ence of common cis-acting regulatory elements (CAREs) in

their respective promoter regions was analyzed.

RESULTS

The aim of this study was to identify genes coding for mito-

chondrial proteins that were responsive to a wide array of

stress conditions. Therefore, a bipartite approach was under-

taken: first, to identify genes that putatively encodemitochon-

drial proteins, and, second, to identify which of these genes

respond significantly to a variety of stress conditions using

publicly available high-quality microarray datasets. To obtain

a comprehensive list of Arabidopsis thaliana genes coding for

mitochondrially located proteins, we queried the SUB-cellular

location database of Arabidopsis proteins (SUBA; Heazlewood

et al., 2007) for proteins that were (1) predicted or (2) exper-

imentally shown to be located in mitochondria. Prediction

yielded 630 genes that putatively encode mitochondrial pro-

teins, while experimental approaches usingmass spectrometry

(MS) or green fluorescent protein tagging (GFP) yielded 470

and 131 genes, respectively. Together, they produced a non-

redundant set of 1196 genes putatively encoding mitochon-

drial proteins for which probe sets are present on the Affyme-

trix ATH1 Genechip. Some of the ATH1 probe sets can detect

more than one highly similar gene product, so the 1196 genes

were covered by 1123 probe sets, indicating a relatively low

rate of probe set redundancy (6.5%). A full list of the selected

genes is shown in Supplemental Table 1.

The second step was to make a selection of high-quality

Arabidopsismicroarray datasets that covered a range of differ-

ent conditions that impose or are related to stress conditions.

Based on a number of marker genes encoding mitochondrial

proteins for which a widespread stress-responsiveness had
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been demonstrated in the past, such as AOX1a and NDB2

(Clifton et al., 2005; Ho et al., 2008), the web tool GENEVESTI-

GATORwas used to browse publicly available microarray data-

sets (Zimmermann et al., 2004). This led to the selection of

experiments related to abiotic stress conditions (salt, osmotic

stress, heat, and UV irradiation), ROS treatment (H2O2 and

ozone), chemical inhibitors (rotenone: Complex I; PNO8: pho-

tosystem II, cycloheximide: translation), and hormone-related

treatments (abscisic acid, salicylic acid, triiodobenzoic acid).

Raw data files for these experiments were collected and nor-

malized (see Methods for details). Additionally, ROS-related

datasets from catalase-deficient mutants treated with high

light and a chloroplastic Cu/Zn–SOD mutant were collected

(Vanderauwera et al., 2005; Rizhsky et al., 2003), as these

had been used previously to define hallmarks of responses

to oxidative stress (Gadjev et al., 2006). In total, 16 different

ATH1 datasets were collected, some of which were single com-

parisons to control, while some were more elaborate time

course experiments.

After normalization and statistical analysis, the profiles of

the 1123 probe sets that detect expression of the putatively

mitochondrial proteins were compiled (Supplemental Table

1). A probe set was defined as differentially responsive in a

specific experiment when its expression was significantly

changed (p , 0.05 for single comparisons, coefficient of vari-

ance . 0.6 for time course experiments) and the proportion

of change was at least two-fold. Almost 62% of the probe sets

were responsive in at least one of the 16 conditions, while

about one in three probe sets (36%)was responsive inmultiple

conditions. Our objective was to obtain a list of genes coding

for mitochondrial proteins that were responsive to a wide

range of stresses, so a final selection of 43 probe sets (45 genes)

that were responsive in at least half of the 16 conditions was

retained (Table 1 and Supplemental Table 1). The most widely

responsive genes were annotated as a BCS1-like AAA-type

ATPase (At3g50930), an expressed protein (At2g41730),

AOX1a (At3g22370), and NDB2 (At4g05020) that were respon-

sive to 12 out of 16 conditions. Note that no transcripts from

mitochondrially encoded proteins were found to be widely

stress-responsive. However, as labeling of RNA for detection

of transcript abundance involves oligo-dT primers, and poly-

adenylation is not a normal feature of mitochondrial tran-

scripts, though it can signal degradation (Holec et al., 2006),

it is not unexpected that they were not detected adequately

using this approach. Furthermore, transcript abundance for

mitochondrially located genes has been proposed to be regu-

lated by post-transcriptional mechanisms, such as splicing,

editing, and translation (Giegé et al., 2005). The gene expres-

sion patterns demonstrated in this study were obtained from

various experiments under different growth conditions and

developmental stages, and further validation of stress-induced

changes in transcript will be a valuable confirmation. Never-

theless, for several of the genes identified in this study,

stress-induced expression has been reported extensively in

other studies by quantitative PCR methods (Ho et al., 2008;

Clifton et al., 2005), underlining the validity of the microarray

data.

Validation of Sub-Cellular Location

As, for over half of the proteins, the putative mitochondrial

location is based on prediction alone, where accuracy com-

pared to experimental approaches can be less than 50%

(Heazlewood et al., 2004), it was necessary to verify their pre-

dicted mitochondrial localization. Furthermore, a mitochon-

drial location determined by sub-cellular proteomics

approachesmay still contain some non-mitochondrial proteins

due to contamination with other cellular compartments,

mainly plastids and peroxisomes (Eubel et al., 2007; Millar

et al., 2009). To validate the mitochondrial location of the pro-

teins for which the mitochondrial localization was not exper-

imentally determined by two approaches or generally

accepted due to detailed biochemical studies, GFP localization

assays were performed for 34 proteins (Table 1). Coding

sequences (CDS) were amplified from Arabidopsis cDNA and

cloned into GFP fusion vectors. We were unable to amplify

the corresponding cDNA for At4g28390, a mitochondrial car-

rier family protein. For all genes, C-terminal GFP fusions were

constructed (CDS–GFP) and, in specific cases, also N-terminal

fusions (GFP–CDS). The GFP fusion vectors were then trans-

formed into Arabidopsis cell culture cells and onion epidermal

cells, together with an AOX transit peptide-red fluorescent

protein (AOX–RFP) fusion construct as mitochondrial

marker for co-localization in Arabidopsis cell culture (Carrie

et al., 2009). In summary, for 19 out of 34 proteins, a mitochon-

drial location could be confirmed, while other proteins

were found to be located in the cytosol, nucleus, plastids

(mitochondrialtranscriptionterminationfactorAt2g34620),per-

oxisomes (mitochondrial substrate carrier family protein

At5g27520), and endomembrane system (leucine-rich repeat

(LRR) protein kinasesAt1g74360 andAt4g04220; expressed pro-

tein At3g10930; Table 1 and Supplemental Figure 1). For

At5g61810, amitochondrial carrier familyprotein,GFPtargeting

inmitochondria could only be found for the At5g61810.2 splice

variant. Note that in the case of themitochondrial substrate car-

rier family proteinAt5g27520, it has recently also been shown to

be located in peroxisomes in an independent study (Linka et al.,

2008). Interestingly, dual targeting to mitochondria and

plastids was observed for several proteins: At5g38710, proline

oxidase PRO2; At5g16200, 50S ribosomal protein-related;

At4g36850, AAA ATPase; At1g21400, 2-oxoisovalerate dehy-

drogenase (Figure 2). For two proteins, dual targeting was only

apparent in onion cells: At5g55200, GrpE co-chaperone;

At4g30490, AFG1-like ATPase (Figure 2). Surprisingly, also the

small heat shock proteins sHSP23.5 and sHSP23.6 appear to be

dual targeted to mitochondria and chloroplasts, although they

had previously been assumed to be only mitochondrial

(Scharf et al., 2001). For At2g41380, an embryo-abundant pro-

tein, dual targeting to both mitochondria and nucleus could

be observed (Figure 2).
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Table 1. Overview of stress responsive genes coding for proteins putatively located in mitochondria.

Probe ID AGI Description
Differential
(16) Prediction GFP MS

This
study Ref

252131_at AT3G50930 AAA-type ATPase family
protein BCS1-like

12 m p m m 1

255259_at AT4G05020 alternative NADH dehydrogenase NDB2 12 m m m 1,2

258452_at AT3G22370 alternative oxidase 1a AOX1a 12 m m m 1,2

260522_x_at AT2G41730 expressed protein 12 m n c

260706_at AT1G32350 alternative oxidase AOX1d 11 m p

254120_at AT4G24570 mitochondrial substrate carrier
family protein DIC2

11 m p c m

248434_at AT5G51440 23.5 kDa mall heat shock protein sHSP23.5 10 m p m/p

260239_at AT1G74360 LRR transmembrane protein kinase 10 c ex pm m em

259272_at AT3G01290 band 7 family protein stomatin 10 m p c pm m pm v 3

256442_at AT3G10930 expressed protein 10 m p em

260101_at AT1G73260 trypsin and protease inhibitor family protein 10 m p er c ex m ex c

254432_at AT4G20830 FAD-binding domain-containing protein 10 m p er ex m pm v ex c

255941_at AT1G20350 mitochondrial inner membrane
translocase Tim17-1

10 er ex m 4

246779_at AT5G27520 mitochondrial substrate carrier
family protein PNC2

10 m v px px 5

260900_s_at AT1G21400;
AT5G34780

2-oxoisovalerate dehydrogenase 10 m c / m p c ex m/p;c/n

266835_at AT2G29990 alternative NADH dehydrogenase NDA2 10 m px p m px 2

264402_at AT2G25140 heat shock protein HSP98.7 ClpB-m 10 m m p 6,7,11

247498_at AT5G61810 mitochondrial substrate carrier family protein 10 m px c m

253824_at AT4G27940 mitochondrial substrate carrier
family protein AtMTM1

10 m c m m 13

266072_at AT2G18700 trehalose-phosphatase family
protein TPS11

10 m px n c m c/n 1

262119_s_at AT1G02930;
AT1G02920

glutathione S-transferase
ATGSTF6 / ATGSTF7

9 m p c unclear
/c

m px v Unclear;c 1,8,12

246944_at AT5G25450 Complex III 14 kDa protein QCR7 9 m c n m m

253776_at AT4G28390 mitochondrial substrate carrier
family protein AAC3

9 m p m p no PCR 1,6

253630_at AT4G30490 AFG1-like ATPase family protein 9 m n m/p

254059_at AT4G25200 23.6 kDa small heat shock protein sHSP23.6 8 m p n m/p

252334_at AT3G48850 mitochondrial substrate carrier
family protein PiC

8 m p m

247435_at AT5G62480 glutathione S-transferase ATGSTU9 8 m c c

266368_at AT2G41380 embryo-abundant protein-related 8 m c m m/n 1

255319_at AT4G04220 LRR transmembrane protein kinase 8 c er ex v em

249527_at AT5G38710 putative proline oxidase PRO2 8 m p m/p

263515_at AT2G21640 expressed protein UPOX 8 m c p m m 1

257690_at AT3G12830 auxin-responsive family protein 8 m p n c

264000_at AT2G22500 mitochondrial substrate carrier
family protein DIC1

8 m c m

250502_at AT5G09590 heat shock protein HSC70-5 8 m p m p v m 1,6

266899_at AT2G34620 mitochondrial transcription termination
factor-related

8 m px p c ex p

246282_at AT4G36580 AAA-type ATPase family protein 8 m p m/p

262092_at AT1G56150 auxin-responsive family protein 8 m c

246870_at AT5G26030 ferrochelatase I FC1 8 m p ex p 9
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Functional Implications of the Mitochondrial Stress

Response

To summarize the expression profiles of the 26 genes for which

a mitochondrial localization was experimentally confirmed as

outlined above, we used hierarchical clustering of the expres-

sion values in the 16 selected microarray datasets and visual-

ized them in a heat map (Figure 3). In all conditions, a clear

trend of up-regulation was evident, and only heat, osmotic

stress, and mutants in (catalase) CAT2 or Cu/Zn-SOD displayed

a decrease in transcript abundance for several genes (Figure 3

and Supplemental Table 1). Treatments that are often consid-

ered to be physiologically comparable, such as salt and osmotic

stress, do not always result in a similar transcriptomic response,

as indicated by their relatively large distance in the sample

tree. For example, it can be observed that UPOX (up-regulated

by oxidative stress At2g21640) and sHSP23.5 (At5g51440) are

strongly down-regulated during osmotic stress, while up-

regulated during salt stress. Similar results have been seen

in the response of enzymes of the ascorbate–glutathione cycle,

which showed increasedactivityduringhighsalinity (Hernandez

et al., 1999) and decreased activity during drought (Iturbe-

Ormaetxe et al., 1998). In other cases, comparable treatments

did cluster together, such as heat treatment of seedlings and cell

cultures. Furthermore, treatment with H2O2 resulted in similar

expression profiles as the catalase-deficient plants that accu-

mulate peroxisomal H2O2 during the high light treatment.

Interestingly, treatment with Complex I inhibitor rotenone

and the phytohormone salicylic acid (SA) resulted in similar ex-

pressionpatterns.Thismaybeexplainedbythe fact thatalsoSA

has been shown to inhibit Complex I activity (Norman et al.,

2004).

In terms of gene-specific expression patterns, the clustering

analysis reveals further correlations that may have functional

implications. The two homologous small heat shock proteins

sHSP23.5 (At5g51440) and sHSP23.6 (At4g25200) are highly

co-expressed, indicating they may form a functional pair

and both are needed for stabilizing mitochondrial proteins,

and possibly plastidic proteins during stress conditions. Small

heat shock proteins have previously been shown to dimerize,

so sHSP23.5 and sHSP23.6 may dimerize to be functional

(Stamler et al., 2005). Two additional heat shock proteins,

HSP98.7 (At2g25140) and HSC70-5 (At5g09590), are very sim-

ilarly expressed. Although their expression patterns are par-

tially divergent from the small heat shock proteins, it

appears more closely related to the GrpE co-chaperone

At5g55200. In yeast, a mitochondrial GrpE co-chaperone has

been shown to interact with HSP70 and is essential for viability

(Bolliger et al., 1994), so the apparent co-expression of Arabi-

dopsis homologs suggests a similar functional relationship.

Besides heat shock proteins, members of the alternative respi-

ratory pathway AOX1a (At3g22370) and NDB2 (At4g05020)

cluster together. Together, these proteins can form a com-

plete respiratory chain, dissipating energy as heat and not

contributing to ATP synthesis, and their strong co-expression

has been documented previously (Clifton et al., 2005). Fur-

thermore, the presence of similar CAREs in their promoters

indicates a high degree of co-regulation (Ho et al., 2008), fur-

ther confirming that the observed expression patterns ofMSR

genes (Figure 3) are at least partially regulated by underlying

co-regulation mechanisms. In addition to NDB2 that oxidises

cytosolic NAD(P)H, a matrix facing ND, NDA2 (At2g29990)

that is dual-targeted to mitochondria and peroxisomes

(Carrie et al., 2008), is co-expressed withAOX1a. This suggests

that stress conditions impose an additional need for NADH

reduction from both cytosol and mitochondria.

Using the TAIR Gene Ontology (GO) annotations, we looked

for GO terms that were significantly over-represented in our

final selection as compared to the whole Arabidopsis genome.

As expected, GO terms for sub-cellular location mitochondria

(p , 0.0001) and response to stress (p , 0.002) were strongly

over-represented. The GO annotation electron transport and

energy pathways was also over-represented (p , 0.05). This

can be attributed to the presence of alternative ETC

Table 1. Continued

Probe ID AGI Description
Differential
(16) Prediction GFP MS

This
study Ref

253981_at AT4G26670 mitochondrial inner membrane
translocase family

8 m p c n unclear p 4,7

249208_at AT5G42650 allene oxide synthase AOS 8 m p px p m p 10

251432_at AT3G59820 calcium-binding protein-related 8 m p m m

246495_at AT5G16200 50S ribosomal protein-related 8 m p n m/p

248101_at AT5G55200 co-chaperone grpE protein 8 m p m m/p 1

Forty three probe sets were significantly responsive in at least 8 of 16 stress related conditions as determined by microarray analysis. Subcellular
location information based on prediction, mass spectrometry (MS), GFP targeting (GFP) with associated publications (ref) if available are shown.
Proteins tested by GFP targeting in this study are indicated, with confirmedmitochondrial results of GFP targeting assays performed in this study are
shown (This study). The final selection of 26 genes encoding mitochondrial proteins are shaded in gray. Abbreviations: m: mitochondrial; p:
plastidial; px: peroxisomal; n: nuclear; c: cytosol; pm: plasma membrane; em: endomembrane system; ex: extracellular. References: (1) Heazlewood
et al., 2004; (2) Carrie et al., 2008; (3) Marmagne et al., 2003; (4) Murcha et al., 2007; (5) Eubel et al., 2008; (6) Kleffman et al., 2004; (7) Zybailov et al.,
2008; (8) Koroleva et al., 2005; (9) Lister et al., 2001; (10) Vidi et al., 2006; (11) Lee et al., 2007; (12) Reumann et al., 2009. (13) Su et al., 2007.
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Figure 1. Proteins that Could Target GFP to Mitochondria.
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components AOX1a, NDA2, NDB2, and QCR7, a 14-kDa puta-

tive Complex III subunit. Furthermore, the GO term transport is

significantly over-represented (p , 0.05) with the presence of

six members of the mitochondrial substrate carrier protein

family (MCFs).

Transcriptome versus Proteome

The abundance of a protein in the cell is determined by a mul-

titude of factors, including transcription rate, mRNA stability,

translation initiation rate, protein stability, and protein degra-

dation rate (Narsai et al., 2007; Gygi et al., 1999).We compared

the transcriptional changes observed in our study with a set

of organellar proteomics studies on stress treatments that

were recently compiled (Taylor et al., 2009), which listed 184

mitochondrial proteins as changing under at least one stress

condition. Forty-three of these were present in our list of

1196 genes. For 22 of these, themRNA levels were significantly

changed in at least one of the 16 selected microarray datasets,

but only two—glutathione S-transferase ATGSTF6 (At1g02930)

and heat shock protein HSC70-5 (At5g09590)—were present in

our final selection of 45 (Table 2), though our GFP assays could

not confirmmitochondrial targeting for ATGSTF6.Where both

transcript and protein level information was available (15 data

points), we observed that the fold change for transcript was

generally greater than for protein: the average fold change

for mRNA was 5.9, in contrast to 1.6 for protein. Positive cor-

relations between mRNA and protein levels were observed in

seven out of 15 cases, such as GDH2 (glutamate dehydrogenase,

At5g07440) and HSC70-1 (At5g09590). However, in eight out of

15 cases, such as ATGPX6 (At4g11600), GAPC (glyceraldehyde-3-

phosphate dehydrogenase,At3g04120), and heat shock protein

CR88 (At2g04030), the mRNA and protein levels display an in-

verse relationship. Moreover, it was evident that, often, large-

fold change differences can be observed in mRNA, while

changes in protein abundance had not been detected in the

specific studies (Table 2).

Co-Expression versus Co-Regulation

Transcription factors exert their function by binding to specific

DNA sequence elements, so a starting point for defining

co-regulation is the analysis of the promoter regions of

co-expressed genes and the identification of common cis-acting

regulatory element (CAREs). The 1000-bp upstream regions

from the transcriptional start site were searched for common

sequence elements, namely putative binding sites for known

transcription factors (Table 2). From this analysis, it was evident

that putative binding sites for several classes of transcription

factors were highly represented in this set. These include the

RAV1-A binding site (CAACA) that was shown to be bound

by the AP2 domain of RAV1 (Kagaya et al., 1999). The RAV1

transcription factor in pepper (CARAV1) has been shown to

play a role in biotic and abiotic stress resistance (Sohn et al.,

2006). Interestingly, the RAV1-B binding site (CACCTG) that is

bound by the B3 domain of RAV1 was only found in a context

with the RAV1-a element in three promoters (data not shown).

This may indicate that RAV1 or other AP2 domain transcription

factors could be involved in co-regulation of these genes. Fur-

thermore, putative binding sites for bZIP andMYB-related tran-

scription factors were strongly represented. As these are very

large families of transcription factors, with 73 and 132 mem-

bers, respectively, and the binding sites are variable, pinpoint-

ing which members may be involved in regulation of these

genes will be challenging. In almost half of the 1000-bp up-

stream regions of the selected genes, a putative abscisic acid

(ABA) response element/G-box (ACGTC) was present, which

has been shown to be bound by bZIP transcription factors (Choi

et al., 2000). The core binding sequence for WRKY-type tran-

scription factors (W-box, TTGAC; Rushton et al., 1996) was pres-

ent in the upstream region of more than 90% of these

promoters, particularly in the promoters of genes that were

most stress-responsive (Table 3). WRKY transcription factors

have been found to be involved in stress and defense signaling

in numerous reports, so they are likely candidates for co-

regulating the mitochondrial stress response (reviewed by

Eulgem and Somssich, 2007). Additionally, a putative binding

site for the LEAFY (LFY) transcription regulator was present

in over half of the promoters. LFY has generally been associated

with meristem and floral development, and very little is known

on a possible role in stress tolerance (Achard et al., 2007).

DISCUSSION

Over the past several years, studies that have looked at mito-

chondrial stress responses in Arabidopsis have mainly used the

alternative oxidase AOX1a as a model gene (Ho et al., 2008;

Dojcinovic et al., 2005). This analysis clearly indicates that

the mitochondrial stress response is much wider than alterna-

tive ETC components, with most prominently mitochondrial

substrate carrier proteins and also heat shock proteins show-

ing broad stress-responsiveness. The role of alternative ETC has

been studied extensively in relation to stress, and current

views stipulate that AOX and the NDs play a significant role

in stress response by reducing ROS production, altering the

energetic status of the cell due to their non-phosphorylating

energy dissipation, and by setting a threshold for defense and

cell death pathways (Giraud et al., 2008; Van Aken et al., 2009).

In addition to AOX1a, NDA2, NDB2 of the alternative ETC, this

study also reportedQCR7, a 14-kDa putative Complex III subunit

GFP fusion constructs were transformed into Arabidopsis cultured cells and onion epidermal cells using biolistic transformation. As a mi-
tochondrial control in Arabidopsis cell cultures, an AOX–RFP construct was used. Full-length coding sequences were used, unless where
N-terminal peptide length is indicated in amino acids (aa). Scale bars indicate 20 lm.
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as widely stress-responsive. QCR7 appears to be quite unique in

this respect, as most genes coding for cytochrome ETC compo-

nents respond little to environmental changes at the transcript

level (Clifton et al., 2005). In yeast, QCR7 has been shown to be

essential for Complex III assembly and may interact with cyto-

chrome b (Hunte et al., 2000). The reason why specifically this

Figure 2. Proteins that Targeted GFP to Two Locations.

GFP fusion constructs were transformed into Arabidopsis cultured cells and onion epidermal cells using biolistic transformation. As a mi-
tochondrial control in Arabidopsis cell cultures, an AOX–RFP construct was used. SSU–RFP was used as a plastid marker for co-localization.
Full-length coding sequences were used, unless where N-terminal peptide length is indicated in amino acids (aa). Scale bars indicate 20 lm.
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subunit is highly stress-responsive is currently unclear, but it

indicates that despite increased alternative respiration, a basal

level of cytochrome ETC activity is required.

The most strongly represented family of proteins in the mi-

tochondrial stress response is the mitochondrial substrate car-

rier (MCF) protein family. The Arabidopsis genome contains 58

putative MCF members (Picault et al., 2004), though not all of

them represent mitochondrial proteins, as some have been

found in, for example, peroxisomes (Linka et al., 2008; this

study). MCF proteins contain six membrane-spanning a-helices

and have been shown to shuttle molecules across lipid mem-

branes. Known substrates include Pi, ATP/ADP, amino acids,

and di/tricarboxylic acids (reviewed by Picault et al., 2004).

The broad stress-responsiveness of MCFs possibly involved in

Pi (At3g48850; Hamel et al., 2004), ADP/ATP (At4g28390),

and dicarboxylic acid (At4g27940 and At2g22500; Palmieri

et al., 2008) transport suggests that under stress conditions,

mitochondria require increased exchange of respiration and

TCA cycle substrates. Interestingly, the uncoupling protein

(UCP)-type MCF proteins are not represented among the most

widely stress-responsive mitochondrial proteins, though they

have been suggested to perform a similar role in regulating

energy status during stress in conjunction with AOX (Borecky

et al., 2006). Possibly, the constitutively present level of UCPs

provides sufficient capacity to allow H+ reflux over the inner

mitochondrial membrane, or they may be post-translationally

regulated.

Other classical members of the stress response that are rep-

resented inour analysis are heat shockproteins and chaperones.

Members of the sHSP, GrpE, HSP70, and HSP100 type are pres-

ent, though, surprisingly, nomembers of the 10or 60-kDA chap-

eronin class were among the top responsive genes. The

responsiveness of these different types of heat shock proteins

in a wide variety of stress responses, not just heat treatment,

indicates that stabilization and correct folding ofmitochondrial

proteins is of highpriority for the plant cell subjected to adverse

conditions. A previous cross-kingdom study also revealed that

genes coding for HSPs are among the few that are part of an

evolutionary conserved response to oxidative stress (Vanden-

broucke et al., 2008).

As most mitochondrial proteins are translated in the cytosol

and must be imported in the mitochondria, it is likely that dur-

ing stress conditions, rates of mitochondrial import are altered.

In this respect, it is noteworthy that only one component of the

mitochondrial import machinery (AtTIM17-1), involved in im-

port across the inner membrane, is strongly transcriptionally

regulated by stress. However, no functional information is avail-

able as yet on the role of this specific isoform during stress and

whether its absence has an impact on stress tolerance. A pro-

tein of unknown function previously named UPOX for ‘upre-

gulated by oxidative stress’ that localizes in themitochondria is

also widely up-regulated (Ho et al., 2008) by stresses. This is in

agreementwith a previous study inwhichUPOXwas identified

as a hallmark of oxidative stress in Arabidopsis (Gadjev et al.,

Figure 3. Hierarchical Clustering of Mitochondrial Stress-Response Gene Expression Profiles.

Log2-transformed fold change expression values of the 26 genes coding for mitochondrial proteins in 16 stress-related microarray datasets
were hierarchically clustered for gene and sample. Color code: yellow, up-regulated; black, unchanged; blue, down-regulated. cc, cell cul-
ture; CHX, cycloheximide; HL, high light; osmo, osmotic stress.
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2006). UPOX seems to be part of a small plant-specific protein

family, but, again, no information is available on its function.

Among the most widely stress-responsive genes coding for mi-

tochondrial proteinswas an AAA-typeATPase (At3g50930) with

similarity to the yeast BCS1 protein involved in biogenesis of

Complex III. Whether this ATPase is an ortholog of BCS1

and, if not, what its molecular function is inArabidopsis remain

to be elucidated. The finding that a number of these highly

stress-responsive proteins are dual targeted to mitochondria

and other organelles further illustrates how mitochondria are

tied into the whole cellular stress-response network.

An interesting opportunity of this study was to examine to

what extent stress-induced changes in protein levels are

reflected in mRNA changes, and vice versa. The fact that

stress-induced changes on a post-transcriptional level are also

to be expected is a significant limitation of this study and

transcript expression studies in general. Correlation between

mRNA and protein levels was observed in only about half of

the studied cases, so care should be taken in interpreting tran-

script profiling data (Gygi et al., 1999). One explanationmay be

that increased mRNA levels are necessary to compensate for

stress-induced protein degradation, causing an increase in

transcript levels to be accompanied by unchanged or lower

protein levels. Furthermore, many of the stress-responsive

genes code for lowly abundant proteins that are more difficult

to reliablymeasure by proteomics approaches. Accordingly, sig-

nificantmRNA level changes should therefore not bedismissed.

Though significant work needs to be done to understand

the role of the proteins identified by this study in the mito-

chondrial stress response, even less is known about how their

stress-responsive expression patterns are regulated, and which

signaling pathways are involved. Amajor challenge will be de-

termining to what extent the stress-responsive regulation of

these genes is due to mitochondrial retrograde signaling,

and what the different molecular components in these signal-

ing cascades are. Some treatments such as rotenone, a complex

I inhibitor, are very likely to induce retrograde signaling. Inter-

estingly, a number of the genes identified here as part of the

mitochondrial stress response were also strongly up-regulated

in mutants in the mitochondrial prohibitin AtPHB3, including

AOX1a, UPOX, AtTIM17-1, sHSP23.5, GrpE co-chaperone

At5g55200, AAA ATPase At4g36580, and the BCS1-like ATPase

Table 2. Comparison between proteome and transcriptome.

Protein fold changes mRNA fold changes

AGI
Differential
(16) Description Salt Osmo Heat HL Cd Cold Salt Osmo heat

AT5G09590 8 heat shock protein HSC70-5 0.32 1.5 1.8 1.8 4.2 44.0

AT5G07440 5 glutamate dehydrogenase GDH2 1.61 4.9 2.1 6.1 0.1

AT4G37910 5 heat shock protein HSC70-1 1.14 2.0 0.5 3.2

AT4G11600 5 glutathione persoxidase ATGPX6 0.4 1.5 5.2 7.9

AT4G25100 2 superoxide dismutase FSD1 2.00 0.5 0.7 2.0

AT4G24190 2 shepherd protein SHD 2.10 0.3 1.2 1.6

AT3G22200 2 4-aminobutyrate aminotransferase POP2 1.16 1.7 1.6 13.2 3.6

AT3G23990 2 heat shock protein HSP60 3.9 0.3 0.3 12.7

AT2G04030 2 heat shock protein CR88 0.9 0.4 0.3 6.6

AT5G18170 1 glutamate dehydrogenase GDH1 1.4 0.4 4.0 0.2

AT3G47520 1 malate dehydrogenase MDH 1.23 0.6 0.5 0.7

AT4G37930 1 glycine hydroxymethyltransferase SHM1 4.3 0.2 1.1 1.5

AT4G26970 1 aconitate hydratase 1.6 0.8 2.4 0.5

AT4G02930 1 elongation factor EF-Tu 1.16 0.3 0.2 1.7

AT3G17240 1 dihydrolipoamide dehydrogenase LPD2 3.7 0.8 2.0 0.4

AT3G09820 1 adenosine kinase ADK1 5.5 0.6 0.5 0.6

AT3G02090 1 mitochondrial processing peptidase 1.22 1.15 0.5 1.1 0.6

AT1G63940 1 monodehydroascorbate reductase 2.20 1.7 0.4 0.3 0.3

AT2G05710 1 aconitate hydratase 1.2 1.9 0.8 2.3 1.7

AT2G20420 1 succinyl-CoA ligase 1.34 0.4 1.4 0.7

AT3G04120 1 glyceraldehyde-3-phosphate
dehydrogenase GAPC

2.80 4.9 0.46 0.6 0.5 0.5

Mitochondrial proteins defined in previous studies to have altered abundance during stress by proteomics approaches were compared with the
respective changes in mRNA abundance in similar stress experiments. The number of stress related conditions (out of 16) in which the corresponding
transcript was significantly altered is indicated (Differential (16)). Abbreviations: Osmo: osmotic stress; HL: high light; Cd: Cadmium stress. References
for proteomic studies are Ndimba et al., 2005 and Jiang et al., 2005 (salt); Sarry et al., 2006 (Cd); Palmblad et al., 2008 (heat); Phee et al., 2004 (HL);
Bae et al., 2003 (cold).
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At3g50930 (Van Aken et al., 2007). This further indicates that

at least part of the mitochondrial stress response can be trig-

gered by retrograde signaling. However, the underlying sig-

naling pathways appear to be extremely complex, as, in

many cases, genes that are generally thought to be co-

expressed and even co-regulated can be very differently

expressed in specific stress conditions. A good example is

AOX1a and NDB2 that have been shown to be highly co-

expressed and contain similar active CAREs in their respective

promoters (Clifton et al., 2005; Ho et al., 2008). However, in the

atphb3 mutants that show severe mitochondrial defects and

morphological changes, AOX1a, NDB3, and NDB4, yet not

NDB2 are up-regulated. Similar examples are the two sHSPs

that are highly co-expressed (Figure 2), but only sHSP23.5 is

up-regulated in atphb3 mutants. A further complication

comes from the finding that not all increases in transcript

abundance are caused by transcriptional activation. For in-

stance, it was shown that AOX1a, NDB2, UPOX, and the

BCS1-like ATPase are all induced by SA, though only the pro-

moter of BCS1-like directly responds to SA treatment, and in-

duction of the other genes seems due to post-transcriptional

regulation (Ho et al., 2008). Nevertheless, the presence of com-

mon CAREs in the promoter regions of many of the genes

indentified here indicates that underlying co-regulationmech-

anisms are at least partially responsible for the observed

expression patterns, and careful study of the activity of these

CAREs, the transcription factors that bind them, and the up-

stream signaling events will be of significant interest.

In conclusion, in this study, we have tried to define the mi-

tochondrial stress response in terms of common responses to

a variety of pertubations. This clearly shows that mitochondria

respond to a wide variety of stresses and that this response

involves much more than the intensively studied alternative

respiratory chain. However, many of the stress-responsive genes

have unknown functions and thus provide attractive targets for

studies to identify novel functions in mitochondria and engi-

neer greater tolerance to stress. At a regulatory level, it is evi-

dent that many pathways that are likely overlapping exist,

Table 3. Presence of predicted binding sites for known transcription factors.

AGI Description bZIP TTGAC MYB RAV1-A LFY ABRE/G-box

AT3G50930 AAA-type ATPase family protein BCS1-like 2 1 6 1

AT4G05020 alternative NADH dehydrogenase NDB2 3 2 3 3 1 1

AT3G22370 alternative oxidase 1a AOX1a 4 3 9 1

AT1G32350 alternative oxidase AOX1d 1 1 1 1 3 1

AT4G24570 mitochondrial substrate carrier family protein DIC2 3 2 3 3 1

AT5G51440 23.5 kDa mall heat shock protein sHSP23.5 2 1 1 3

AT1G20350 mitochondrial inner membrane translocase Tim17-1 1 1 1 1 1

AT1G21400 2-oxoisovalerate dehydrogenase 1 8 4 2

AT2G29990 alternative NADH dehydrogenase NDA2 1 1 3 3 2

AT2G25140 heat shock protein HSP98.7 ClpB-m 2 1 1 2

AT5G61810 mitochondrial substrate carrier family protein 1 2 3 1

AT4G27940 mitochondrial substrate carrier family protein AtMTM1 3 3 3 1 2 4

AT5G25450 Complex III 14 kDa protein QCR7 2

AT4G28390 mitochondrial substrate carrier family protein AAC3 2 2 1

AT4G30490 AFG1-like ATPase family protein 3 1 2 8 3

AT4G25200 23.6 kDa small heat shock protein sHSP23.6 1 4 1 4 1 2

AT3G48850 mitochondrial substrate carrier family protein PiC 1 3 2 6 2

AT2G41380 embryo-abundant protein-related 1 4 1 2

AT5G38710 putative proline oxidase PRO2 1 2 2 2 1

AT2G21640 expressed protein UPOX 2 1 1 4 1

AT2G22500 mitochondrial substrate carrier family protein DIC1 4 1 5 1

AT5G09590 heat shock protein HSC70-5 3 2 2 2

AT4G36580 AAA-type ATPase family protein 2 1 2

AT3G59820 calcium-binding protein-related 2 1 1

AT5G16200 50S ribosomal protein-related 2 1 2

AT5G55200 co-chaperone grpE protein 1 3

present in (%) 69 92 81 81 54 46

The presence of CAREs that putatively bind known transcription factors in the 1000 bp upstream region was assessed using the AGRIS AtcisDB
database.
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which again provide targets to study novel mitochondrial ret-

rograde signaling pathways.

METHODS

Microarray Analysis

The initial list of genes that encode putatively mitochondrial

proteins was compiled based on experimental determination

by mass spectrometry or GFP targeting, and genes that

returned a predicted mitochondrial location in all of the fol-

lowing prediction programs: targetP, mitoprot2, predator,

and wolf psort, as listed in the SUBA database (www.

plantenergy.uwa.edu.au/applications/suba/index.php).

Raw data (.CEL) files for the following experiments were

collected. The datasets for PNO8 (N-octyl-3-nitro-2,4,6-

trihydroxybenzamide; ME00363), osmotic stress (ME00327),

salt stress (ME00328), TIBA (triiodo-benzoic acid; ME00358),

heat (ME00339), abscisic acid (ME00333), cycloheximide

(ME00361), and UV-B (ME00329) were collected from TAIR

(www.arabidopsis.org). The datasets in Arabidopsis cell cul-

tures for rotenone, heat, salicylic acid, and hydrogen peroxide

were those from Clifton et al. (2005). The datasets from ozone

(E-MEXP-342) and quartz-filtered UV (E-MEXP-550) were

obtained from ArrayExpress (www.ebi.co.uk). CEL files were

normalized using Robust Multiarray Average GC-RMA (Irizarry

et al., 2003) in the AVADIS software suite. For single compar-

ison data experiments, a t-test after FDR correction was used

for statistical analysis. For time course experiments, the coef-

ficient of variance, the ratio of the standard deviation on all

measurements, and (the absolute value of) the average

expression values over the time course were used as statistical

measures (Vanderauwera et al., 2005). For the datasets for

CAT2-deficient mutants treated with high light (Vanderauwera

et al., 2005) and for Cu/Zn-SOD mutants (Rizhsky et al., 2003),

GC-RMA normalized expression values were provided by the

authors from Gadjev et al. (2006). A probe set was defined as

differential in a specific condition if the fold change (maximal

fold change for time course datasets) was larger than two-fold,

and the p-value was below 0.05 (single comparisons) or

coefficient of variation (CV) was higher than 0.6.

Definition of Functional Categories and CARE Promoter

Analysis

To define over-represented functional categories, we used the

TAIR8 Gene Ontology annotations from the TAIR website

(www.arabidopsis.org/tools/bulk/go/index.jsp). To test for

over-represented categories compared to the genome, a chi-

square statistical test was applied. The presence of putative

transcription factor binding sites was assessed using the

AGRIS AtcisDB database (http://arabidopsis.med.ohio-state.

edu/AtcisDB; Molina and Grotewold, 2005). Searches were re-

stricted to the 1000-bp region upstream of the transcriptional

start site, while, for analysis of TTGACmotif, also the 5’ untrans-

lated regionwas downloaded fromTAIR (www.arabidopsis.org)

and searched. Only putative CAREs that were present in more

than 50% of the promoters are shown in Table 3.

Construction of GFP Fusion Vectors

Coding sequences were amplified from Arabidopsis thaliana

cDNA using standard protocols with the Roche Expand High

Fidelity PCR System (Roche, Sydney, Australia), using gene-

specific primers flanked by Gateway recombination cassettes

(Invitrogen, California, USA, Supplemental Table 2). For some

genes encoding large proteins, the first 300 bpwere cloned, as

this region is most likely to contain the itochondrial targeting

peptide (Carrie et al., 2009). PCR products were cloned into

pDONR221 according to the manufacturer’s instructions. Clon-

ing into the final GFP vectors was as described in Carrie et al.

(2008). Asmitochondrial marker, the alternative oxidase (AOX)

targeting signal of 42 amino acids fused to RFP was used

(Carrie et al., 2008). As plastidial marker, the full length target-

ing sequence of small subunit of 1,5 ribulose bisphosphate car-

boxylase/oxygenase (SSU Rubisco) was used.

Biolistic Transformation and Microscopy

Biolistic co-transformation of the GFP and RFP fusion vectors

was performed on Arabidopsis cell culture and onion epider-

mal cells as previously reported (Carrie et al., 2008). In brief,

GFP and RFP plasmids (5 lg each) were co-precipitated onto

gold particles and transformed using a PDS-1000/He biolistic

transformation system (Bio-Rad, www.bio-rad.com). 2 mL of

Arabidopsis cell suspension or freshly peeled onion epidermal

cells were placed on filters on osmoticum medium and bom-

barded. Cells were then incubated for 24–48 h at 22�C in

the dark before microscopy was performed using an Olympus

BX61 fluorescence microscope.
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Supplementary Data are available at Molecular Plant Online.
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Abstract 

An essential mitochondrial protein LETM (leucine zipper- EF-hand-containing 

transmembrane protein) required for mitochondrial translation is encoded by 

two genes in Arabidopsis thaliana. Inactivation of both genes, Atletm1 and 

Atletm2, is lethal. Inactivation of either Atletm1 or Atletm2 results in 

normalgrowth phenotypes. However, plants that are hemizygous for AtLETM2

and homozygous for Atletm1, (letm1(-/-)LETM2(+/-)) displayed a retarded 

growth phenotype during early seedling growth. Reciprocal crosses revealed 

that maternally, but not paternally, derived AtLETM2 was absolutely required for 

seed development, and the lack of a functional, maternal AtLETM2 allele in the 

absence of AtLETM1 resulted in early embryo abortion. This requirement for a 

functional maternal allele of AtLETM2 was confirmed using direct sequencing of 

reciprocal crosses of Columbia and Landsberg accessions. Furthermore 

AtLETM2 promoter GUS constructs displayed exclusive maternal expression 

patterns. Thus, the maternal inheritance of mitochondria in Arabidopsis is 

coordinated with the maternal control of gene expression for mitochondrial-

encoded proteins. The reduced mitochondrial translation rates, as a result of 

decreased LETM activity in the hemizygous AtLETM2 plants (letm1(-/-)

LETM2(+/-)), resulted in plants with reduced amounts of the -subunit of 

mitochondrial ATP synthase and cytochrome c. Consequently, while 

hemizygous mutant plants displayed lower levels of ATP, increased total 

ascorbate levels and a mild early-seedling developmental defect, these plants 

showed increased stress resistance; that is likely to be due to a “primed stress 

recognition” response to mild perturbation of mitochondrial function.
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Introduction

The endosymbiotic event that led to the formation of mitochondria 

occurred over one billion years ago (Dyall et al., 2004). Yet the mitochondrial

genome from a wide variety of phylogenetic lineages still contains a small 

number of genes that encode from three to over fifty proteins (Gray et al., 1999b, 

2001; Burger et al., 2003b; Gray et al., 2004b). All these proteins are found in 

multi-subunit protein complexes, and must be assembled, along with nuclear 

encoded proteins, to form functional protein complexes (Daley and Whelan, 

2005). Although the coding capacity of mitochondria is 5% or less than the total 

number of proteins that are located in mitochondria, which is estimated to 

be >1000 (Schmidt et al., 2010), the proteins encoded by mitochondrial located 

genes are essential for normal growth and development. In many cases, 

mutations or disruption of mitochondrial genes results in a lethal or severely 

retarded growth phenotypes (Giraud et al., 2011).  All the proteins required for 

the transcription, translation and replication of mitochondrial DNA are encoded 

in the nucleus and must be translated in the cytosol before being imported into 

the mitochondrion (Schmidt et al., 2010). Literally hundreds of nuclear located 

genes are required for the expression of mitochondrial genes, from the proteins 

required for DNA replication and transcription to processing of transcripts. 

Translation requires discrete translation machinery, ranging from ribosomes, 

amino-acyl tRNA synthetases and various other factors that make up the 

translational machinery. In higher plants hundreds of genes that encode 

pentatricopeptide (PPR) proteins are required for editing and processing of 

mitochondrial RNA (Fujii and Small, 2011), and many aspects of organelle 

transcription and RNA processing have been studied in detail. In contrast, little 

is known about factors that may affect or regulate the translation of organelle 

encoded transcripts in the mitochondria, even though post-transcriptional 

processes are believed to be more important in regulating the expression of 

mitochondrial encoded proteins, compared to nuclear encoded mitochondrial 

proteins (Giege et al., 2005a).

Proper mitochondrial function in plants obviously requires both nuclear 

and mitochondrial control, and alterations in any of these processes has 

widespread effects on metabolism; however, studies in a number of different 
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plant species have shown that mitochondrial dysfunction often results in a 

“primed” or altered stress response, particularly for abiotic stresses. Much of 

this work has focused on mutants with compromised mitochondrial respiratory 

chain activity and cytoplasmic male sterility (CMS) mutants in Complex I 

(Dutilleul et al 2003; Millar et al 2003; Noctor et al 2004; Giraud et al 2008; 

Meyer et al 2009). Analysis of the CMSII mutant in Nicotiana sylvestris revealed 

that loss of Complex I function causes redox pressure within the mitochondria 

and thus, an acclimation response between the mitochondria and other energy 

organelles, mediated via antioxidant cross talk, to maintain the cell wide redox 

state (Dutilleul et al 2003; Noctor et al 2004). This mutant showed an up-

regulation of leaf antioxidant systems (at the transcript, protein and activity 

level), lower total ROS levels and altered diurnal patterns of mitochondrial 

respiratory components; together these changes can account for the observed 

degree of “cross-tolerance” to environmental stress that is characteristic in 

these CMSII mutant plants (Dutilleul et al 2003; Noctor et al 2004). Indeed, 

several energy-related metabolites that are intimately linked with mitochondrial 

function, such as ROS, ascorbate and even redox signals, have been 

recognised as important players in such stress sensing networks in plant 

systems (Pastori and Foyer 2002; Millar et al 2003; Giraud et al 2011). However, 

while the characterisation of mutants that display enhanced tolerance to 

environmental stress is of interest to crop research and breeding, these mutants 

often display penalties such as retarded growth, reduced biomass, lower seed 

yield and even widespread effects in flowering and sensitivity to other applied 

stresses (Dutilleul et al 2003; Papp et al 2004; Kang et al 2011; Park et al 2011).

Yeast are unique from other eukaryotes in that mitochondrial inheritance 

is bi-parental, in multi-cellular eukaryotes, inheritance of mitochondria is 

uniparental (Birky, 1995), with some minor exceptions, such as 

parental ’leakage’ observed in Silene vulgaris (Bentley et al., 2010).  The 

precise mechanism(s) defining maternal inheritance of mitochondria are not 

clear, but the identification and characterisation of specific endonucleases 

expressed in pollen cells in Arabidopsis provides a mechanism that selectively 

degrades paternal mitochondrial DNA (Matsushima et al., 2011). While the 

nuclear genome is clearly inherited in a Mendelian manner, studies have shown 

that sub-sets of genes are preferentially expressed based on the parent of 
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origin and are defined as imprinted genes (Feil and Berger, 2007). Imprinting 

primarily occurs in the endosperm in Arabidopsis and is proposed to occur 

because of the parental conflict hypothesis (Haig and Westoby, 1989). Both in 

mammals and flowering plants, the embryo receives nutrition from the maternal 

tissue via the placenta and endosperm respectively, and thus male and female 

investment is imbalanced, leading to parental conflict. While many studies 

suggest that imprinting primarily occurs in the endosperm (Hsieh et al., 2011; 

Raissig et al., 2011), an in depth study using 2-4 cell embryo showed that 

epigenetic regulation occurs in the embryo by a distinct mechanism to that in 

endosperm (Autran et al., 2011), that results in exclusive maternal expression of 

maternal alleles. 

Here, we detail the characterisation of two essential nuclear encoded, 

mitochondrial proteins, AtLETM1 and AtLETM2 (leucine zipper- EF-hand-

containing transmembrane protein), that are required for efficient translation of 

mitochondrial encoded transcripts in Arabidopsis thaliana. We demonstrate that 

maternal expression of LETM2 is required for successful embryo development 

and furthermore, the amount of LETM2 protein in mitochondria is directly 

correlated with gene dosage for LETM2. Additionally, a drought resistant 

phenotype is evident in the lines that carry a single LETM2 allele, likely as a 

result of re-orchestration of cell wide redox control in response to the reduced 

translation of mitochondrial encoded transcripts.

Results

AtLETM1 and AtLETM2 are conserved mitochondrial proteins

Previous studies have defined a number of nuclear located genes 

encoding mitochondrial proteins that respond to a wide variety of stresses in 

Arabidopsis thaliana (Van Aken et al., 2009). Many of these genes have no 

defined function and, given that transcript abundance increases several-fold in 

response to a wide variety of treatments, we undertook studies to determine the 

function of these genes. One gene, encoded at locus At3g59820, was 

annotated as a putative calcium binding protein, but no other functional data 

has been reported. A close homologue of this gene, At1g65540, was identified 

in the Arabidopsis genome, with the predicted proteins displaying 58% amino 
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acid identity and 72% amino acid similarity. A blast search identified these 

genes as homologous to the mitochondrial proteins, LETM1, in humans (Endele 

et al., 1999) and Mdm38 in yeast (Frazier et al., 2006b). These two orthologues 

display 48 % and 43 % amino acid identity, respectively, in the conserved 

LETM1 domain to AtLETM1. Therefore, the Arabidopsis genes were labelled 

AtLETM1 (At3g59820) and AtLETM2 (At1g65540). A phylogenetic and 

structural analysis revealed that all LETM1-like proteins contain a central 

conserved domain, termed the LETM1-like domain, which features a highly 

conserved 22 amino acid transmembrane domain (Figure 1A). Furthermore, the 

plant and animal lineage has acquired a C-terminal Ca2+-binding EF-hand 

domain, which is missing in the yeast lineage. The leucine-zipper domain 

seems to be only present in the animal LETM1-like proteins and has diverged in 

plants and yeast. 

LETM1 and LETM2 are essential proteins

To characterise the function of Arabidopsis AtLETM proteins in planta,

two independent knock-out lines were obtained for each gene and the site of 

the T-DNA insertion was confirmed by DNA sequencing (Figure 1B). 

Homozygous knockout plants for each gene were obtained and for single 

homozygous knockout plants, shoot growth, leaf development and flowering 

appeared normal (Figure 2A,). Analysis of root growth on vertical MS plates 

revealed a noticeable reduction in root length of ~15 % in letm1 plants

(Supplementary Figure 1A). Attempts to obtain double homozygous knockout 

plants were not successful and only plants that were homozygous knockout for 

one of the LETM genes, and hemizygous for the other could be obtained 

(Figure 2A). It was noticed that there was a phenotypic difference in the 

hemizygous plants, which differed between which of the two LETM genes were 

present in hemizygous form in the genome. LETM1(+/-) letm2(-/-) displayed a 

normal phenotype, similar to any single homozygous knock-out (Figure 2A). 

However, letm1(-/-) LETM2(+/-) plants consistently displayed retarded growth in 

the first weeks after germination (Figure 2A, supplementary Figure 1). Early root 

growth was severely impaired to only 40 % of that in wild-type plants, but 

improved to normal rates and length with age (Supplementary Figure 1A). 

Germination itself did not appear to be affected in any of the mutant lines.
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Leaves 1 and 2 (growth stage 1.02) emerged around day 10 in wild type and 

single mutant plants, whereas true leaves in LETM1(+/-) letm2(-/-) plants 

emerged two days later (Supplementary Figure 1B and 1E). Emergence of true 

leaves was delayed up until leaf 6 (stage 1.06), after which no significant 

difference in emergence time could be observed with wild type plants 

(supplementary figure 1B and 1F). Similarly, morphological aberrations were 

observed in leaves 1 to 6, whereas leaves 7 and onward developed normally, 

similar to wild-type plants. The maximum rosette radius was 10-15 % smaller in 

LETM1(+/-) letm2(-/-) plants until 30 days after sowing, where mutant plants 

caught up on with wild type plants (Supplementary figure 1C). Thus, after four 

or more weeks the plants appeared essentially normal. The appearance of the 

first open flower (stage 6.00) was marginally delayed by on average 1.5 days

(Supplementary Figure 1F). Close examination of leaves 1 to 6 revealed that 

the edges and distal ends were deformed and were often pale and yellow in 

colouring, displaying sporadic white lesions (Figure 2A and B, Supplementary 

Figure 2A). The deformations observed at the leaf tips in letm1(-/-) LETM2(+/-)

plants correlated well with the observed expression pattern, as determined by 

LETM1-promoter-GUS reporter plants (Figure 2B). Analysis of floral structures 

revealed that the floral organs were slightly malformed, with a longer style 

protruding from the unopened flower (supplementary Figure 2B). Conversely, 

the anther filaments were shorter, thereby resulting in a floral structure where 

self-pollination rates were reduced (Supplementary Figure 2B). Furthermore, 

letm1(-/-) LETM2(+/-) plants produced only 40 % of the number of pollen grains 

per flower compared to wild type plants. Of all the pollen approximately 1 % was 

defective in wild type flowers and 6-7 % in letm1(-/-) LETM2(+/-) flowers as 

determined by Alexander staining (Supplementary Figure 2C). In order to 

investigate the cellular basis of the deformation of the leaf edges in this mutant, 

transmission electron microscopy was carried out on 21-day old leaf material, 

from leaves that displayed the leaf deformations (Figure 2C). Overall, 

mitochondria appeared normal, and furthermore, visualisation of mitochondria 

with transient expression of mitochondrial targeted GFP (Carrie et al., 2009b)

did not reveal any noticeable changes in mitochondrial numbers or mass. 

However, it was apparent that chloroplast structure was altered in leaves in that 

there was a large accumulation of starch in the chloroplast and plastoglobules 
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were noticeably larger (Figure 2C). The increased accumulation of starch in 

letm1(-/-) LETM2(+/-) lines was confirmed with starch leaf stains carried out at 

the end of the light period and end of the dark period (Figure 2D). Significantly 

more starch was apparent in the letm1(-/-) LETM2(+/-) plants compared to wild-

type tissue. Notably, the accumulation and breakdown of starch in the 

cotyledons was unaffected and was similar to wild-type (Figure 2D).

letm2 exhibits maternal-effect seed abortion

Analysis of developing embryos within the siliques of hemizygous 

letm1(-/-) LETM2(+/-) self-fertilized mutants revealed that half of the developing

embryos are aborted (Figure 3A, Supplementary Table 1). To examine whether 

the LETM2 gene is required for the development of the female gametophyte, we 

inspected un-pollinated ovules. In Arabidopsis, the mature embryo sac consists 

of an egg cell, a central cell, two synergid cells, and three degenerated 

antipodal cells (Webb and Gunning, 1990, 1994; Christensen et al., 1997).

Morphologically embryo sac development in ovules of letm1(-/-) LETM2(+/-)

plants was indistinguishable from wild type (Figure 3B-1 and 3B-5). Whole-

mount preparations of ovules 12–60 hours after pollination (HAP) revealed that 

more than 90% of the embryo sacs had initiated embryo and endosperm 

development in the heterozygous mutants letm1(-/-) LETM2(+/-) and during 

early embryogenesis (12–16 HAP) there was no difference between the 

developing seeds within letm1(-/-) LETM2(+/-) siliques (Figure 3B-2 and 3B-6). 

However, embryo and endosperm were aborted at later stages of development 

in 50% of the seeds (Figure 3A, Supplementary Table 1). Among the aborted 

seeds, an apparently random proportion (Supplementary Table 1) was arrested 

at quadrant/octant embryo stage with an endosperm arrested even earlier 

(Figure 3B-7). At quadrant/octant embryo stage, the non-aborted seeds 

contained 36-48 endosperm nuclei (± 12 n= 10), while aborted seeds had only 

10-16 nuclei (± 5 n =10). Another proportion of the aborted seeds 

(Supplementary Table 1) were arrested at early heart embryo stage (Figure 3B-

8) with an endosperm of 78-90 nuclei (± 11 n=10) as opposed to non-arrested 

seeds, which had 188-194 endosperm nuclei (± 8 n=10) at that stage.

Because 50% seed abortion is a strong indication for a defect that is 

under female gametophytic control, we performed reciprocal crosses between 
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letm1(-/-) LETM2(+/-) and letm1(-/-) LETM2(+/+) plants. When letm1(-/-)

LETM2(+/-) plants were used as female, the letm1(-/-) LETM2(+/-) seed 

phenotype could not be complemented by fertilization with wild-type LETM2

allele derived from the pollen in approximately 50% of the F1 seeds (Figure 3B). 

Genotyping revealed that all viable seeds from this cross (239 out of 239) gave 

rise to letm1(-/-) LETM2(+/+) plants. In contrast, using letm1(-/-) LETM2(+/+)

plants as female in a cross with letm1(-/-)LETM2(+/-) did not impair seed 

development (Figure3A, supplementary table 2), resulting in 100% viable seeds. 

F1 plants from that cross displayed approximately 1.7:1 segregation of the 

letm1-1(-/-) LETM2-1(+/+) and letm1(-/-) LETM2(+/-) genotype (275 and 155

individuals, respectively). When crossing letm1(-/-) LETM2(+/-) with Col-0 100 % 

seed viability was observed in either direction. However, genotyping of the F1 

progeny indicated that using Col-0 as male showed 1:1 (59:61 individuals) 

LETM1(+/-) LETM2(+/+) versus LETM1(+/-) LETM2(+/-) segregation, whereas 

using letm1(-/-) LETM2(+/-) as male resulted in approximately 1.6:1 (146:94 

individuals) LETM1(+/-) LETM2(+/+) versus LETM1(+/-) LETM2(+/-) segregation. 

Similar results were obtained using independent alleles for all mutations 

(Supplementary Table 2). These observations suggest that pollen with genotype 

letm1(-) letm2(-) is viable yet slightly less fertile than letm1(-) LETM2(+) or wild 

type pollen.

The parent of origin effect on seed viability observed with the letm2

mutant could be due to a requirement for LETM2 protein during female

gametophyte development or due to only the maternal allele being expressed 

during embryo development. To investigate the maternal expression of LETM2 

we performed reciprocal crosses of the LETM2::GUS promoter reporter lines 

with Col-0 plants (Figure 4A-B). GUS expression under the control of the 

AtLETM2 promoter is observed in the female gametophyte and in both embryo 

and endosperm after fertilization (Figure 4A). When using the LETM2::GUS 

promoter reporter line as a female in a cross with Col-0, normal GUS 

expression was observed (Figure 4B). However, when using the LETM2::GUS 

promoter reporter line as male, complete silencing of GUS activity was 

observed (Figure 4B). This indicates that the paternally derived LETM2 

promoter is specifically silenced during early embryogenesis. Notably in a 

similar experiment using the AtLETM1 promoter no GUS expression was 
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observed in endosperm or embryo, consistent with previous findings that 

AtLETM1 is stress induced (Van Aken et al., 2009). Note that GUS expression 

in AtLEM1 promoter:GUS is observed in vegetative tissue (Figure 2B), 

indicating that the constructs in functioning.

Furthermore, we dissected 6-day-old seeds of reciprocal crosses 

between Col-0 and Ler plants, and isolated embryo and endosperm tissues for 

transcript sequencing. An A to G polymorphism between Col-0 and Ler in the 

mRNA sequence of LETM2 allowed differentiating between transcripts 

originating from the Col-0 or Ler allele. As a control, a 1:1 mix of Col-0 and Ler 

cDNA was used showing equal amounts of each polymorphism in the 

chromatograms (Figure 4C). Analysis of the Col-0 x Ler crosses revealed a 

clear overabundance of the maternal transcript as compared to the paternal 

transcript in both embryo and endosperm (Figure 4C).

Thus, seed viability depends only upon the presence of a wild-type 

maternal LETM2 allele due to an expression bias of the maternal allele during 

early seed development.

AtLETM1 and AtLETM2 are mitochondrial inner-membrane proteins

While we have previously demonstrated that AtLETM1 is a mitochondrial 

protein (Van Aken et al., 2009), analysis of the targeting specificity for AtLETM2 

was also carried out to confirm a unique mitochondrial location. Transient 

transformation of the full-length or the first 100 amino acid sequence of 

AtLETM2 coupled to GFP via the N-terminal into Arabidopsis cell culture or 

onion epidermal cells resulted in an exclusively mitochondrial pattern (Figure 

5A). In order to determine the intraorganellar location of AtLETM1 and AtLETM2,

in vitro import assays were carried out (Figure 5B). In vitro import of both 

AtLETM1 and AtLETM2 required a membrane potential across the inner 

mitochondrial membrane, therefore indicating these proteins are imported into 

or across the inner mitochondrial membrane (Figure 5B). 

Antibodies were raised against two regions of AtLETM1 protein 

sequence (Supplementary Figure 3A and B). Using full length in vitro expressed 

AtLETM1 and AtLETM2 proteins, it was demonstrated that the AtLETM1 

Antibody 1 (AtLETM1 AB1) crossed reacted with both AtLETM1 and ATLETM2 

proteins, while AtLETM1 Antibody 2 (AtLETM1 AB2) only cross-reacted with 



Chapter 3 Functional characterization of AtLETM

46

AtLETM1 (Supplementary Figure 3C). Probing intact mitochondria, along with 

membrane and soluble mitochondrial fractions obtained using carbonate 

extractions from wild-type Col-0 plants, indicated that both AtLETM1 and 

AtLETM2 were uniquely located in the membrane fraction (Figure 5C). Taken 

together with results from the in vitro import assays, these results demonstrate 

that AtLETM1 and AtLETM2 are mitochondrial inner-membrane proteins, in 

agreement with the presence of a transmembrane domain (Figure 1B). It is also 

worth noting that the absence of AtLETM1 could be clearly demonstrated in 

mitochondria from the letm1-1(-/-) LETM2-1(+/-) line, as probing mitochondria 

isolated from this line with both antibodies detected a specific product when 

probed with AtLETM1 AB1 but no product was detected when probed with 

AtLETM1 AB2 (Supplementary Figure 3D).

AtLETM1 and AtLETM2 are required for efficient translation in mitochondria

To determine the reason for the early growth defect observed with letm1-

1(-/-) LETM2-1(+/-) plants, a variety of investigation were carried out into 

mitochondrial function. Transmission electron microscopy analysis of 

mitochondria did not reveal any morphological differences as was observed with 

plastids (Figure 2C), and crossing letm1-1(-/-) LETM2-1(+/-) plants with plants 

where mitochondria were labelled with GFP, using stable transformation with 

mitochondrial targeted GFP under the direction of the alternative oxidase 

targeting signal did not reveal any differences in numbers or abundance of 

mitochondria (data not shown). Also it should be noted that while there was a 

growth defect early in development, the phenotype was mild compared to 

previously characterised phenotypes where genes encoding mitochondrial 

proteins had been inactivated, such as observed with a variety of mutants for 

complex I (Dutilleul et al., 2003b) and complex IV (Karpova et al., 2002).

Respiration rates using different substrates of mitochondria isolated from 

letm1-1(-/-) LETM2-1(+/-) plants were measured using an oxygen electrode 

(Figure 6A). It was found that oxygen consumption using NADH or succinate in 

the presence of ADP as a substrate was significantly reduced (p<0.05) in letm1-

1(-/-) LETM2-1(+/-) plants, although no defect in succinate dehydrogenase 

(complex II) activity could be found (Figure 6A). Blue native - polyacrylamide gel 

electrophoresis (BN-PAGE) and activity staining for mitochondrial complexes 
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revealed a reduced activity of complex I (Figure 6B), but Complex IV appeared 

to have normal activity. From these assays it was concluded that while complex 

I activity was reduced, although notably not abolished, that complex II and 

complex IV activity appeared normal. In order to further pinpoint the biochemical 

lesion that resulted in the growth defect a series of western blot analysis were 

carried out with a variety of antibodies raised against mitochondrial proteins to 

characterise the biochemical basis of any mitochondrial defect. 10-day old 

water culture grown plants, that clearly displayed the leaf- and root growth 

defects, were used. Blots carried out with the AtLETM1 AB1 and AB2 confirmed 

the absence of AtLETM1 and a reduction in the amount of ATLETM2 in 

mitochondria from letm1-1(-/-) LETM2-1(+/-) lines (Figure 6C). While most 

mitochondrial proteins examined appeared at normal levels, the following 

proteins were observed to decrease in abundance: the -subunit of 

mitochondrial ATP synthase, reduced to ~ 60% of the amount observed in wild-

type plants, and cytochrome c, reduced to ~ 50% and cytochrome c1 was 

reduced to ~ 80% of wild-type levels respectively (Figure 6C), the complex I 

subunit NAD9 and two proteins that are required for insertion of heme into 

cytochrome c, ccmH and ccmFN1 were also reduced to ~80% of wild-type levels 

(Figure 6C). The only protein level noticed to increase was an induction of ~35% 

for the inner membrane translocase component, TIM23-2. Probing with 

antibodies to the complex I subunits Ndufs4, the -subunit of ATP synthase, 

cytochrome oxidase subunit II (COX II), and the Rieske FeS (RISP) protein 

revealed no significant changes. Furthermore, probing with a variety of other 

antibodies, including antibodies to the mitochondrial uncoupling protein and 

prohibitin revealed no changes in abundance, even for the alternative oxidase 

(AOX) that is normally induced under a variety of conditions when mitochondrial 

function is perturbed (Figure 6C).

The decrease in the amount of the mitochondrial-encoded -subunit of 

mitochondrial ATP synthase and NAD9 of complex I suggests that either the 

synthesis of these subunits are compromised or that they are unstable due to 

the absence of specific assembly factors. Analysis of the rate of in organelle 

protein synthesis in mitochondria isolated from wild-type and letm1-1(-/-)

LETM2-1(+/-) lines revealed that the rate of translation of mitochondrial proteins 

was significantly reduced in mitochondria from letm1-1(-/-) LETM2-1(+/-) lines 
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compared to wild-type (Figure 7A). This was not restricted to the -subunit of 

mitochondrial ATP synthase, as the intensity of all bands was reduced by over 

50%, indicating reduced translation rates for all mitochondrial encoded 

transcripts. Notably this is consistent with the reduction in the abundance of the 

AtLETM protein in the hemizygous lines (Figure 6C and Figure 7C). To 

determine if the reduction in the rate of in organelle protein synthesis affected 

the import of nuclear encoded subunits, in vitro import assays were undertaken 

with the alternative oxidase precursor protein (AOX) and phosphate translocator 

precursor protein (PiC), imported via the general and carrier import pathways, 

respectively. Overall, the rate of protein import into mitochondria isolated from 

letm1-1(-/-) LETM2-1(+/-) plants was unaffected (Figure 7B), indicating that the 

lack of any factors that may be required for the synthesis or assembly of the -

subunit of mitochondrial ATP synthase should not occur due to a defect in 

protein import. Also, it suggested that the reduction in the amount of 

cytochrome c and c1 was not due to reduced rates of import of precursor 

proteins.

While the translation of all mitochondrially encoded proteins was reduced 

in letm1-1(-/-) LETM2-1(+/-) plants, only the abundance of the -subunit of the 

ATP synthase (encoded in mitochondria), NAD9 of complex I (also encoded in 

mitochondria), and cytochrome c and c1 (nuclear-encoded) were reduced in 

abundance. The reduction in the latter is likely to be due to the requirement of 

three mitochondrially encoded proteins, ccmFN1, ccmFN2, and ccmFc, necessary 

for cytochrome c maturation (Rayapuram et al., 2008). In agreement, protein 

abundance of mitochondrial encoded ccmFN1 and a nuclear encoded ccmH 

were found to be reduced in the mutant plants (Figure 6C). Additionally, the 

amount of the LETM2 protein was also reduced in abundance by 50%, 

suggesting that the abundance was allele dose dependent. To investigate the 

latter point further, mitochondria from wild-type, letm1-1(-/-) LETM2(+/+), 

LETM1(+/+) letm2-1(-/-) and letm1-1(-/-) LETM2-1(+/-) plants were probed with 

the LETM1 and LETM2 antibodies (Figure 7C). In the absence of letm2, it was 

observed that AtLETM1 could compensate, and that the amount of the LETM1 

protein was greater than the amount of LETM1 and LETM2 in mitochondria 

from wild-type pants (Figure 7C). However, in mitochondria isolated from letm1-

1(-/-) LETM2-1(+/-) plants the amount of LETM2 protein was only half that found 
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in mitochondria isolated from letm1-1(-/-) LETM2(+/+) plants (Figure 7C). The 

linearity of detection of LETM protein with this antibody is shown 

(Supplementary Figure 4). This indicates that in the absence of letm1, the 

amount of LETM2 protein is dose dependent and is proportional to the number 

of functional alleles present.

To investigate if the reduction in protein abundance for cytochrome c and 

the -subunit of the ATP synthase, metabolites associated with the biochemical 

functions of these proteins, ascorbate and ATP were measured. As cytochrome 

c acts as a terminal electron acceptor for the reaction catalysed by L-galactono-

1,4-lactone dehydrogenase (Bartoli et al., 2000; Millar et al., 2003), the amount 

of ascorbate was measured and observed to be significantly increased in leaves 

from letm1(-/-) LETM2(+/-) plants (Figure 7D). In contrast the amount of ATP 

was observed to be decreased by almost 50% in leaves from letm1(-/-)

LETM2(+/-) plants (Figure 7E). 

Finally transcript abundance for both mitochondrial and nuclear-encoded 

genes was measured using qRT-PCR and microarray analysis respectively. No 

significant changes were observed with any of the mitochondrial-encoded 

transcripts (Supplementary Figure 5), indicating that the reduced rates of 

translation were not due to reduced abundance of transcripts. Analysis of 

transcript levels for 1202 nuclear genes encoding mitochondrial proteins (Law et 

al., 2012) revealed that only 10 % (124) of these genes were altered in 

abundance by more than 1.5 fold in either of the letm1(-/-) LETM2(+/-) lines 

compared to Col-0 (Supplementary table 7). Furthermore, only 6 and 8 

mitochondrial components were down or up-regulated, respectively, by 2-fold or 

more in both letm1-1(-/-) LETM2(+/-) and letm1-2(-/-) LETM2(+/-) lines based on 

global transcript abundances in Affymetrix microarray analyses, indicating very 

minor re-programming in regards to mitochondrial metabolism (Supplementary 

Table 7, Fig 7F). Functional categorisation analysis of both the up and down-

regulated transcripts encoding mitochondrial proteins revealed an over-

representation of import and RNA binding related functions in up-regulated 

transcripts while transcripts encoding proteins with transport and metabolism 

functions were down-regulated (Fig 7F). This is consistent with a general role 

for AtLETM involved in translation with a reduction in AtLETM protein 
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abundance compensated by the induction of other RNA binding proteins. The 

lack of induction of a variety of transcripts encoding mitochondrial proteins is 

also consistent with the small changes observed for a variety of mitochondrial 

proteins (Figure 6C). Even AOX1a is just 2-fold induced, and it is normally 

dramatically induced on perturbation of mitochondrial function, suggesting that 

the alteration are subtle compared to other mitochondrial mutants where AOX1a

is induced several fold.

LETM2 hemizygous plants have an altered response to drought stress

As the AtLETM genes were initially studied due to the fact that AtLETM1 

was defined as a stress inducible gene, plants were subjected to drought stress. 

Plants were grown for 3 weeks and then water was withheld for 17 days, after 

which plants were re-watered (Figure 8A). Again, under the drought treatment 

conditions, the single homozygous plants behaved as wild-type plants (data not 

shown). In contrast, the letm1(-/-) LETM2(+/-) hemizygous plants responded 

differently. Despite the fact that these plants did not contain a functional letm1

allele, the stress inducible allele (Van Aken et al., 2009), the letm1(-/-)

LETM2(+/-) plants displayed greater resistance to drought stress (Figure 8A). At 

3 weeks of age, just prior to water being withdrawn, the minor defects on mutant 

leaves are still just visible (Figure 8A). However, after 14 days of no watering, 

these plants obtained a similar size to wild-type, yet clearly withstand drought 

better. After 16 days of no watering, when the wild-type (Col-0) plants cannot 

recover, the letm1(-/-) LETM2(+/-) plants recovered upon water being supplied 

(Figure 8A). Drought experiments were repeated independently twice, and on 

both occasions by day 16-18 of withholding water >95 % of Col-0 plants (5/5 

and 21/22 plants) were dead and did not recover or produce viable seed upon 

reapplication of water. In both cases, almost all letm1(-/-) LETM2(+/-) plants 

remained viable under the same conditions, completely recovered after re-

watering at 16-18 days and produced normal biomass and seed yields (letm1-

1(-/-) LETM2-1(+/-) 5/5 and 17/18, (letm1-2(-/-) LETM2-2(+/-)  4/5 and 21/21 

plants) (data not shown). 

Photosynthetic efficiency, in the form of Fv/Fm measurement, was 

monitored daily for all the genotypes throughout the drought treatment and 

under normal watering regimes, as an indication of tolerance and viability to the 
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stress treatment (Figure 8B) (Woo et al., 2008). Under the later stages of 

drought stress, Col-0 plants showed a rapid decline in Fv/Fm measurements, 

from ratios averaging 0.8 (considered normal for healthy plants) at day 14 of 

withholding water, to ratios below 0.1 at day 17; as expected, these plants were 

not viable and did not recover after re-watering. Concurrently, Col-0 plants 

showed visible symptoms of drought stress, including chlorosis of the leaves, 

purple discolouration due to increased anthocyanin accumulation and loss of 

turgor. This decrease in Fv/Fm affected all Col-0 rosette leaves and was readily 

discernible from false-colour images of Fv/Fm measurements (Figure 8B). In 

contrast, hemizygous letm1(-/-) LETM2(+/-) plants displayed Fv/Fm

measurements similar to untreated plants throughout the treatment, with a 

minor decrease to ~0.75 at day 17 of treatment for some individual plants 

(Figure 8B, Supplementary Table 3) but recovered to normal levels as soon as 

water was reapplied.  

Several other physiological measurements were undertaken throughout 

the drought treatment to gain further insight into the differential physical 

responses of wild-type and the letm1(-/-) LETM2(+/-) plants to sustained 

drought treatment. Relative water content measures showed that Col-0 plants 

had significantly less water in the rosettes than the hemizygous mutants, with a 

25% decrease in relative water content from ~88% to ~65% at day 13 of 

withholding water (Figure 8C). No significant changes were observed for mutant 

plants, indicating a greater tolerance to the stress treatment and an ability to 

conserve or inhibit water loss. Severe drought treatment, among other stresses, 

is often accompanied by an increase in the generation of ROS, particularly in 

the mitochondria and plastids, and consequently, the induction of ROS defence 

mechanisms to limit further cellular damage and metabolic dysfunction. In 

several cases, mutants in these ROS scavenging pathways show susceptibility 

to stress treatments, such as drought, and mutants in which these systems are 

already “primed”, display an increased capacity to deal with the stress (Dutilleul 

et al., 2003b; Dutilleul et al., 2003d; Noctor et al., 2004; Umbach et al., 2005;

Giraud et al., 2008). Thus, to gain a physiological understanding of ROS levels 

and ROS defence systems in the hemizygous letm1(-/-) LETM2(+/-) plants 

under normal and stress conditions, compared to Col-0 plants, leaves were 

stained for endogenous levels of ROS molecules, H2O2 and superoxide. letm1(-



Chapter 3 Functional characterization of AtLETM

52

/-) LETM2(+/-) plants consistently displayed lower levels of H2O2 under normal 

conditions; and after 13 days of drought, while H2O2 had increased to similar 

levels as observed for Col-0 plants under treatment, this was not accompanied 

by the dramatic increase in superoxide observed in Col-0 leaf tissue (Figure 8D).  

Additionally, leaves from both wild-type and mutant plants, after 14 days 

drought treatment, were subjected to exogenous application of H2O2 to 

determine if hemizygous mutant leaves were more resistant to oxidative 

damage (Rossel et al., 2007). In two independent replicate experiments, letm1(-

/-) LETM2(+/-) plants were observed to be more resistant to H2O2-induced 

bleaching compared to Col-0 plants (Figure 8E).

Whole genome transcriptome changes in letm1, letm2 and letm1(-/-) LETM2(+/-)

Genome wide analysis of transcript abundance changes in letm1 and 

letm2 mutants was carried out using the Affymetrix ATH1 genechip for plants 

grown under normal conditions.  Two lines for the hemizygous drought resistant 

plants displayed the most dramatic transcriptional re-programming of all the 

genotypes profiled, with 1598 transcripts and 1365 transcripts changing greater 

than 1.5 fold after False Discovery Rate (FDR) correction (PPDE(<P)>0.95) for 

letm1-1(-/-) LETM2-1(+/-) and letm1-2(-/-) LETM2-2(+/-) plants, respectively 

(Figure 9A). Additionally, these two independent hemizygous lines displayed 

significant similarity in the specific transcripts changing and the magnitude of 

changes on a genome wide scale, with significantly greater overlap than 

expected by random chance and significantly underrepresented antagonistic 

changes between the genotypes (Figure 9B, Supplementary Table 4). Notably, 

for the vast majority of transcripts which are classified as significantly changing 

in one line only, the change in abundance is reflected in the other line but is just 

not significant at the cut-off criteria used or is marginally under the 1.5 fold cut-

off (Supplementary Table 4).

To characterise the transcriptomic differences in these lines compared to 

Col-0 plants, and gain possible insights into the drought resistant phenotype, 

differentially expressed genes, either up-regulated or down-regulated in the two 

genotypes, were combined for further functional analysis (excluding 

antagonistic changes). BinGo characterisation (see experimental procedures) 

was undertaken to define overrepresented functional categories in the groups of 
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transcripts either up or down-regulated in letm1(-/-) LETM2(+/-)plants (Figure 

9C). Genes with annotated involvement in the biological processes of 

responses to biotic and abiotic stimuli and stress responses were significantly 

over-represented in both up and down-regulated transcripts, along with 

transcripts encoding transcription factors and transcriptional regulators (Figure 

9C i) and ii)). Transcripts encoding transporters and transferases were 

significantly down-regulated, while annotations for functions in carbohydrate 

binding were overrepresented in up-regulated transcripts. Additionally, genes 

involved in mitochondrial function were up-regulated, consistent with 

mitochondrial dysfunction observed in the letm1(-/-) LETM2(+/-) plants, while 

genes encoding proteins involved in plastid, thylakoid and vacuole processes 

were down-regulated (Figure 9C i) and ii)). The down-regulation of plastid 

function on the transcriptional level is consistent with observation outlined 

above. The defects in starch breakdown in this mutant (Figure 2D) might initiate

the degradation of chloroplasts.

Overall, many of the transcriptional changes as a result of the letm1(-/-)

LETM2(+/-) mutation possibly relate to a re-programmed or “primed” basal 

stress defence system, evidenced by the over-representation of stress related 

functions generally, and the up-regulation of specific drought induced and early 

dehydration responsive transcriptsin this mutant, along with cold induced 

responses, even under normal conditions (Figure 9D – At4g15910, At4g19120 

etc). Transcripts encoding catalases, dismutases, glutaredoxins and 

ascorbate/glutathione metabolic functions are all generally down-regulated 

(Figure 9D), accompanied by lower H2O2 ROS levels within the leaf tissue of 

these plants (Figure 8E). Indeed, the transcription factor COL1 (CONSTANS-

LIKE 1, At5g15850), defined as a hallmark of H2O2 induced oxidative stress, 

with specific up-regulation in cat2 lines (Gadjev et al., 2006), is significantly 

down-regulated >5 fold in letm1(-/-) LETM2(+/-) plants (Supplementary table 4).

Other transcription factors defined as general hallmarks of oxidative stress, 

regardless of the specific ROS molecule (AT3G56400, WRKY70; AT3G11020, 

DREB2B (DRE-binding protein 2B) and AT5G37260, CIR1/RVE2

(CIRCADIAN1)) are all substantially up-regulated in all letm mutants, i.e. letm1,

letm2 and letm1(-/-) LETM2(+/-). A transcript encoding a mitochondrial protein 

of unknown function that is UP-regulated by OXidative stress (UPOX), 
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At2g21640, is up-regulated >25 fold in both letm1(-/-) LETM2(+/-) mutant lines 

(Gadjev et al., 2006; Supplementary table 4). Interestingly, while most of the 

glutaredoxins are significantly down-regulated, by as much as 10-fold for 

GrxC13, At2g47880 (Figure 8E), all of the glutaredoxin family transcripts that 

are significantly changing in letm1(-/-) LETM2(+/-) plants belong to class III or 

CC-type class glutaredoxins and all those that are down-regulated are part of 

subgroup 4 (Couturier et al., 2009). This class III glutaredoxin sub-family is 

specific to land plants and has expanded throughout the evolution of the 

flowering plant lineage (Couturier et al., 2009). There is evidence to suggest 

that these factors may have a role in carbohydrate partitioning and the redox 

control of transcription factors involved in flowering and development, and 

notably, all of these processes are impaired in the letm1(-/-) LETM2(+/-) mutant 

plants (Figure 9E) (Wang et al., 2009).

Discussion

It was determined using reciprocal back-crosses that letm2 mutation has 

a parent of origin effect, in that maternal LETM2 was absolutely required for 

seed development, otherwise the embryo aborted at an early stage. Analysing 

maternal and paternal transcripts by dissecting endosperm and embryo tissues 

we found that LETM2 transcripts are predominantly of maternal origin for both 

embryo and endosperm during mid-embryogenesis (6DAP). Furthermore, 

reciprocal crosses of LETM2::GUS promoter reporter lines with Col-0 clearly 

demonstrated that the paternal LETM2 promoter is silenced during early 

embryogenesis and in female gametophyte before pollination. One recent study 

using endosperm and embryo deep sequencing datasets supports that the 

transcript encoded by the maternal LETM2 allele was exclusively expressed at 

the 2-4 cell and globular embryo stage (Autran et al., 2011; Hsieh et al., 2011).

However in another study no biased expression was observed (Nodine and 

Bartel, 2012). While there was some differences in the studies carried out, 

Columbia and Landsberg (Autran et al., 2011) compared to Columbia-0 and 

Cvi-0 (Nodine and Bartel, 2012), there was large differences observed between 

these studies that are unlikely to be explained by the difference in accessions 

used alone. While our study does not resolve the discrepancy, we used 
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reciprocal crosses to observe the differences, and the progeny of the cross 

yielded offspring in the ratio consistent with a parent of origin affect. Strikingly, 

the AtLETM2 promoter driven GUS expression displayed and confirmed this 

biased expression. Thus, three independent methods support the biased 

parent-of origin effect for LETM2. Furthermore, the silencing of the LETM2

promoter GUS construct hints at the mechanism that may underlie parent of 

origin effect observed. The presence of a LTR/Gypsy transposon (AT1TE80065) 

in the promoter region of AtLETM2 may act as a target site for methylation and 

the silencing observed, via RNA-directed DNA methylation (Haag and Pikaard, 

2011). Analysis of pollen viability and viability of the female gametophyte 

indicate that while the amount of pollen produced is reduced, the viability of the 

gametes are not affected. Thus, the failure of embryo development is due to a 

lack of expression in the early stages of seed development. Finally, analysis of 

the spatial expression pattern of AtLETM1 using AtLETM1 promoter GUS plants 

revealed that it was not detected in endosperm or embryo (Figure 4A), revealing 

that in planta under normal situations only the maternal AtLETM2 controls 

translation of mRNA of mitochondrial encoded genes.

This study has defined LETM as an essential mitochondrial protein. 

Mechanistically, LETM was defined as being required for translation of 

mitochondrial proteins, and from the protein profiles that were obtained with 

assays of in organelle protein synthesis rates (Figure 7A), it appears to be 

required for the synthesis of all mitochondrial proteins. While LETM is a 

conserved protein in eukaryotes, inactivation of mdm38 alone, the gene 

encoding LETM in yeast (Frazier et al., 2006a; Bauerschmitt et al., 2010), does 

not result in a decrease in mitochondrial translation or a lethal phenotype. Yeast 

contains another protein, Mba1, which acts with Mdm38 to facilitate translation 

in yeast mitochondria (Bauerschmitt et al., 2010). Furthermore, in yeast, 

deletion of both mba1 and mdm38 only affects the translation of coxI and

apocytb (Bauerschmitt et al., 2010). Thus, it appears that LETM, in plants, has 

obtained a more general role in mitochondrial translation, in that all proteins are 

affected and that deletion or inactivation of both letm genes results in a lethal 

phenotype. Furthermore, higher plants do not have a predicted protein that 

displays significant homology to Mba1 of yeast (Carrie et al., 2010a), and thus, 

the proteins involved in mitochondrial translation have functionally diverged 
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between plants and yeast. While the translation of all proteins detected in the in 

organelle profile was reduced, it was apparent that the steady state abundance 

of the -subunit of the ATP synthase complex was reduced by ~ 40% and 

NAD9 by 20%. A marked reduction in Complex I activity and abundance could 

be observed, consistent with the reduction in the amount of NAD9 (Figure 6B). 

It is also possible that the other mitochondrial encoded subunits of Complex I 

are reduced at a protein level. However the abundance of mitochondrially 

encoded COX II was unchanged. Thus, it appears that the rate of protein 

synthesis is only rate-limiting for some mitochondrial proteins. It is proposed 

that the amount of nuclear-encoded cytochrome c and c1 were reduced due to 

the fact that biogenesis of functional cytochrome c requires three 

mitochondrially encoded proteins, ccmFN1, ccmFN2, and ccmFC for maturation 

(Rayapuram et al., 2008) and our results show that the mitochondrially encoded 

ccmFN1 and nuclear-encoded ccmH are decreased in abundance (Figure 6C). 

Notably, while the efficiency of translation of mitochondrial proteins was 

reduced in mitochondria isolated from letm1(-/-) LETM2(+/-) plants, there was 

no corresponding increase in steady state levels of mitochondrial encoded 

transcripts to compensate for such defects (Supplementary Figure 5).

Interestingly, one of the most striking physiological phenotypes, as a 

result of the altered abundances of several components of the mitochondrial 

respiratory chain in the hemizygous letm1(-/-) LETM2(+/-) plants, is the 

pronounced tolerance to sustained drought treatment (Figure 8). There are a 

number of possible factors that may be contributing to the drought tolerance in 

these plants on the molecular level, including biochemical reprogramming of 

central carbon metabolism, evidenced by increased starch accumulation, 

altered ATP levels, lower cellular ROS and increased ascorbate; all of which are

molecules implicated in cell signalling, redox related control of energy 

metabolism and defence mechanisms central to plant drought responses (Millar 

et al., 2003; Chivasa et al., 2005; Baena-Gonzalez et al., 2007; Chivasa et al., 

2011; Suzuki et al., 2011). The electron transport chain of mitochondria, and 

chloroplasts, are intimately linked with these processes, through reducing power 

and energy molecules such as ATP (Suzuki et al., 2011) and therefore, redox 

imbalance as a result of reduced cytochrome c and ATP synthase activity in the 
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mitochondrial respiratory chain in LETM mutants is likely to activate many 

aspects of the plant stress recognition and defence system.

The central role of ascorbate in plant stress responses and ROS 

detoxification is widely documented (Foyer and Noctor, 2011) and increased 

ascorbate levels through increased L-galactono-1,4-lactone dehydrogenase 

(GalLDH) activity within complex I of the mitochondrial respiratory chain has 

been documented when mitochondrial electron transfer is inhibited (Millar et al., 

2003) as is also the case in the current study. Furthermore, ascorbate is an 

important metabolite in the detoxification of H2O2, as an antioxidant buffer and 

together with the antioxidant enzymes that use these antioxidants such as 

Ascorbate peroxidises (APX). The generation of H2O2 is a hallmark of plastid 

and mitochondrial damage resulting from unmanageable drought stress (Luna 

et al., 2005) and H2O2 has been shown to act as a signal transducing molecule 

in both optimal and stress conditions (Suzuki et al., 2011). Therefore, the 

increased ascorbate, lowered H2O2 and altered expression of catalase and 

several hallmarks of oxidative stress evident in the hemizygous LETM mutants 

may indicate that the re-orchestrated redox defence system, affecting both 

mitochondrial and plastid metabolism, allows the plants to deal better with the 

onslaught of ROS produced under severe drought treatment. This is further 

supported by the observation that hemizygous LETM mutants are more 

resistant to exogenous application of H2O2 compared to wild-type plants under 

drought stress (Figure 8D).

ATP levels and central carbon stores are also heavily implicated in the 

control of cell viability in plant tissues, and this also provides a mechanism to 

regulate mitochondrial initiated cell death pathways with central energy 

metabolism (Chivasa et al., 2005; Atkin and Macherel, 2009; Chivasa et al., 

2011). It has been proposed that the maintenance of mitochondrial ATP 

synthesis during water stress is essential for preserving plastid functions under 

water stress, thereby decreasing ROS production and allowing a recovery of net 

carbon gain following re-application of water (Atkin and Macherel, 2009).

Therefore, in the current study, while ATP levels are lower, it is conceivable that 

mitochondrial respiratory chain function would be re-programmed in such a way 

as to allow basal levels of ATP generation to continue despite a mildly inhibited 
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electron transfer through the respiratory chain and ATP synthase; thereby 

priming the plant effectively to buffer against severe water stress.  

In conclusion while the maternal inheritance of mitochondria has been 

known for some time, this study shows that the expression of mitochondrial 

genes, at the level of translation, is under maternal control during early embryo 

development. It has been previously documented that regulation of 

mitochondrial gene expression occurs post-transcriptionally (Millar et al., 2011a).

Thus with reference to mitochondrial function the maternal imprinting affects 

translation, and coordinates nicely with the level of control of gene expression. 

Furthermore alterations of the rate of mitochondrial translation can re-program 

anti-oxidant defense and carbon metabolism to produce a more drought 

resistant phenotype, with limited penalties on other aspects of plant growth and 

biomass at the later stages of development.
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Material and methods

T-DNA insertion lines 

The following T-DNA insertion lines were obtained from the ABRC stock centre: 

AtLETM1 (At3g59820): SALK_067558C (letm1-1), SALK_058471 (letm1-2) and 

AtLETM2 (At1g65540): SALK_068877 (letm2-1), WISCDSLOXHS169_10B 

(letm2-2). Plants were genotyped by PCR, and the insertion positions were 

confirmed by sequencing with T-DNA left border primers. Primers sequences 

are listed in Supplemental Table 6. Phenotype analysis of all mutants was 

carried out as described by Boyes et al. (Boyes et al., 2001).

Construction of GFP fusion vectors

Coding sequences for LETM1 and LETM2 were amplified from Arabidopsis 

thaliana cDNA using standard protocols with the Roche Expand High Fidelity 

PCR System (Roche, Sydney, Australia), using gene specific primers flanked by 

Gateway recombination cassettes (Invitrogen, California, USA, supplemental 

table 6). The first 300 bp as well as the full length coding sequences were 

cloned into pDONR201 according to the manufacturer’s instructions. Cloning 

into the final GFP vectors was as described in Carrie et al., (2008). As a 

mitochondrial marker the alternative oxidase (AOX) targeting signal of 42 amino 

acids fused to RFP was used (Carrie et al., 2008).

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). 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, www.bio-rad.com). Two mL of Arabidopsis cell 

suspension or freshly peeled onion epidermal cells were placed on filters 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).
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Mitochondrial purification

To obtain mitochondria for biochemical analysis, wild type (Col-0) and 

hemizygous AtLETM2 (letm1(-/-) LETM2(+/-)) seeds were first vertically grown 

on MS agar plates for 3 days under continuous light conditions before being 

transferred to liquid culture medium to allow visual selection of hemizygous 

AtLETM2 seedlings. Seedlings were grown for another 7 days in liquid culture 

under long day conditions (16 h light/8h darkness) before harvesting for 

mitochondrial preparations. Mitochondria were harvested from 10 day old 

seedlings as previously described (Lister et al., 2007). Typically 2 - 3 mg of 

mitochondrial protein was obtained from approximately 20 g of starting tissue. 

Mitochondrial protein concentrations were determined using the Coomassie 

protein assay reagent (Thermo Scientific, Rockford, IL.) in triplicate.

In organello protein synthesis

In organello protein synthesis assays were done as previously described (Giege 

et al., 2005) using freshly prepared mitochondria as described above. The 

reactions were resolved by SDS-PAGE (Kuhn et al., 2009).

In vitro import studies

[35S]Met-labelled precursor proteins for AOX (X68702) (Whelan et al., 1995)

and PiC (AB016064) (Bathgate et al., 1989; Murcha et al., 2004) were 

synthesized using rabbit reticulocyte TNT in vitro transcription/translation lysate 

(Promega, Melbourne, Australia) as described previously (Whelan et al., 1995).

Time course analysis of precursor protein import into intact mitochondria 

isolated from wild type (Col-0) or mutant plants was performed as described 

previously (Lister et al., 2007).

Immunodetection of proteins

-PAGE, 

transferred to Hybond-C extra nitrocellulose membrane, and immunodetected 

as previously outlined (Carrie et al., 2008). To generate antibodies to AtLETM1, 

recombinant proteins containing amino acids 387–525 (LETM1 AB1) and amino 

acids 540–667 (LETM1 AB2) of AtLETM1 fused to an N-terminal His6 affinity 

purification tag were expressed in Escherichia coli strain BL21 (DE3) pLys 

(Stratagene, La Jolla, CA) using the pDEST17 expression vector (Invitrogen, 
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Carlsbad, CA). The recombinant protein was purified by denaturing immobilized 

metal affinity chromatography (IMAC) using the Bio-Rad Profinia protein 

purification system. The resultant eluate was separated by SDS-PAGE, and the 

recombinant protein was extracted using a Bio-Rad Model 422 Electro-Eluter. 

Buffer exchange was performed using an Amicon Ultracel 5K centrifugal filter 

device (Millipore, Sydney, Australia) such that the antigen was re-suspended in 

PBS solution, recovering a total of 3 mg (LETM1 AB1) and 4 mg (LETM1 AB2) 

proteins for inoculation. Four separate doses were administered to a rabbit at 

regular intervals over a 3-month period using standard protocols and Freund's 

complete adjuvant solution (Cooper and Paterson, 2009). Other antibodies used 

have been described previously Tim23-2, Sam50 and Risp (Carrie et al., 2010b),

Tom20-3 and Tom40 (Carrie et al., 2009), prohibitin AtPHB3 (Snedden and 

Fromm, 1997; Van Aken et al., 2007), CcmH (Meyer et al., 2005), NDB2 (Carrie 

et al., 2009), Nad9 (Lamattina et al., 1993), Tim17-2 (Murcha et al., 2005), UCP 

(Considine et al., 2001), Mwfe and NDUfs4 (Meyer et al., 2009), ATP , CoxII, 

cytochrome c and GLDH were obtained from Agrisera (Vannas, Sweden), 

VDAC, ATP , AOX and E1 pyruvate dehydrogenase were obtained from Dr. 

Tom Elthon (University of Nebraska, Lincoln, NE). CcmFN1 and cytochrome c1

antibodies were kindly obtained from Dr. Catherine Colas des Francs (des 

Francs-Small et al., 2011).

Promoter reporter analysis

The 1 Kb nucleotides upstream from the start codons of LETM1 and LETM2 

were cloned into pBGWFS7 (Karimi et al., 2002b) in fusion with GUS by 

Gateway recombination cassettes (Invitrogen, Carlsbad, USA). The 

homozygous promoter-GUS fusion transgenic plants from five independent

lines were stained with 5-bromo-4-chloro-3-indolyl-b-glucuronic acid (GoldBio; 

www.goldbio.com) as described (Giraud et al., 2009).

Analysis of gametophytes and embryo developmentand sequencing of 
LETM2 transcript from embryo and endosperm

Flowers and siliques at different time points of Arabidopsis Col-0 and AtLETM 

mutant lines were cleared using chloral hydrate and mounted on microscope 

carriers. Microscopy was then performed on a Zeiss Axioplan differential 

interference contrast (DIC) microscope. Endosperm nuclei were counted using 
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images displayed on a video monitor attached to the microscope, as reported 

before (Luo et al., 2005). Viability staining and counting of pollen was performed 

as previously described (Alexander, 1969).

Physiological measures of plant survival under drought conditions

Col-0 and hemizygous AtLETM2 (letm1 (-/-) LETM2 (+/-)) plants were grown as 

described above in long day conditions, at ~3 weeks of age plants in individual 

soil pots were weighted to ensure uniform saturation and then water was 

withheld for a time period up to 20 days for drought treated plants.  

Photosynthetic measures of Fv/Fm, DAB and NBT ROS stains for hydrogen 

peroxide and superoxide respectively, along with plant relative water content 

measures were analysed at various time-points throughout the treatment, as 

described previously in (Giraud et al., 2008). Additionally, plant tissue from the 3 

genotypes, Col-0, hemizygous AtLETM2 (letm1-1(-/-) LETM2-1(+/-)) and 

hemizygous AtLETM2 (letm1-2 (-/-) LETM2-2 (+/-)), were analysed for the ability 

to resist different reactive oxygen sensitizers as described in (Rossel et al., 

2007). Whole leaves of drought treated plants were excised and submerged in 

various increasing concentrations of hydrogen peroxide for 4 hours at 100 to 

150 μmol photons m–2 s–1 followed by overnight incubation in the dark. Assays 

were completed in biological triplicate with several leaves taken from each plant 

for each individual hydrogen peroxide concentration.

Quantitative RT-PCR

RNA isolation, cDNA generation and Quantitative RT-PCR (QRT-PCR) on the 

mitochondrial transcriptome was performed as described in (Kuhn et al., 2011)

using the LightCycler 480 SYBR Green I Master Mix (Roche Applied Science, 

www.roche-applied-science.com) and the primer pairs listed in Supplemental 

Table 6 on a LightCycler 480 real-time PCR system (Roche Applied Science). 

The nuclear 18S rRNA gene was used for data normalisation. Transcripts were 

measured in technical triplicate from three independent RNA isolations in 

separate experiments. 

Global transcript analysis

Analysis of the changes in transcript abundance between Col-0, single KO 

mutants of LETM1 or LETM2, and double mutants was performed using 
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AffymetrixGeneChip™ Arabidopsis ATH1 Genome Arrays (Affymetrix, 

http://www.affymetrix.com), along with preliminary data quality assessment, as 

previously described (Carrie et al., 2010b). Once processed, GC-RMA 

normalised 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 (Baldi and Long, 2001)

(http://cybert.microarray.ics.uci.edu/) as in (Kuhn et al., 2011). Changes were 

considered significant at an FDR correction level of PPDE (>P) >0.95 and a fold 

change greater than 1.5 fold. Total significant changes for all lines are shown in 

Supplementary Table 4. Visualisation of transcripts that display significant 

differential expression was carried out using the MapMan software 

(http://mapman.gabipd.org/web/guest) to display combined significantly 

changing transcripts between the two independent hemizygous letm1(-/-)

LETM2(+/-) lines with fold changes > 1.5 fold. Transcript abundance changes 

were viewed on the Regulation Overview and Cellular Response Overview 

pathways, using default mappings (Ath_AFFY_ATH1_TAIR9_Jan2010). 

Hierarchical clusters were generated in Partek Genomics Suite software, 

version 6.3 (Partek) using Euclidean distance and average linkage measures. 

Significant over-representation of particular functional categories of gene 

annotations for significantly up or down-regulated transcripts was carried out 

using BiNGO 2.3 plugin tool in Cytoscape version 2.6 with GO full and GO slim 

categories. Over-represented GO Full categories were identified using a 

hypergeometric test with a significance threshold of 0.05 after a Benjamini and 

Hochberg FDR correction (Benjamini and Hochberg, 1995).

Ascorbic Acid measurement

Ascorbic Acid levels were measured by the ascorbate oxidase assay (Rao and 

Ormond 1995). Plant extracts were made using liquid nitrogen cooled tissue 

ground in 6% (w/v) metaphosphoric acid and centrifuged at 15 000g for 15 min 

(Zhang et al., 2009). Reduced ascorbic acid was determined by measuring the 

decrease in A265 ( = 14.3 mM-1 cm-1) after the addition of 1 unit of Cucurbita-

derived ascorbate oxidase (Sigma) to 2 ml of reaction medium containing the 

plant extract and 100 mM KH2PO4 (pH 6.9). 

Measurement of ATP concentration
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Total ATP levels were measured using the ATP Bioluminescent Assay Kit 

(Sigma). Leaves from Col-0 and hemizygous AtLETM2 plants were frozen in 

liquid nitrogen and ground using a ball mixer. Plant extracts were resuspended 

in 500 l of 2.3% (v/v) TCA. After centrifugation for 15 min at 20 000g the 

supernatant was recovered and neutralized using a few drops of 2.5M K2CO3.

Total ATP levels were measured using the ATP Bioluminescent Assay Kit 

(Sigma).

Starch staining

For the staining of plants for starch leaves were boiled in 80% (v/v) ethanol in 

order to remove chlorophyll. After washing 3 times in water leaves were place in 

50% (v/v) Lugol solution (Sigma) for 5 min. Leaves were destained in water for 

60 min before being imaged.

Mitochondrial respiration and Complex activity assays

Oxygen consumption by purified mitochondria of 10 day old plants was 

measured by a computer-controlled Clark-type O2 electrode unit (Hansatech 

Instruments). Calibration of the electrode was carried out by addition of sodium 

dithionite to remove all oxygen in the electrode chamber. The air-saturated 

measurements. All reactions were carried out at 25 °C using 1 ml of 

mitochondrial reaction buffer [0.3 M sucrose, 10 mM TES, 10 mM NaCl, 4 mM 

MgSO4 and 0.1% (w

Succinate (5 mM), malate (10 mM), pyruvate (10 mM), NADH (1 mM) and ADP 

(2 mM) were added as appropriate to modulate O2 consumption rates of 

mitochondria. The succinate dehydrogenase activity of mitochondria of 10 day 

old plants was determined based as previouslydescribed (Leitner et al., 2009; 

Gleason et al., 2011).

In gel BN-PAGE complex I and IV activity assays were performed according to 

(Sabar et al., 2005).

Accession Numbers

The genes described in this article correspond to the following Arabidopsis 

Genome Initiative codes: At3g59820 (AtLETM1) and At1g65540 (AtLETM2). A 
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complete list of oligonucleotides used in this study is available in Supplemental 

Table 6 online. All raw and processed microarray data files can be found at 

ArrayExpress under the accession E-MEXP-3328

Supplementary Table 1. Seed counts and viability for LETM mutant crosses of 

siliques 12 days after pollination.

Supplementary Table 2. PCR genotyping of F1 LETM mutant crosses.

Supplementary Table 3. Photosynthetic measurements of Fv/Fm in drought 

treated wild-type andletm1 (-/-), LETM2 (+/-) plants.

Supplementary Table 4. Summary of differentially expressed transcripts in 

wild-type and LETM mutant plants by global transcriptomic analysis.

Supplementary Table 5. List of 163 genes defined as exclusively maternally 

expressed in 2-4 cell or globular embryo stage under histone methyltransferase 

control. Data taken from (Autran et al., 2011).

Supplementary Table 6. List of primer sequences used.

Supplementary Table 7. Transcript abundances for genes encoding 

mitochondrially localised proteins (Law et al., 2012) that are changing in 

abundance more than 1.5 fold (up or down regulated) in the 

letm1(-/-)/LETM2(+/-) background compared to Col-0 wild type plants based on 

global transcript profiling. 
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Figure Legends

Figure 1. Phylogenetic and structural analysis of LETM1-like proteins. A)
Top: phylogenetic analysis of LETM1-like proteins. The blue cluster indicates 

AtLETM1 and its closest homologs in dicots, the red cluster indicates AtLETM2 

and its closest homologs, which seem present in both dicots and monocots. The 

scale bar indicates 0.06% sequence divergence. Below: a diagram of the 

domain structure of LETM1-like proteins across taxa. Abbreviations: LETM: 

leucine zipper- EF-hand-containing transmembrane protein; TM: 

transmembrane domain; cc: coiled coil; LZ: leucine zipper; EF: EF-hand domain. 

Species in phylogenetic tree: human (Homo sapiens), mouse (Musmusculus), 

Chlamydomonas (Chlamydomonasreinhardtii), Physcomitrella (Physcomitrella 

patens), soybean (Glycine max), poplar (Populus trichocarpa), Arabidopsis 
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(Arabidopsis thaliana), maize (Zea mays), sorghum (Sorghum bicolor), rice 

(Oryza sativa), yeast (Saccharomyces cerevisiae), Neurospora (Neurospora 

crassa). B) Diagram of insertion positions of T-DNAs in AtLETM1 and AtLETM2.

Black boxes, open boxes and black lines indicate exons, untranslated regions 

andintrons respectively. Insertion sites were verified by sequencing of PCR 

products.

Figure 2. Identification of AtLETM1 and AtLETM2 mutants. A) 18 days old 

wild-type (Col-0), and AtLETM1 and AtLETM2 single and double mutants grown 

under long day regime (16 h photoperiod). The arrows indicate the leaves 

harvested for genotyping. B) Comparison of 12-day-old mutant letm1-1(-/-)

LETM2-1(+/-) plant with 6-8 day old AtLETM1 promoter- -glucuronidase) 

reporter plants. Arrows indicate that malformed leaf edges correspond with 

GUS expression pattern. C) Transmission electron microscope images of 

chloroplasts in leaves from Col-0 and letm1-1(-/-) LETM2-1(+/-)plants. The latter 

display an accumulation of starch and larger plastoglobules. D) Iodine staining

of starch from plants grown under a 12 light 12 h dark  growth cycle, where 

tissue was harvested and stained at the end of the light period (end of day) and 

at the end of the night period (end of night). 

Figure 3. Seed sets of crossing of AtLETM1 and AtLETM2 single and 
double mutants. A) Siliques from the self-crossing of double mutant letm1-1(-/-)

LETM2-1(+/-),the crossing of double mutant letm1-1(-/-) LETM2-1(+/-) with 

single mutant letm1-1(-/-) LETM2-1(+/+) and with Col-0. Plus (+) indicate 

aborted embryos. Values indicate average number of viable and aborted 

progeny per silique +/- standard deviation (n=10). The scale bar equals 0.5 cm. 

The crosses of both alleles are shown, with the upper 5 panel representing one 

allele of AtLETM1 and AtLETM2, and the lower 5 panels represent similar 

crosses with the second allele for both AtLETM1 and AtLETM2. B) Microscopic 

analysis of different stages of development for embryos in letm1(-/-) LETM2(+/-)

mutant plants. Gametophyte, early embryo and seeds 3 and 7 days after 

pollination (DAP) are shown. Some embryos of letm1-1(-/-) LETM2-1(+/-) plants 

are aborted in 2-4 cell stage (panel 7), whereas other embryos are aborted at 

the globular stage (panel 8). Cc: central cell; ec: egg cell; s: synergid; es: 

endosperm; z: zygote. The arrows indicate the embryos. C) Number of pollen 
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grains and percentage of defective pollen as determined by Alexander staining. 

Arrow indicates defective pollen grain. *: Statistically significant difference 

compared to Col-0 [P<0.01]. Scale bars equal 20 m.

Figure 4. LETM2 expression shows parent of origin effect. A) Expression 

pattern of AtLETM1::GUS  and AtLETM2::GUS promoter reporter plants in the 

gametophyte two days after emasculation (DAE) and 2 days post self-

pollination (DAP). B) Reciprocal crosses between LETM2::GUS and Col-0

plants two and four days post pollination, respectively. GUS activity is strongly 

silenced when of paternal origin, indicating inactivation of the paternal promoter 

in the early seed. C) Sanger sequencing chromatograms of partial LETM2

cDNA showing a polymorphism between Col-0 and Ler ecotypes. Col-0+Ler 

indicates artificial 1:1 mix of Col-0 and Ler cDNA as control for equal 

sequencing efficiency of the polymorphism. Reciprocal crosses of Col-0 with Ler 

indicate that the maternal cDNA is predominant. Scale bars equal 50 m.

Figure 5. In vivo and in vitro subcellular localization assay of AtLETM1 
and AtLETM2. A) The full length (FL) and first 100 N-terminal amino acids (aa) 

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

B) In vitro import of 

radiolabelled AtLETM1 and AtLETM2 into isolated mitochondria. The 

radiolabelled precursor proteins were incubated with mitochondria under

conditions that support protein uptake into mitochondria. The uptake of the 

alternative oxidase from Arabidopsis (AOX) and phosphate translocator from 

maize (PiC) was used as positive controls for mitochondrial import. Mit, 

mitochondria; Mit-OM, mitochondria with the outer membrane ruptured; PK, 

proteinase K; Val, valinomycin; p, precursor protein band; m, innermembrane 

protected protein band. C) Western blotting of isolated mitochondria of wild type 

(Col-0) and mitochondrial soluble and membrane fractions extracted by sodium 

carbonate. Two antibodies raised against AtLETM1 (AtLETM1 AB1 and 

AtLETM1 AB2) and antibodies against TIM17-

for membrane and soluble proteins respectively. 

Figure 6. Analysis of mitochondrial protein abundance and activity in wild 
type (Col-0) and AtLETM1 and AtLETM2 double mutant. A) Oxygen 

consumption of mitochondria isolated from wild-type (Col-0) and hemizygous 
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letm1-1(-/-) LETM2-1(+/-) plants in the presence of different substrates with and 

without ADP. Succinate dehydrogenase activity in wild-type (Col-0) and 

hemizygous letm1-1(-/-) LETM2-1(+/-) plants. B) BN-PAGE Coomassie and 

activity staining for Complex I and Complex IV of mitochondria isolated from 

wild-type (Col-0) and hemizygous letm1-1(-/-) LETM2-1(+/-). C) Mitochondria 

from 10 day-old water-culture grown plants were isolated and separated by 

SDS-PAGE and probed with antibodies to a variety of mitochondrial proteins. 

The change in abundance of protein in the letm1-1(-/-) LETM2-1(+/-) line 

compared to wild-type (Col-0) is indicated next to each blot with standard errors.

Figure 7. Analysis of the import of proteins, in organelle protein synthesis 
and targeted metabolites in mitochondria of letm1(-/-) LETM2(+/-) plants. A) 

SDS-PAGE analysis of in organello synthesis assay of Col-0 and mutant. ATP

CoxII, NAD9 and ATP9 are identified according to their calculated molecular 

weight, while CcmFN1 are identified by western blotting. The graphs show the 

average relative abundance of radioactive proteins of three replicates. B)
Import of PiC and AOX into isolated mitochondria from 10 days old Col-0 and 

letm1-1(-/-) LETM2-1(+/-) mutant in liquid culture. C) Western blot analysis of 

mitochondria isolated from 10-day-old plants of wild-type (Col-0), letm1(-/-)

LETM2(+/+), LETM1(+/+) letm2(-/-) and letm1(-/-) LETM2 (+/-) with antibodies 

raised against LETM1. Equal amounts of mitochondrial protein were loaded in 

each lane. D) Measurement of Ascorbate content of leaves from wild-type (Col-

0) and hemizygous letm1-1(-/-) LETM2-1(+/-) plants. E) Measurement of total 

ATP content of leaves from wild-type (Col-0) and hemizygous letm1-1(-/-)

LETM2-1(+/-) plants. The amount of ATP is normalised to the highest amount 

measured in wild-type. For both Ascorbate and ATP content tissue was 

harvested at the end of the light period (end of day) and at the end of the night 

period (end of night). F) Expression profiles for 124 transcripts encoding 

mitochondrial proteins that are changing by 1.5 fold or more in the letm1(-/-)

LETM2(+/-) background. Blue/turquoise colour indicates transcripts that are 

down-regulated and red/yellow colour indicates transcripts are up-regulated 

according to the colour scale. 

Figure 8. Physiological analysis of drought resistance in letm1(-/-) LETM2 
(+/-) plants. A) Plants of wild-type (Col-0), letm1-1(-/-) LETM2-1(+/-) and letm1-
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2(-/-) LETM2-2(+/-) mutants grown under a controlled watering regime for 3 

weeks in long day growth room and deprived from further watering for 16 days. 

On day 17, plants were re-watered and observed for recovery 5 days later. Bars 

equal 2 cm. B) Measurement of Fv/Fm for wild-type and mutant plants under 

drought and normal watering conditions. Dotted line indicates when water was 

re-applied to drought treated plants. Bottom panel shows false colour images of 

Fv/Fm measurements obtained from drought-affected specimens during late 

drought. The average Fv/Fm values for each plant are shown in the bottom right 

corner of each panel. C) Relative water content of Col-0 and mutant plants 

measured at 0, 7 and 13 days after start of drought treatment. Asterisk indicates 

a significant decrease in relative water content compared to day 0. D)
Representative images illustrating H2O2 and O2

– accumulation in Col-0 and 

mutant leaves, visualized by pre-staining with 3,3'-diaminobenzidine (DAB) and 

nitro blue tetrazolium (NBT), respectively. Stains were performed in untreated 

conditions and after 13 days drought treatment; stains were repeated twice 

using 2-3 leaves from 3 plants each time. The numbers above each leaf refer to 

the experiment number, plant number and leaf number respectively. E) Effect of 

exogenous H2O2 on Col-0 and letm1(-/-) LETM2(+/-) leaves pre-treated with 

drought for 13 days before being floated on a solution of H2O2 at the indicated 

concentration. 

Figure 9. Analysis of global changes in transcript abundance for various 
LETM mutant lines under normal growth conditions. A) Summary of 

differentially expressed genes with fold-changes greater than 1.5 fold, after 

False Discovery Rate (FDR) correction, either up-regulated (shown in red 

shading) or down-regulated (shown in blue shading) for various comparisons 

between different genotypes. Color scale is shown. Brighter red and blue 

coloring and black boxes indicate a greater number of transcripts are changing 

in letm1(-/-) LETM2(+/-) versus Col-0 plants. B) Venn diagrams show the 

overlapping up-regulated transcripts and down-regulated transcripts in red and 

blue circles, respectively. Bold numbers represent significantly more overlap 

than expected by chance (P<0.05) according to a chi-squared test. All 

transcripts displaying antagonistic changes are shown in the black box, 

regardless of direction. C) The network graphs show BiNGO visualization of the 

overrepresented GO terms for genes either i) down-regulated or ii) up-regulated 
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in letm1(-/-) LETM2(+/-) versus Col-0plants, under normal conditions. 

Categories in GoSlimPlants (Maere et al., 2005) were used to simplify this 

analysis and the same nodes are shown on both graphs. Uncoloured nodes are 

not overrepresented, but they may be the “parents” of overrepresented terms. 

Coloured nodes represent GO terms that are significantly overrepresented 

(Benjamini and Hochberg correctedP value < 0.05), with the shade indicating 

significance as shown in the colour bar. D) Mapman analysis illustrating 

significant (FDR corrected) changes in transcript abundance for transcripts 

associated with abiotic stress and redox control for letm1(-/-) LETM2(+/-)

compared to Col-0 under normal conditions. Red and blue boxes indicate up 

and down-regulated transcripts, respectively. Colour scale is shown. E)
Hierarchical cluster of significant fold changes in various mutant lines for 

transcripts associated with REDOX defence and scavenging systems. Cluster 

was generated using euclidean distance and average linkage measures; Log2 

colour scale for fold change magnitude is shown.

Supplementary Figure 1. Phenotypic analysis of letm1 and letm2 mutant 
lines. Detailed phenotypic analysis of letm1 and letm2 mutant lines in terms of 

root length A), maximum rosette radius B), number of rosette leaves C) and

inflorescence height D) over the course of time according to Boyes et al., 2001. 

For root length plants were grown on MS media, for the other parameters plants 

were grown in soil. E) and F) show the average number of days after sowing 

that the different lines required to reach specific growth stages according to 

Boyes et al., 2001. Days after sowing are indicated, distance is measured in 

millimetres.Asterisks indicate significant difference (p<0.05) compared to wild 

type in both mutant alleles.

Supplementary Figure 2. Phenotypical analysis of AtLETM double mutants.
A) The whole rosettes of the wild-type (Col-0), letm1-1(-/-) LETM2-1(+/-) and 

letm1-2(-/-) LETM2-2(+/-) mutants grown 35 days under medium day regime 

(12h day, 12h light). B) Floral buds of the wild-type (Col-0), letm1-1(-/-) LETM2-

1(+/-) and letm1-2(-/-) LETM2-2(+/-) mutants.

Supplementary Figure 3. Alignment of the protein sequences of AtLETM1, 
AtLETM2 and their orthologs in human and yeast. Antibody production for 
AtLETM1. A) Alignment analysis of full length proteins of AtLETM1, AtLETM2 
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and their orthologs in human (HsLETM1, NP_036450.1) and yeast (ScMDM38, 

NP_014615.1). The conserved domains are marked by lines or boxes. B) The 

sequences of two protein fragments of AtLETM1 used to raise polyclonal 

antibodies. C) Western blotting of full-length proteins AtLETM1 and AtLETM2 

expressed in bacteria with the two antibodies raised against AtLETM1, anti-

AtLETM1 AB1 and anti-AtLETM1 AB2. AB1 cross reacts with both isoforms of 

AtLETM while AB2 only detects AtLETM1. D) Western blotting of isolated 

mitochondria from wild type Col-0 and AtLETM1 and AtLETM2 single and 

double mutants with the two antibodies raised against AtLETM1.

Supplementary Figure 4. Linearity of detection of LETM protein with the 

LETM1 antibody. Dilutions of mitochondrial proteins from 20 g to 5 g were 

separated by SDS-PAGE, blotted to supported nitrocellulose and probed with 

the LETM1 antibody. Detection of cross-reacting products was carried out using 

chemiluminesence and the signal was captured using ImageQuant RT ECL (GE 

Healthcare, Sydney) and quantified using ImageQuant TL (GE Healthcare, 

Sydney).

Supplementary Figure5. Steady state mitochondrial transcript abundance 
levels in letm1-1(-/-) LETM2-1(+/-) Arabidopsis plants. qRT-PCR was 

performed to compare the abundances of mitochondrial transcripts in letm1-1(-/-)

LETM2-1(+/-) mutant seedlings compared to Col-0 seedlings. Transcript levels 

are depicted as log2 of the ratio of values determined in mutant versus Col-0

samples for each transcript on the mitochondrial genome. Three technical 

replicates of three independent biological repeats were performed and 

averaged per genotype; standard errors are indicated. Nuclear 18S (used as a 

normalization control) along with ACT2 and UBC transcripts were included as 

controls.
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Figure 3. Seed sets of crossing of AtLETM1 and AtLETM2 single and double 
mutants. A) Siliques from the self-crossing of double mutant letm1-1(-/-) LETM2-1(+/-), 
the crossing of double mutant letm1-1(-/-) LETM2-1(+/-) with single mutant letm1-1(-/-) 
LETM2-1(+/+) and with Col-0. Plus (+) indicate aborted embryos. Values indicate 
average number of viable and aborted progeny per silique +/- standard deviation 
(n=10). The scale bar equals 0.5 cm. The crosses of both alleles are shown, with the 
upper 5 panel representing one allele of AtLETM1 and AtLETM2, and the lower 5 
panels represent similar crosses with the second allele for both AtLETM1 and AtLETM2. 
B) Microscopic analysis of different stages of development for embryos in letm1(-/-) 
LETM2(+/-) mutant plants. Gametophyte, early embryo and seeds 3 and 7 days after 
pollination (DAP) are shown. Some embryos of letm1-1(-/-) LETM2-1(+/-) plants are 
aborted in 2-4 cell stage (panel 7), whereas other embryos are aborted at the globular 
stage (panel 8). Cc: central cell; ec: egg cell; s: synergid; es: endosperm; z: zygote. The 
arrows indicate the embryos. C) Number of pollen grains and percentage of defective 
pollen as determined by Alexander staining. Arrow indicates defective pollen grain. *: 
Statistically significant difference compared to Col-0 [P<0.01]. Scale bars equal 20 μm.
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Figure 4. LETM2 expression shows parent of origin effect. A) Expression 
pattern of AtLETM1::GUS  and AtLETM2::GUS promoter reporter plants in 
the gametophyte two days after emasculation (DAE) and 2 days post self 
pollination (DAP). B) Reciprocal crosses between LETM2::GUS and Col-0 
plants two and four days post pollination, respectively. GUS activity is 
strongly silenced when of paternal origin, indicating inactivation of the 
paternal promoter in the early seed. C) Sanger sequencing chromatograms 
of partial LETM2 cDNA showing a polymorphism between Col-0 and Ler 
ecotypes. Col 0 +  Ler indicates artificial 1:1 mix of Col-0 and Ler cDNA as 
control for equal sequencing efficiency of the polymorphism. Reciprocal 
crosses of Col-0 with Ler indicate that the maternal cDNA is predominant. 
Scale bars equal 50 μm.
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Figure 6. Analysis of mitochondrial protein abundance and activity in wild type 
(Col-0) and AtLETM1 and AtLETM2 double mutant. A) Oxygen consumption of mito-
chondria isolated from wild-type (Col-0) and hemizygous letm1-1(-/-) LETM2-1(+/-) 
plants in the presence of different substrates with and without ADP. Succinate dehydro-
genase activity in wild-type (Col-0) and hemizygous letm1-1(-/-) LETM2-1(+/-) plants. 
B) BN-PAGE Coomassie and activity staining for Complex I and Complex IV of mito-
chondria isolated from wild-type (Col-0) and hemizygous letm1-1(-/-) LETM2-1(+/-). C) 
Mitochondria from 10 day-old water-culture grown plants were isolated and separated 
by SDS-PAGE and probed with antibodies to a variety of mitochondrial proteins. The 
change in abundance of protein in the letm1-1(-/-) LETM2-1(+/-) line compared to wild-
type (Col-0) is indicated next to each blot with standard errors.
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Figure 7. Analysis of the import of proteins, in organelle protein synthesis and 
targeted metabolites in mitochondria of letm1(-/-) LETM2(+/-) plants. A) SDS-
PAGE analysis of in organello synthesis assay of Col-0 and mutant. ATP , CoxII, 
NAD9 and ATP9 are identified according to their calculated molecular weight, while 
CcmFN1 are identified by western blotting. The graphs show the average relative 
abundance of radioactive proteins of three replicates. B)  Import of PiC and AOX into 
isolated mitochondria from 10 days old Col-0 and letm1-1(-/-) LETM2-1(+/-) mutant in 
liquid culture. C) Western blot analysis of mitochondria isolated from 10-day-old plants 
of wild-type (Col-0), letm1(-/-) LETM2(+/+), LETM1(+/+) letm2(-/-) and letm1(-/-) 
LETM2 (+/-) with antibodies raised against LETM1. Equal amounts of mitochondrial 
protein were loaded in each lane. D) Measurement of Ascorbate content of leaves from 
wild-type (Col-0) and hemizygous letm1-1(-/-) LETM2-1(+/-) plants. E) Measurement 
of total ATP content of leaves from wild-type (Col-0) and hemizygous letm1-1(-/-) 
LETM2-1(+/-) plants. The amount of ATP is normalised to the highest amount mea-
sured in wild-type. For both Ascorbate and ATP content tissue was harvested at the 
end of the light period (end of day) and at the end of the night period (end of night). F) 
Expression profiles for 124 transcripts encoding mitochondrial proteins that are chang-
ing by 1.5 fold or more in the letm1(-/-) LETM2(+/-) background. Blue/turquoise colour 
indicates transcripts that are down-regulated and red/yellow colour indicates tran-
scripts are up-regulated according to the colour scale. 



14 days 
drought

16 days 
drought

5 days 
recovery

Col-0

0 day 
drought

2 cm

2 cm

2 cm

2 cm

letm1-1(-/-)
LETM2-1(+/-)

letm1-2(-/-)
LETM2-2(+/-)

0
10
20
30
40
50
60
70
80
90

100

7 days 
drought

13 days 
drought

Re
la

tiv
e 

w
at

er
 c

on
te

nt
 (%

)

*

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

5  6 7 8 10 11 12 13 14 15 16 17 18 19

Col-0

Col-0 drought

20

RECOVERY

Fv
/F

m

Days withholding water

13  days drought
NBT ( 0 ) DAB ( H O )

2.1.2 1.4.1

2.13.21.13.21.15.2

1.9.22.8.21.7.2

3.2.11.2.2

2.12.11.11.12.10.2

1.6.12.5.1 1.1.1

1.16.22.17.12.16.2

1.8.31.8.11.7.2

1.3.11.2.3

1.11.21.10.1

1.6.21.5.11.4.2

1.13.11.14.21.13.2 1.18.11.16.11.16.2

1.12.1

Untreated
NBT ( 0 ) DAB ( H O )

A) B)

C) D)

Day 14 Day 15 Day 16

0.728 0.702 0.469

0.792 0.790

0.767

0.794 0.784

letm1-1(-/-) LETM2-1(+/-)
letm1-2(-/-) LETM2-2(+/-)

letm1-1(-/-) LETM2-1(+/-) drought
letm1-2(-/-) LETM2-2(+/-) drought

Col-0
letm1-1(-/-) LETM2-1(+/-)
letm1-2(-/-) LETM2-2(+/-)

Col-0

letm1-1(-/-)
LETM2-1(+/-)

letm1-2(-/-)
LETM2-2(+/-)

Col-0

letm1-1(-/-)
LETM2-1(+/-)

letm1-2(-/-)
LETM2-2(+/-)

2 cm

2 cm

0 days 
drought

Figure 8 - legend overleaf

Col-0

0M 8M5M2.5M1M0.5M

2 cm

letm1-1(-/-), 
LETM2-1(+/-)

letm1-2(-/-), 
LETM2-2(+/-)

E)



Figure 8. Physiological analysis of drought resistance in letm1(-/-) 
LETM2 (+/-) plants. A) Plants of wild-type (Col-0), letm1-1(-/-) LETM2-1(+/-) 

and letm1-2(-/-) LETM2-2(+/-) mutants grown under a controlled watering 

regime for 3 weeks in long day growth room and deprived from further 

watering for 16 days. On day 17, plants were re-watered and observed for 

recovery 5 days later. Bars equal 2 cm. B) Measurement of Fv/Fm for wild-

type and mutant plants under drought and normal watering conditions. Dotted 

line indicates when water was re-applied to drought treated plants. Bottom 

panel shows false colour images of Fv/Fm measurements obtained from 

drought-affected specimens during late drought. The average Fv/Fm values 

for each plant are shown in the bottom right corner of each panel. C) Relative 

water content of Col-0 and mutant plants measured at 0, 7 and 13 days after 

start of drought treatment. Asterisk indicates a significant decrease in relative 

water content compared to day 0. D) Representative images illustrating H2O2 

and O2
– accumulation in Col-0 and mutant leaves, visualized by pre-staining 

with 3,3'-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT), 

respectively. Stains were performed in untreated conditions and after 13 days 

drought treatment; stains were repeated twice using 2-3 leaves from 3 plants 

each time. The numbers above each leaf refer to the experiment number, 

plant number and leaf number respectively. E) Effect of exogenous H2O2 on 

Col-0 and letm1(-/-) LETM2(+/-) leaves pre-treated with drought for 13 days 

before being floated on a solution of H2O2 at the indicated concentration.  
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Figure 9. Analysis of global changes in transcript abundance for various 
LETM mutant lines under normal growth conditions. A) Summary of 

differentially expressed genes with fold-changes greater than 1.5 fold, after 

False Discovery Rate (FDR) correction, either up-regulated (shown in red 

shading) or down-regulated (shown in blue shading) for various comparisons 

between different genotypes. Color scale is shown. Brighter red and blue 

coloring and black boxes indicate a greater number of transcripts are 

changing in letm1(-/-) LETM2(+/-) versus Col-0 plants. B) Venn diagrams 

show the overlapping up-regulated transcripts and down-regulated transcripts 

in red and blue circles, respectively. Bold numbers represent significantly 

more overlap than expected by chance (P<0.05) according to a chi-squared 

test. All transcripts displaying antagonistic changes are shown in the black 

box, regardless of direction. C) The network graphs show BiNGO visualization 

of the overrepresented GO terms for genes either i) down-regulated or ii) up-

regulated in letm1(-/-) LETM2(+/-) versus Col-0plants, under normal 

conditions. Categories in GoSlimPlants (Maere et al., 2005) were used to 

simplify this analysis and the same nodes are shown on both graphs. 

Uncoloured nodes are not overrepresented, but they may be the “parents” of 

overrepresented terms. Coloured nodes represent GO terms that are 

significantly overrepresented (Benjamini and Hochberg corrected P value < 

0.05), with the shade indicating significance as shown in the colour bar. D) 
Mapman analysis illustrating significant (FDR corrected) changes in transcript 

abundance for transcripts associated with abiotic stress and redox control for 

letm1(-/-) LETM2(+/-) compared to Col-0 under normal conditions. Red and 

blue boxes indicate up and down-regulated transcripts, respectively. Colour 

scale is shown. E) Hierarchical cluster of significant fold changes in various 

mutant lines for transcripts associated with REDOX defence and scavenging 

systems. Cluster was generated using euclidean distance and average 

linkage measures; Log2 colour scale for fold change magnitude is shown. 
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Supplementary figure 1. Detailed phenotypic analysis of LETM1 and LETM2 mutant 
lines in terms of root length (A), maximum rosette radius (B), number of rosette leaves (C) 
and inflorescence height (D) over the course of time according to Boyes et al., 2001. For 
root lenght plants were grown on MS media, for the other parameters plants were grown in 
soil. Panels E and F show the average number of days after sowing that the different lines 
reached specific growth stages according to Boyes et al., 2001. Days after sowing are 
indicated, distance is measured in millimeters.Asterisks indicate significant difference 
(p<0.05) compared to wild type in both mutant alleles. 
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Supplementary Figure 2. Phenotypical analysis of AtLETM double mutants. 
A) The whole rosettes of the wild-type (Col-0), letm1-1(-/-) LETM2-1(+/-) and 
letm1-2(-/-) LETM2-2(+/-) mutants grown 35 days under medium day regime (12h 
day, 12h light). B) Floral buds of the wild-type (Col 0), letm1-1(-/-) LETM2-1(+/-) 
and letm1-2(-/-) LETM2-2(+/-) mutants.
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Supplementary Figure 3. Alignment of the protein sequences of AtLETM1, AtLETM2 and their 
orthologs in human and yeast. Antibody production for AtLETM1. A) Alignment analysis of full 
length proteins of AtLETM1, AtLETM2 and their orthologs in human (HsLETM1, NP_036450.1) and 
yeast (ScMDM38, NP_014615.1). The conserved domains are marked by lines or boxes. B) The 
sequences of two protein fragments of AtLETM1 used to raise polyclonal antibodies. C) Western 
blotting of full-length proteins AtLETM1 and AtLETM2 expressed in bacteria with the two antibodies 
raised against AtLETM1, anti-AtLETM1 AB1 and anti-AtLETM1 AB2. AB1 cross reacts with both 
isoforms of AtLETM while AB2 only detects AtLETM1. D) Western blotting of isolated mitochondria 
from wild type Col-0 and AtLETM1 and AtLETM2 single and double mutants with the two antibodies 
raised against AtLETM1.
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Supplementary Figure 4. Linearity of detection of LETM protein with 
the LETM1 antibody. Dilutions of mitochondrial proteins from  20 μg to 
5 μg were separated by SDS-PAGE, blotted to supported nitrocellulose and 
probed with the LETM1 antibody. Detection of cross-reacting products was 
carried out using chemiluminesence and the signal was captured using 
ImageQuant RT ECL (GE Healthcare, Sydney) and quantified using Image-
Quant TL (GE Healthcare, Sydney).
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Supplementary Figure5. Steady state mitochondrial transcript abundance levels in 
letm1-1(-/-) LETM2-1(+/-) Arabidopsis plants. qRT PCR was performed to compare the 
abundances of mitochondrial transcripts in letm1-1(-/-) LETM2-1(+/-) mutant seedlings 
compared to Col-0 seedlings. Transcript levels are depicted as log2 of the ratio of values 
determined in mutant versus Col-0 samples for each transcript on the mitochondrial 
genome. Three technical replicates of three independent biological repeats were 
performed and averaged per genotype; standard errors are indicated. Nuclear 18S (used 
as a normalization control) along with ACT2 and UBC transcripts were included as con-
trols.
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Abstract

AAA-type ATPases (ATPases associated with various cellular activities) are 

present in all kingdoms of life, and exert their activity through the energy-

dependent unfolding of macromolecules. They play roles in diverse cellular 

processes, including membrane fusion, complex assembly and cell division. 

The Arabidopsis genome encodes about 60 putative AAA-type ATPase proteins,

however, most of them still have not been functionally characterized. In this 

study, we characterized an AAA-type ATPase, AtBCS1, which is encoded by a 

stress responsive gene. Phylogenetic and structural analysis indicated 

functional divergence between the plant, animal and fungus homologs. 

Subcellular localization assays showed that it is located in the mitochondrial 

outer membrane, in contrast to the yeast BCS1 that is located in the inner 

mitochondrial membrane.. Transcript analysis showed that AtBCS1 is highly 

induced by various biotic elicitors and in a set of MAPK signaling cascade 

mutants where the systematic acquired resistance (SAR) was constitutively 

initiated. Transgenic plants with decreased expression of AtBCS1 did not show 

obvious growth differences compared to wild type under normal and stress 

conditions. However, transgenic plants with overexpression of AtBCS1 showed 

compressed rosette structure with curled leaves, and increased sensitivity to 

pathogen attack. Our results suggest that AtBCS1 plays a role in biotic stress 

response by affecting mitochondrial function.
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Introduction

Plants, because of their immobile nature, are continually exposed to a 

variety of detrimental environmental conditions i.e. stresses. Stress is broadly 

defined as any condition that negatively impacts on plant productivity and 

reproduction, including abiotic and biotic ones. Several studies have shown that 

mitochondria are a target of a variety of abiotic stresses (Bartoli et al., 2004; 

Giraud et al., 2008). Stress responses result in the production of reactive 

oxygen species (ROS) and cause oxidative damage (Fujita et al., 2006; Gadjev 

et al., 2006). Mitochondria are shown to be the main target for oxidative 

damage in wheat leaves (Bartoli et al., 2004), which can result in inhibition of 

Complex I and aconitase (Zhang et al., 1990; Verniquet et al., 1991), pyruvate 

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

Leaver, 2000). When plants are challenged by potential pathogens, plants can 

recognize compounds containing molecular patterns from pathogens and other 

microbes (pathogen/microbe associated molecular patterns, PAMP) and initiate 

PAMP-triggered immunity (PTI) (Schwessinger and Zipfel, 2008). Responses 

associated with PTI include activation of mitogen-activated protein kinase 

(MAPK) cascades.

Mitochondria are also suggested to regulate the cellular stress response 

(Clifton et al., 2006; Van Aken et al., 2009a).Change of mitochondrial redox 

homeostasis in Complex I mutants in Nicotiana sylvestris was shown to result in 

enhanced expression and activity of antioxidant enzymes and thus increased 

tolerance to different abiotic and biotic stress treatments (Dutilleul et al., 2003c).

The absence of AOX1a in Arabidopsis thaliana changes expression of 

antioxidant defence components and stress responsive genes, and thereby the 

basal defence status (Giraud et al., 2008). Studies show that various nuclear 

genes encoding mitochondrial proteins are responsive to multiple stress 

conditions, including AOX, NADH dehydrogenases and heat shock proteins 

(Clifton et al., 2005; Taylor et al., 2009). Recently a comprehensive list of

nuclear genes encoding mitochondrial proteins were shown to be widely 

responsive to stresses (Van Aken et al., 2009d).

AAA-type ATPases were firstly defined as ‘ATPases Associated with 

diverse cellular Activities’ (Erdmann et al., 1991). They are conserved in 
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prokaryotes and eukaryotes and are encoded by a large gene family (Erzberger 

and Berger, 2006). The family is characterized by a highly conserved P-loop 

NTPase domain of about 240 amino acid residues (Tomoyasu et al., 1993; 

Hanson and Whiteheart, 2005). AAA proteins have been suggested to function 

in microtubule disassembly, membrane fusion, peroxisome biogenesis and 

assembly of mitochondrial membrane protein complexes (Patel and Latterich, 

1998; Ogura and Wilkinson, 2001; Iyer et al., 2004; Hanson and Whiteheart, 

2005).

AAA proteins contain a short non-ATPase N-terminal domain (the N-

domain), followed by one or two AAA domains (Frickey and Lupas, 2004). This 

AAA-domain contains the Walker A and B motifs together with another SRH 

(second region of homology) domain, which confer more specific features for 

ATP binding and hydrolysis (Patel and Latterich, 1998). Most eukaryotic 

genomes contain approximately 20-30 potential AAA ATPases but the 

Arabidopsis genome encodes approximately 60 putative members of this family, 

which display high levels of diversity (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 (Sugimoto et al., 2004; Kang et al., 2008; 

Kang et al., 2010).

In this study, we investigated an Arabidopsis AAA-type ATPase gene, 

AtBCS1 (cytochrome BC1 synthesis). Subcellular localization assays showed 

that the AtBCS1 protein is a mitochondrial outer membrane protein. The 

expression of the AtBCS1 was highly responsive to stresses. Transgenic plants 

overexpressing the AtBCS1 gene (35S:AtBCS1) showed abnormal leaf 

development and differential response to pathogen attack. We propose that 

AtBCS1 is involved in plant response to biotic stress.

Results

AtBCS1 is a conserved mitochondrial protein

A set of nuclear genes encoding mitochondrial proteins that is widely 

responsive to a variety of stresses was previously identified in Arabidopsis 

thaliana (Van Aken et al., 2009d). To present, the function of many of these 
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proteins is still unknown. One gene, At3g50930, was annotated as a putative 

homolog of the BCS1 gene involved in cytochrome bc1 synthesis, but no 

functional study has been reported. The adjacent gene in the Arabidopsis 

genome , At3g50940, was found to be the close homolog of At3g50940,

showing 72% amino acid identity and 86 % amino acid similarity for the 

predicted proteins. A blast search revealed that this gene was homologous to 

the mitochondrial protein BCS1 in yeast (Nobrega et al., 1992) and BCS1L in 

human (Visapaa et al., 2002; Hinson et al., 2007), which are located in the 

mitochondrial inner membrane (IMM) and function as a chaperone for the 

assembly of Complex III of the mitochondrial electron transfer chain. These two 

proteins show 43.5 % and 42.7 % amino acid identity, respectively, in the 

conserved AAA ATPase domain to At3g50930. Therefore, the Arabidopsis 

genes were labelled AtBCS1 (At3g50930) and AtBCS1L (At3g50940).

Phylogenetic analysis showed the presence of BCS1 genes in many 

species and they were clearly diverged into two groups, the plant group and 

non-plant group (Figure 1A), which is consistent with previous report (Frickey 

and Lupas, 2004). Structural analysis revealed that all the BCS1 proteins 

contained a conserved AAA (pfam00004), but only these in the non-plant group 

had another conserved BCS1_N domain (Figure 1B), suggesting functional 

difference. Moreover, the alignment analysis of the BCS1 proteins of the plant 

group showed that AtBCS1 contained a unique extension of around 40 amino 

acid residues on the N-terminus (Figure 1C).

Further search in databases showed that AtBCS1L was annotated as a 

pseudogene and no expression was detected in public microarray experiments 

unsing Genevestigator toolbox (Zimmermann et al., 2004). Therefore we did not 

pursue it further and focused only on AtBCS1.

An internal signal peptide targets AtBCS1 to the mitochondrial outer membrane

We previously showed that AtBCS1 targets GFP to the mitochondria 

(Van Aken et al., 2009). Detailed analysis of the targeting specificity for AtBCS1 

was carried out. Transient transformation of the full-length or the truncated 

sequences without the first 47 amino acids of AtBCS1 fused to the N terminus 

of GFP into Arabidopsis suspension cell culture or onion epidermal cells 
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resulted in a mitochondrial green ring pattern, indicative of an outer 

mitochondrial membrane (OMM) localisation. The truncated sequence without 

the first 100 amino acids of AtBCS1 did not target GFP to mitochondria (Figure 

2A). This suggested that AtBCS1 is located on the outer membrane of 

mitochondria and the targeting signal is located inside the N terminus of the 

protein, between amino acid residues 48 and 100, consistent with the internal 

targeting signal of BCS1 in yeast (Folsch et al., 1996). 

In vitro import assays of both the full-length or the 47 truncated 

sequences of AtBCS1 showed processing of the precursor into a mature protein 

(Figure 2B). Disruption of IMM transmembrane potential by valinomycin did not 

affect processing of AtBCS1, but no processing was observed in mitoplasts that 

lack an outer membrane. The processed proteins were not protected from 

digestion by proteinase K, indicating AtBCS1 is not imported into the 

intermembrane space (IMS) or across the inner mitochondrial membrane 

(Figure 2B). These results  show that AtBCS1 is located on the mitochondrial 

outer membrane. 

BCS1 in yeast spans the inner mitochondrial membrane with its C-

terminal domain exposed to the intermembrane space and its N terminus 

extended into the matrix (Hunte et al., 2000).The localization of AtBCS1 on the 

outer membrane suggests that AtBCS1 is unlikely to have the same function as 

the yeast and human BCS1, namely to act as a chaperone for the expression 

and assembly of the mitochondrial Rieske FeS protein into complex III in the 

electron transfer chain. It might also be the reason of the structural difference of 

the BCS1 like proteins between the plant group and the non-plant group.

AtBCS1 is highly responsive to both abiotic and biotic stresses

It has been previously shown that AtBCS1 is a responsive gene (Ho et 

al., 2008; Van Aken et al., 2009b). Further analysis of the publicly available 

microarray data using the Genevestigator toolbox (Zimmermann et al., 2004)

revealed that AtBCS1 is highly responsive to biotic stresses caused by 

mutations or treatments. It was highly induced in the Mitogen-activated protein 

kinase (MAPK) cascade signalling mutants (Figure 3A), including mekk1, mkk1 

mkk2 and mpk4, which showed constitutive systemic acquired resistance (SAR) 
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including elevated salicylic acid (SA) levels, increased resistance to virulent 

pathogens, and constitutive pathogenesis-related gene expression (Nakagami 

et al., 2006; Gao et al., 2008). Furthermore, its expression level significantly 

increased when treated with a variety of biotic stress elicitors, including flagellin, 

chitin and EF- Tu (Figure 3A).

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

treatments including UV, SA, antimycin A and flagellin and samples were 

collected in a time course. Quantitative RT-PCR (qRT-PCR) was carried out to 

quantify the transcript level of AtBCS1 in three independent biological replicates. 

All these treatments significantly induced the transcript level of AtBCS1, with 

flagellin inducing the largest levels of induction already after 30 minutes of 

treatment (Figure 3B).

Taken together, these results show that AtBCS1 is highly responsive to 

both abiotic and biotic stresses.

Inactivation of AtBCS1 did not reveal obvious physiological phenotypes

In order characterize the function of AtBCS1 in planta, T-DNA insertion 

mutants were obtained. After searching the TDNAexpress database 

(http://signal.salk.edu/cgi-bin/tdnaexpress), only one T-DNA insertion mutant 

line, SAIL_1266_A05, was available. However, for the more than 50 plants 

genotyped, the genotyping PCR could get a product with expected size from the 

primer pair of LP and RP However, the primer pair of T-DNA BP and RP or LP 

did not result in a PCR product. The line was reordered from the seed stock 

centre and again no T-DNA insertion could be identified in AtBCS1. Therefore, 

knockdown transgenic lines were generated by artificial microRNA based RNA 

intererference. Two regions of the AtBCS1 sequence were selected as amiRNA 

targets, designated as amiRNA1 and amiRNA2, respectively (Figure 4A).

AtBCS1 expression in the transgenic amiRNA lines was confirmed by 

qRT-PCR in three biological replicates. Several amiRNA lines retained only 

approximately 10% of the AtBCS1 transcript compared the wild type plants 

(Figure 4B). Two of these lines, amiRNA1-3 and amiRNA1-6, were selected for 

further study. Phenotypic study did not reveal any obvious growth difference 
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compared to wild type under normal condition, salinity, drought, high light stress 

or combined high light and drought stress (data not shown).

Overexpression of AtBCS1 resulted in curled-leaf phenotype and differential 

response to pathogen attack

To examine the effect of increased levels of AtBCS1 transcripts on plants, 

overexpression transgenic lines were generated under the control of the 35S 

promoter. The expression level of AtBCS1 in these transgenic lines was 

confirmed by qRT-PCR (Figure 4C). The lines with strong expression of 

AtBCS1 showed a compressed rosette structure with curled leaves under 

normal conditions (Figure 5A). The plants did complete their life cycle and set 

healthy seeds.

Because AtBCS1 expression is highly induced by biotic stress, the 

response of the transgenic knockdown and overexpression lines to pathogens 

was tested. Plants were grown for 4 weeks in soil and then infected with the 

necrotrophic pathogen Botrytis cinerea. Seven days after infection the lesion 

size was examined and scored. The transgenic plants with increased 

expression of AtBCS1 were more sensitive to B. cinerea infection as indicated 

by a more severe spread of disease, suggesting hypersensitive response. 

However, the transgenic plants with decreased expression of AtBCS1 

responded similarly to pathogen attack compared to wild type (Figure 5B), 

suggesting that basal expression of AtBCS1 is sufficient for plant biotic stress 

response to necrotrophic pathogens. Taken together, the results indicated that 

AtBCS1 is a member of the plant immune signalling cascade and plays a role in 

counteracting biotic stress to help the survival of plants.

Discussion

In this study, we characterized a stress responsive mitochondrial AAA-

type ATPase encoded in the nuclear genome and showed that its 

overexpression in plants resulted in abnormal development of leaf and rosette 

and differential response to pathogen attack.

The classic AAA-type ATPases include 6 major clades, the FtsH family, 

NSF/CDC48 family, proteasome ATPase family, Katanin p60 family, PEX1/6 
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subfamily and BCS1 subfamily (Iyer et al., 2004; Snider and Houry, 2008).

Many members have been characterized. Yeast CDC48 and its mammalian 

homolog p97 are members of the AAA ATPase superfamily and involved in 

mitosis, membrane fusion and protein degradation (Bae et al., 2009). Silencing 

of NgCDC48 was shown to cause severe abnormal development of leaf and 

shoot in tobacco. The AAA-type ATPase AtSKD1 was shown to contribute to 

the trafficking of vacuolar proteins and the maintenance of the large central 

vacuole in Arabidopsis (Shahriari et al., 2010). AtFtsH4 is an ATP-dependent 

metalloprotease on the mitochondrial inner membrane in Arabidopsis and loss 

of AtFtsH4 resulted in severe morphological and developmental abnormalities in 

late rosette development, accompanied by ultrastructural changes in 

mitochondria and chloroplasts under short-day conditions (Gibala et al., 2009).

The ASD gene in Arabidopsis encoded an AAA-type ATPases which was 

induced by abiotic stresses, and overexpression of ASD severely disrupted 

seed formation (Baek et al., 2011).

Previous phylogenetic analysis showed that the BCS1 family is the most 

divergent of all the eukaryotic AAA-type ATPase families with a deep division 

between plant sequences and animal and fungal sequences (Frickey and Lupas, 

2004). The distinctive plant specific subfamily has undergone a lineage-specific 

gene expansion, as reflected by 36 paralogs in Arabidopsis in comparison with 

2 genes in fungi and 1 gene in animals (Iyer et al., 2004). Bcs1p in yeast acts 

as an ATP-dependent chaperone and was directly required for the assembly of 

the Rieske FeS and Qcr10p proteins into the cytochrome bc1 complex (Nobrega 

et al., 1992; Cruciat et al., 1999). It maintained the precomplex in a competent 

condition and facilitated the subsequent incorporation of the Rieske FeS and 

Qcr10p proteins. BCS1L was found to be the homolog of BCS1 in human

(Petruzzella et al., 1998). In human mutations of BCS1L resulted in complex III 

deficiency and severe disease, including encephalopathy and liver failure (de 

Lonlay et al., 2001; De Meirleir et al., 2003), GRACILE syndrome (Visapaa et al., 

2002) and Bjornstad syndrome(Hinson et al., 2007). A recent report proposed 

that BCS1 functioned as protein translocase (Wagener et al., 2011).  It is 

involved in export of the folded Fe-S domain of Rip1 across the inner 

membrane and insertion of its transmembrane segment into an assembly 

intermediate of the cytochrome bc1 complex. Our finding suggested that 
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AtBCS1 is located on the outer mitochondrial membrane, which is in agreement 

with previous reports (Van Aken et al., 2009b; Duncan et al., 2011). The 

structural difference between AtBCS1 and BCS1 indicated a possible different 

function of AtBCS1. The OMM location of AtBCS1 in contrast to the inner 

mitochondrial membrane location of BCS1 and BCS1L further supported this 

hypothesis. 

The recognition of pathogen-associated molecular patterns (PAMPs) by 

innate immune responses is conserved among plants, insects and mammals 

(Tena et al., 2001). Flagellin which is a conserved component of bacterial 

flagella was shown to function as a PAMP in plants and mammals (Gomez-

Gomez and Boller, 2002; Gomez-Gomez, 2004). The treatment of plants with 

flg22, a short peptide representing the epitope of flagellin, was shown to induce 

the expression of a number of defence-related genes and resulted in resistance 

to pathogenic bacteria (Zipfel et al., 2004). A complete plant mitogen-activated 

protein kinase (MAPK) cascade (MEKK1, MKK4/MKK5 and MPK3/MPK6) and 

WRKY22/WRKY29 transcription factors were identified to function downstream 

of the flagellin receptor FLS2 to confer resistance to both bacterial and fungal 

pathogens (Asai et al., 2002). Another report suggested that MEKK1, 

MKK1/MKK2 and MPK4 function as a MAPK cascade to regulate innate 

immunity against biotic stress in plants (Gao et al., 2008; Qiu et al., 2008). In 

turn, pathogens have developed mechanisms to suppress PAMP-induced plant 

defenses. HopAll, an effector conserved in bacterial pathogens, was shown to 

inhibit the activation of Arabidopsis MAPKs by PAMPs, which by removed the 

phosphate group from phosphothreonine to inactivate MAPKs using a unique 

phosphothreonine lyase activity (Zhang et al., 2007).

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

stress response in plants. NtAAA1, encoding an AAA-type ATPase in tobacco, 

was transcriptionally induced during the early stage of the hypersensitive 

response and modulated the pathogen response of the host plants (Sugimoto et 

al., 2004). The transgenic tobacco plants with reduced expression of NtAAA1

showed an enhanced resistance to the pathogenic bacterium Pseudomonas 

syringae compared to the wild type. NtAAA1 was shown to attenuate the 

hypersensitive response by suppression of a small GTPase (Lee and Sano, 
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2007). CRT1, an Arabidopsis AAA-type ATPase, was shown to interacts 

with resistance proteins to regulate disease resistance and crt1 mutants lacking 

CRT1 failed to control viral replication and spread (Kang et al., 2008). Further 

study showed that the Arabidopsis mutants crt1-2 crh1-1 lacking CRT1 and its 

closest homolog exhibited reduced resistance to avirulent Pseudomonas 

syringae and Hyaloperonospora arabidopsidis (Kang et al., 2010). Our study 

showed that the expression of AtBCS1 was remarkably induced in the mekk1,

mkk1/2 and mpk4 mutants, and by the treatments of biotic elicitors including 

flg22, chitin and EF-Tu. Moreover, the transgenic plants with overexpression of 

AtBCS1 showed enhanced sensitivity to pathogen attack. This indicates that 

AtBCS1 might play a negative role in regulating the defence mechanism under 

biotic stress. However, the similar sensitivity of the knockdown transgenic plants 

of AtBCS1 to pathogen attack compared to wild type might be because of the 

basal level of expression BCS1 was sufficient to fully function or the 

complementary effect from other AAA-type ATPases. 

In summary, AtBCS1 is shown to be located on the mitochondrial outer 

membrane and involved in the resistance to necrotrophic fungi. However, the 

exact mechanism of function of AtBCS1 in plant defense remains unclear. The 

compressed resette of AtBCS1 overexpression transgenic lines is reminiscent 

of Complex I/prohibitin mutants (Van Aken et al., 2007b; Kühn et al., 2009; 

Kühn et al., 2011), therefore it might affect the assembly of mitochondrial 

complexes. Moreover, by the fact that mitochondria are a critical player in plant 

hypersensitive response (Lam et al., 2001; Senthil-Kumar and Mysore, 2012), it 

might facilitate programmed cell death and result in enhanced spread of 

necrotrophic fungi. Future investigation into the molecular and biochemical 

basis of AtBCS1 regulation is needed to further elucidate its functions in 

Arabidopsis stress responses.
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Material and methods

Materials and growth conditions

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

Seeds were sown on soil mix 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 GFP fusion vectors

Coding sequences for full-length or truncated AtBCS1 were amplified from 

Arabidopsis thaliana cDNA by PCR with the Roche Expand High Fidelity PCR 

System (Roche, Sydney, Australia), using gene specific primers flanked by 

Gateway recombination cassettes (Invitrogen, California, USA, supplemental 

table 1). The full-length and truncated coding sequences were cloned into the 

pDONR201 vector according to the manufacturer’s instructions. Cloning into the 

final 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., 2008b).

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., 2008b). 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., 2009a).

In vitro import studies

[35S]Met-labelled precursor proteins were synthesized using rabbit reticulocyte 

TNT in vitro transcription/translation lysate (Promega, Melbourne, Australia) as 

described previously (Whelan et al., 1995a). Analysis of precursor protein 
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import into intact mitochondria isolated from wild type (Col-0) was performed as 

described previously (Lister et al., 2007).

Stress treatments of plants

Plants were grown on soil for 16 days before treatments. 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 and then sprayed. All the 

plants were put back to growth room after treatments and samples were 

collected at the corresponding time points.

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 1 

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. 

Generation of transgenic plants

To create the artificial microRNA construct, an overlapping PCR was conducted 

using the plasmid pRS300 harbouring the Arabidopsis miR319a precursor as 

PCR template as described (Schwab et al., 2006). The resulting precursor 

fragments were cloned into the pDrive cloning vector (Qiagen) and sequenced. 

The modified precursor DNA fragments were then cloned into EcoRI

and BamHI sites of the binary vector pGreen (Hellens et al., 2000). Arabidopsis 

transformation was carried out using the Agrobacterium-mediated floral dipping 

method. Transgenic plants were selected on MS media containing hygromycin.

To produce transgenic plants overexpressing the AtBCS1 gene, the full-length 

coding sequence was cloned into the pDONR201 vector according to the 

manufacturer’s instructions and sequenced. It was then subcloned into the 

binary vector pK7WG2 under the control of the CaMV 35S promoter (Karimi et 



Chapter 4 Functional characterization of AtBCS1

92

al., 2002a). Arabidopsis transformation was carried out using the 

Agrobacterium-mediated floral dipping method (Clough and Bent, 1998).

Transgenic plants were selected on MS media containing 35 mg/L kanamycin.

Pathogen infection experiment

5 leaves from each 3 week old plant were treated with a drop of Botryitis 

cinerea solution and the disease index was calculated 7 days after infection. 7 

plants per line were included. If the droplet was dry after few days, this was not 

scored. For scoring of the lesion size, 0 meant non-spreading and 3 meant 

severely spreading. 

Accession Numbers

The genes described in this article correspond to the following Arabidopsis 

Genome Initiative codes: At3g50930 (AtBCS1) and At3g50940 (AtBCS1L). A 

complete list of oligonucleotides used in this study is available in supplemental

Table 1.

Supplementary Table 1. List of primer sequences used.
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Figure Legends

Figure 1. Phylogenetic and structural analysis of BCS1 proteins. A) A

rooted phylogenetic tree of BCS1 proteins. The Neighbor-Joining tree was built 

using 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. Genebank sequences of different species in the 

phylogenetic tree: Arabidopsis thaliana (AtBCS1, NP_190662.2; AtBCS1L,

NP_190663.2), 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). B) A diagram of the 

domain structure of BCS1 proteins. The two conserved domains, the AAA 

(cd00009) domain and the non-plant specific BCS1_N domain (smart01024),

are indicated in boxes, respectively. C) The alignment of the N-terminus of 

BCS1 proteins from plants species in the phylogenetic tree. Identical amino acid 

residues are shaded in black. Similar amino acid residues are shaded in gray.
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Figure 2. In vivo and in vitro subcellular localization assay of AtBCS1. A) 
The full length (FL) and truncated coding sequences of AtBCS1 were fused to 

the N-terminus of GFP to assess targeting of GFP. AOX-RFP was used as a 

mitochondrial marker. Scale bars equal to 20 m. B) In vitro import of 

radiolabelled FL and truncated AtBCS1 into isolated mitochondria. The 

radiolabelled precursor proteins were incubated with isolated mitochondria 

under conditions that supported protein uptake. The uptake of AOX and TIM17 

from Arabidopsis was used as positive controls. Mit, mitochondria; Mitoplast,

mitochondria with the outer membrane ruptured; PK, proteinase K; Val, 

valinomycin; p, precursor protein band; m, mature protected protein band.

Figure 3. Transcript abundance of AtBCS1. A) Heat map of Log2-

transformed fold change expression of AtBCS1 in MAPK cascade mutants

involved in innate immunity pathways and wild type plants treated with biotic 

elicitors. The analysis was conducted using Genevestigator and visualized with 

the MeV software (http://www.tm4.org/mev/). B) Time-dependent relative 

expression level of AtBCS1 in wild type plants after treatment with UV, 

Antimycin A (AA), salicylic acid (SA) and flagellin (Flg22). The expression of 

AtBCS1 prior to treatments was set to 1.

Figure 4. Generation of knockdown and overexpression transgenic lines 
of AtBCS1. A) The gene structure of AtBCS1. The two regions selected as 

targets of artificial microRNAs to generate knockdown transgenic lines are

indicated. B-C) Analysis of the relative mRNA abundance of AtBCS1 in the 

knockdown (B) and overexpression (C) transgenic lines by qRT-PCR.

Figure 5. Phenotype of the overexpression transgenic lines of AtBCS1. A) 
The rosette of 5 weeks old wild type Col-0 plants and the AtBCS1

overexpression transgenic plants. Note the more compressed rosette structure 

and curled leaves of the overexpression plants. B) The relative disease index of 

wild type and the transgenic plants of AtBCS1 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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Discussion
The primary aims of this project were to define what mitochondrial 

proteins are responsive to stresses and carry out investigations to characterize 

the functions of the proteins encoded of selected stress responsive genes.

Initially, the general overview of mitochondrial stress response was 

determined. A list of Arabidopsis thaliana genes that putatively encode 

mitochondrial proteins were generated and combined with stress-related 

microarray datasets, which produced a selection of nuclear genes that were 

responsive in at least half of the 16 conditions. Green fluorescent protein (GFP) 

fusion assays were conducted to test the mitochondrial localization of proteins 

encoded by these genes. Finally proteins confirmed to be mitochondrially 

targeted were defined as mitochondrial stress responsive proteins. Two of the 

mitochondrial stress responsive proteins, AtLETM and AtBCS1, were 

investigated to define function.  Physiological, molecular and genetic analysis 

was carried out using T-DNA insertion mutants and transgenic plants with 

decreased or increased expression of the gene of interest to determine their 

functions. 

5.1 Mitochondrial stress response

Alternative oxidase AOX1a has been widely used as a model gene to 

study mitochondrial stress responses in Arabidopsis over the past years (Ho et 

al., 2008; Dojcinovic et al., 2005). The study clearly shows that the 

mitochondrial stress response is much broader than alternative ETC 

components. Besides AOX1a, NDA2, NDB2 of the alternative ETC, the most 

represented mitochondrial stress responsive protein family is the mitochondrial 

substrate carrier (MCF) protein family. Other classical members of the stress 

response are heat shock proteins and chaperones, including the members of 

the sHSP, GrpE, HSP70 and HSP100 type. 

Moreover, the study also reported many proteins of unknown function, 

including QCR7, a 14 kDa putative Complex III subunit; UPOX, a member of a 

small plant specific protein family; LETM, a calcium binding-related protein and 
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BCS1, an AAA-type ATPase family protein. In addition, a number of highly 

stress responsive proteins are found to be dual targeted to mitochondria and 

other organelles, which suggests the crosstalk of mitochondria with the cellular 

stress response network.

Much is still unknown about how the stress responsive expression 

patterns of these genes are regulated. It was clearly shown that common cis-

acting regulatory elements (CAREs) for several classes of transcription factors 

were strongly enriched in promoters of genes encoding mitochondrial 

responsive proteins , including the RAV1-A binding site (CAACA), G-box 

(ACGTC) and W box (TTGAC). These CAREs have been shown to be bound 

by different transcription factors involved in biotic and abiotic stress resistance 

(Rushton et al., 1996; Kagaya et al., 1999; Choi et al., 2000; Sohn et al., 2006;

Eulgem and Somssich, 2007). Further study of these CAREs and the

corresponding transcription factors will be of particular interest.

It is also likely that in this study that only a portion of the mitochondrial 

stress response was identified. Firstly the design of the experiment meant that 

only 16 different arrays sets were used, albeit, after a wider analysis of a 

greater number of array datasets. Secondly transcripts had to respond in a 

positive manner in over half of the chosen 16 arrays datasets, and finally, as the 

complete Arabidopsis mitochondrial proteome is unknown, many genes

encoding mitochondrial proteins may have been over-looked. However a more 

recent analysis (Schwarzländer et al., 2012), confirms that while there may be 

more mitochondrial stress responsive proteins and that mitochondrial 

dysfunction has widespread cellular affects, that this initial study identified many 

of the major mitochondrial stress responsive genes encoding mitochondrial 

proteins.

5.2 Mitochondrial protein function: similarities and differences

5.2.1 A global regulator of translation in mitochondria

The study defined AtLETM as an essential mitochondrial protein required 

for translation of all mitochondrial proteins. In contrast, its related protein 
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MDM38 in yeast is only required by CoxI and Cyt b (Bauerschmitt et al., 2010).

As a consequence, letm1(-/-) LETM2(+/-) plants display lower levels of ATP, 

increased total ascorbate levels and increased resistance to drought stress,

which has never been shown for LETM proteins in other species. Yeast Mdm38 

interacts with Mba1, ribosomes and a translational activator Pet309 to form a 

complex on the inner mitochondrial membrane and regulate translation of CoxI

mRNAs (Frazier et al., 2006; Bauerschmitt et al., 2010). Although the function of 

LETM in Arabidopsis is divergent from that in yeast, LETM might also regulate 

the translation of mitochondrial transcripts through interaction with ribosomes 

and unknown translational activators. Future finding of the binding partners of 

LETM will help to further elucidate its function in vivo. Moreover, it was shown 

that LETM contains EF-hand domain which is bound by Calcium. The LETM1 

protein in Drosophila was determined to be a mitochondrial Ca2+/H+ antiporter 

(Jiang et al., 2009), suggesting a link of AtLETM and calcium. However, further 

biochemical study is needed to determine its relationship with calcium, such as 

testing the calcium antiporter activity of AtLETM.

An unexpected outcome of the study is that the expression of AtLETM2

shows parent of origin effect. A functional maternal AtLETM2 allele in the 

absence of AtLETM1 was shown to be required for viability. Furthermore, the 

paternal LETM2 promoter is silenced during early embryogenesis. It indicates 

that the expression of mitochondrial genes is under maternal control during 

early embryo development at the translational level. A whole-genome study 

showed that the silencing of the paternal LETM2 in embryo was released when 

the maternal parent was of kyp background (Autran et al., 2011), a mutant of 

the SUVH4 histone methyltransferase KRYPTONITE (KYP).  It suggests the 

silencing of AtLETM2 might be through the histone modification by KYP. The 

reciprocal backcross of letm1 and letm1(-/-) LETM2(+/-) plants both in the kyp

background will help to clarify the role of KYP, which is in progress.

Furthermore the recent study outlined above (Autran et al., 2011) also 

identified several other genes encoding mitochondrial proteins whose 

expression displayed a bias in parent of origin for the maternal parent. Many of 

the proteins encoded by these genes may also be associated with mitochondrial 

genes expression, although no functional data currently exists. Thus, while 
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mitochondrial genome inheritance has been extensively defined as being 

maternal, these finding suggest that the expression of the mitochondrial 

genome is also under maternal control during early development. It is worth 

pointing out again that another study that carried out a large scale RNA 

sequencing approach (Nodine and Bartel, 2012), failed to confirm the finding of 

Autran et al. While our studies cannot resolved the differences between both 

studies, the biased expression observed in the Autran et al. 2011 study could 

be confirmed by independent approaches in our study.

5.2.2 A role for mitochondria in biotic stress responses

In this study we showed that AtBCS1 is an AAA ATPase located on outer

mitochondrial membrane and may be involved in pathogen defence in plants. 

However, the protein BCS1 in yeast (Nobrega et al., 1992) and BCS1L in 

human are located in the mitochondrial inner membrane (IMM) and function as 

a chaperone for the assembly of Complex III of the mitochondrial electron 

transfer chain (Visapaa et al., 2002; Hinson et al., 2007). This difference in 

subcellular localization is supported by the clear divergence of the plant group 

and non-plant group BCS1 proteins in phylogenetic analysis and structural 

analysis. 

AtBCS1 was shown to be highly responsive to both abiotic stress and 

biotic stress, including MAPK cascade mutants showing constitutive systemic 

acquired resistance and treatments of biotic elicitors. The transgenic plants 

overexpressing AtBCS1 showed enhanced sensitivity to a necrotrophic 

pathogen Botryitis cinerea, while the knockdown transgenic plants of AtBCS1

showed similar sensitivity. This indicates that AtBCS1 might play a negative role 

in regulating the defence mechanism under biotic stress.

The exact role of AtBCS1 is still unclear. It might affect the assembly of 

mitochondrial complexes based on the similar compressed resette of AtBCS1 

overexpression transgenic lines as complex I mutants. Moreover, it might 

facilitate programmed cell death during hypersensitive response, which is 

abused by necrotrophic fungi, but could be of potential benefit in tolerance 

towards biotrophic pathogens. While programmed cell death pathways have 

been identified in plants (Reape and McCabe, 2010; De Pinto et al., 2012), the 

identity of the molecular components that are involved are unknown. Functional 
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analysis of the outer membrane BCS1 protein may provide valuable insights 

into cell death processes in plants. The characterization of the mitochondrial 

outer membrane proteome, combined with genetic approaches to identify 

interaction partners of BCS1, with further pathogen susceptibility tests will help 

uncover the role of BCS1 in biotic stress responses. Finally the effects of over-

expressing or deleting BCS1 on mitochondrial function also need to be 

determined.

Conclusions

Overall, this study significantly broadens our understanding of 

mitochondrial stress response in plants with the identification of many new 

proteins that are widely responsive to different stresses (Figure 5.1). It also 

uncovered the maternal control of translation of mitochondrial transcripts during 

early embryo development and identified a novel pathogen defence regulator on 

the mitochondrial outer membrane for the first time. 
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