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SUMMARY

Little is known about the mechanisms that control transcription of the mitochondrial and chloroplastic

genomes, and their interplay within plant cells. Here, we describe the positional cloning of the Arabidopsis

RUG2 gene, which encodes a protein that is dual-targeted to mitochondria and chloroplasts, and is

homologous with the metazoan mitochondrial transcription termination factors (mTERFs). In the loss-of-

function rug2 mutants, most organs were pale and showed reduced growth, and the leaves exhibited both

green and pale sectors, with the latter containing sparsely packed mesophyll cells. Chloroplast and

mitochondrion development were strongly perturbed in the rug2-1 mutant, particularly in pale leaf sectors,

in which chloroplasts were abnormally shaped and reduced in number, thereby impairing photoautotrophic

growth. As expected from the pleiotropic phenotypes caused by its loss-of-function alleles, the RUG2 gene was

ubiquitously expressed. In a microarray analysis of the mitochondrial and chloroplastic genomes, 56 genes

were differentially expressed between rug2-1 and the wild type: most mitochondrial genes were

downregulated, whereas the majority of the chloroplastic genes were upregulated. Quantitative RT-PCR

analyses showed that the rug2-1 mutation specifically increases expression of the RpoTp nuclear gene, which

encodes chloroplastic RNA polymerase. Therefore, the RUG2 nuclear gene seems to be crucial for the

maintenance of the correct levels of transcripts in the mitochondria and chloroplasts, which is essential for

optimized functions of these organelles and proper plant development. Our results highlight the complexity of

the functional interaction between these two organelles and the nucleus.

Keywords: leaf development, Arabidopsis, chloroplast and mitochondrion biogenesis, mTERF, variegation,

rugosa.

INTRODUCTION

The molecular mechanisms that regulate leaf morphogen-

esis are far from being fully understood. One of the most

successful approaches to the dissection of this process has

been the isolation and characterization of mutants with al-

tered leaf morphology, hundreds of which have been iden-

tified thus far in different plant species (Berná et al., 1999;

Micol and Hake, 2003; Fleming, 2005; Tsukaya et al., 2007;

Micol, 2009). Some leaf mutants show a severely altered

internal leaf structure, with mesophyll cells containing

defective plastids. A category of these mutants exhibits

patches of green and white or yellowish sectors in normally

green tissues or organs, a phenotype known as variegation.

Typically, chloroplasts are morphologically normal in the

green tissues of variegated mutants, whereas those in the

pale sectors are defective (Rodermel, 2001).

Leaf variegation has been described in a number of plant

species as a consequence of mutations in mitochondrial

genes (Newton and Coe, 1986; Roussell et al., 1991; Gu

et al., 1993) as well as in nuclear genes, the products of

which are targeted to mitochondria (Abdelnoor et al., 2003)

or chloroplasts (Chatterjee et al., 1996; Keddie et al., 1996;

Berthold et al., 2000; Chen et al., 2000; Takechi et al., 2000;

Sakamoto et al., 2002; Naested et al., 2004). Other cases

of variegation result from the instability of transposable
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element insertions in nuclear genes of maize (Rhoades,

1943), Oenothera (Epp, 1973) and barley (Ahokas, 1976).

Hundreds of variegated mutants have been isolated in

Arabidopsis thaliana (Yu et al., 2007). Recessive alleles of

some nuclear genes that affect chloroplast development and

cause leaf variegation have made it possible to ascertain their

functions. Examples are chloroplast mutator (chm) and

immutans (im) (Rédei and Plurad, 1973), yellow variegated 1

(var1), var2 (Martı́nez-Zapater, 1993), var3 (Sundaresan et al.,

1995) and thylakoid formation 1 (thf1; Wang et al., 2004;

Keren et al., 2005; Huang et al., 2006). The IM gene encodes a

chloroplast protein similar to the alternative oxidases (AOXs)

of the mitochondrial inner membrane that act as terminal

oxidases in the alternative pathway of mitochondrial respi-

ration (Berthold et al., 2000). Variegation in im mutants is

likely to result from photo-oxidation in developing plastids.

VAR1 and VAR2 are chloroplast-localized homologs of the

Escherichia coli FtsH protein, an ATP-dependent zinc metallo-

protease (Chen et al., 2000). Variegation in the var1 and var2

mutants has been proposed to be the result of photosystem II

(PSII) photo-inhibition caused by the accumulation of photo-

damaged D1 protein, a subunit of the PSII reaction center core

(Lindahl et al., 2000; Sakamoto et al., 2002; Bailey et al.,

2002). Although VAR3, which is unrelated to VAR1 and VAR2,

encodes a protein containing two zinc-finger domains, the

var3 variegation phenotype resembles those of var1 and var2

(Naested et al., 2004). VAR3 might participate in carotenoid

biosynthesis, because it interacts with the NCED4 carotenoid

dioxygenase in yeast two-hybrid experiments (Naested et al.,

2004). The loss of function of the THF1 gene, which encodes a

chloroplast-targeted protein, causes variegation (Wang

et al., 2004) and impairs PSII function (Keren et al., 2005).

Like Psb29, THF1 is a PSII component (Keren et al., 2005), and

a role for THF1 in sugar signaling through its interaction with

the plasma membrane-delimited G protein GPA1 has

recently been demonstrated (Huang et al., 2006). Variegation

is also exhibited by antisense lines in which the Arabidopsis

ClpP4 and ClpP6 nuclear genes, encoding proteolytic

subunits of the plastid-localized ATP-dependent Clp

protease, are knocked down (Zheng et al., 2006; Sjögren

et al., 2006).

The aforementioned IM, VAR1, VAR2, VAR3 and THF1

genes encode chloroplast-localized proteins, and their loss

of function causes variegation by perturbing chloroplast

function. A different cause of variegation is the impair-

ment of mitochondria, which, in turn, affects chloroplast

development as a consequence of the metabolic intercon-

nection between these organelles. Mitochondria provide

ATP via the electron transfer chain, but their activity is also

essential for dissipation of excess redox equivalents in the

chloroplast stroma, for photosynthesis optimization and for

protection of chloroplasts against photoinhibition (Ragha-

vendra and Padmasree, 2003). Mutations affecting mito-

chondrial development are known to severely disrupt

chloroplast morphology, function and gene expression,

leading to variegated phenotypes, as observed in non-

chromosomal stripe (NCS) mutants of maize and the

Arabidopsis chm mutant. Several mitochondrial functions

are impaired in maize NCS mutants as a consequence of

specific deletions in essential mitochondrial genes, such as

cox2 (which encodes cytochrome oxidase subunit 2) in

NCS6 (Newton et al., 1990; Gu et al., 1993; Jiao et al.,

2005), rps3 and rpL16 (encoding ribosomal proteins; Hunt

and Newton, 1991) in NCS3, and nad4 and nad7 (encoding

subunits of the electron transfer chain complex I; Marienfeld

and Newton, 1994) in NCS2. The Arabidopsis mitochondrial

CHM protein is similar to the yeast Msh1p and E. coli MutS

proteins, which are both required for DNA mismatch repair

and recombination (Abdelnoor et al., 2003). A function for

CHM has been proposed in the control of mitochondrial

genome substoichometric shifting (differential copy number

control) to repress aberrant recombination and/or the

replication of abnormal genomes.

Here we report the genetic and molecular characterization

of two hypomorphic alleles of the RUGOSA2 (RUG2; Berná

et al., 1999) gene, which was found to encode a protein

targeted to mitochondria and chloroplasts, with similarity to

metazoan mitochondrial transcription termination factors

(mTERFs). Our results indicate that RUG2 activity is required

for leaf development in Arabidopsis, and its loss-of-function

leads to a pleiotropic phenotype that includes leaf variega-

tion, reduced growth, and perturbed mitochondrial and

chloroplastic gene expression and development.

RESULTS

Positional cloning of the RUG2 gene

In a large-scale screen for EMS-induced mutations affect-

ing leaf morphology, we identified two Arabidopsis mu-

tants with small vegetative leaves and rounded and

protruding laminae (Figure 1), which were assigned to a

phenotypic class that we named Rugosa (Rug), and were

found to fall into two complementation groups (RUG1 and

RUG2; Berná et al., 1999). We have already low-resolution

mapped the rug1 and rug2 recessive mutations (Robles

and Micol, 2001).

A Col-0 · rug2-1 (in a Ler background) cross was per-

formed, and the DNA of F2 plants exhibiting a leaf phenotype

similar to that of the rug2-1 parental (Figure 1 and above)

was extracted and used to carry out linkage analysis

(Table S1). A 72-kb candidate interval was defined in this

way on chromosome 4, encompassing 17 annotated genes

(Figure 2a). Sequencing of the candidate genes in the rug2-1

mutant and its wild-type Ler identified a C fi T transition

mutation at position 1259 (relative to the predicted transla-

tion initiation codon; Figure 2b) of the At4g02990 gene,

which substitutes an extremely conserved proline residue

by leucine at position 420 of the RUG2 protein (Figure 2c).
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A second mutant allele of RUG2 was found in the Salk

collection of T-DNA lines. The N533963 line, as annotated on

the SIGnAL website (http://signal.salk.edu/), bears a T-DNA

insertion at nucleotide 2269 (Figure 2b; Table S1) in the 3¢
untranslated region (3¢-UTR) of the At4g02990 transcription

unit, 143 nucleotides downstream of the predicted stop

codon (TAA; Figure 2b). The F1 progeny of a cross between

rug2-1 and N533963 displayed a mutant phenotype, con-

firming that mutation at At4g02990 results in the phenotypes

of rug2-1 and N533963, which we named rug2-2. The mutant

phenotype of rug2-1 was complemented by a transgene

carrying the wild-type allele of RUG2 fused to the 35S

promoter (Figure S1; see Experimental procedures).

RUG2 is an mTERF family member

The predicted product of the At4g02990 (RUG2) gene is a

61.5-kDa protein of 541 amino acids in length that shares

similarity to mTERFs, a large family present in metazoans and

plants (Linder et al., 2005). The IPSORT, MITOPROT II and

TARGETP programs predicted RUG2 to be mitochondrial,

as indicated in the Subcellular Proteomic Database

(SUBA, http://suba.plantenergy.uwa.edu.au/index.php),

although for the latter program, similar scores for mito-

chondria (0.264) or chloroplasts (0.191) were obtained. To

experimentally determine the subcellular localization of the

RUG2 protein, stably transgenic Arabidopsis plants

expressing a construct encoding the first 103 amino acid

residues of RUG2 fused to GFP (RUG2-N-terminal:GFP) were

obtained, and GFP signals were detected in large, oval-

shaped subcellular structures completely overlapping with

chlorophyll autofluorescence (Figure 3a–c, g–i). Palisade

cells from Col-0 and a transgenic line carrying a mito-

chondria-targeted GFP construct were used as controls (Lo-

gan and Leaver, 2000; Figure S2; see Experimental

proceudres). Leaf epidermal and mesophyll cells also dis-

played punctate green fluorescence, the size, shape and

rug2-1Ler Col-0 rug2-2

Col-0 rug2-2rug2-1Ler

Ler
Col-0

rug2-1

rug2-2

Ler

rug2-1

rug2-1 Ler

(a)

(e)

(i) (j)

(k)

(l)

(f) (g) (h)

(b) (c) (d)

Figure 1. Some morphological traits of the rug2 mutants. (a–d) Representative rosettes and (e–h) third vegetative leaves of the rug2-1 (in a Ler genetic background)

and rug2-2 (in a Col-0 genetic background) mutants, and their corresponding wild types. (i) Plants grown in soil (45-days old). (j, k) Details of rug2-1 and Ler

inflorescences. (l) Plants grown on vertically orientated agar plates (15-days old). All plants were homozygous for the mutations shown. Scale bars: 1 mm (a, b, d–h,

j, k); 2 mm (c); 1 cm (i, l).
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subcellular distribution of which was consistent with mito-

chondria (Figure 3b,e,f). In order to confirm the identity of the

organelle giving the punctate staining pattern, protoplasts

were isolated according to Yoo et al. (2007) from RUG2-

N-terminal:GFP stably transgenic plants, and were stained

with MitoTracker Red CMX-ROS, a specific mitochondria

fluorescence dye (see Experimental procedures). The green

fluorescence signals in the punctate structures co-localized

with the MitoTracker Red signals (Figure 3j,l), suggesting

that RUG2 accumulates within the mitochondria and, hence,

supporting the dual localization of this protein in chloroplasts

and mitochondria.

Analysis of RUG2 with SMART (http://smart.embl-heidel-

berg.de) revealed a modular architecture with 10 mTERF

motif repeats, each of which is about 31 amino acids in

length (Figure 4). Interestingly, a proline residue is highly

conserved at position 8 of every mTERF motif, and this

residue is replaced by leucine at motif 9 in the rug2-1 allele

(Figure 4). Human MTERF1 contains leucine zipper domains

(Fernández-Silva et al., 1997), but we found no clear evi-

dence for these in RUG2, although some leucines and

similar hydrophobic amino acids were highly conserved

among different mTERF family members (Figure 4).

We identify 34 putative RUG2 paralogs in the Arabidopsis

genome (http://www.ncbi.nlm.nih.gov/BLAST; Figure S3).

RUG2 displayed 55.0, 44.7, 41.6, 25.8, 25.2, 25.1, 24.1 and

23.3% overall sequence identity with mTERF proteins from

rice, Medicago truncatula, Arabidopsis, Drosophila mela-

nogaster, Paracentrotus lividus, Chlamydomonas rein-

hardtii, human and mouse, respectively (Figure 4). Hence,

the amino acid sequence similarity was higher among

terrestrial plants than in unicellular algae or animals.

External morphology of the rug2 mutants

The most conspicuous trait of the rug2 mutants was the

presence of green and yellowish leaf sectors in their vege-

tative leaves (Figure 1a–h), a phenotype reminiscent of

some variegated mutants (Sakamoto, 2003). The paleness of

the rug2 mutants also affects the cotyledons, stems, cauline

leaves and sepals (Figure 1i–k). Consistent with this, chlo-

rophyll content was reduced in rug2 mutants compared with

the corresponding wild types (Table S2).

The rug2 mutants showed a pleiotropic phenotype (all

traits were more extreme in rug2-1), retarded growth and a

general reduction in size, clearly visible in their hypocotyls,

rosettes, stems, fruits and roots (Figure 1; Table S3). Accord-

ingly, we found a decrease in the fresh weight of rug2-1 and

rug2-2, and in the dry weight of rug2-1. Leaves exhibited

reduced expansion along the proximodistal axis, affecting

the final length of both the lamina and the petiole in the

mutants (Table S3). No obvious alterations in floral devel-

opment were detected in the rug2 mutants (Figure 1j,k),

although fertility was reduced in rug2-1 (Table S3).

RUG2 expression analyses

To examine the effect of rug2 mutations on the expression of

the RUG2 gene, total RNA was extracted from 3-week-old

Col-0, Ler, rug2-1 and rug2-2 plants, reverse transcribed and

PCR amplified. Primers flanking the rug2-2 T-DNA insertion

(F3 and R3 in Figure 2b) yielded amplification products only

from Col-0, but not from rug2-2 cDNA or genomic DNA

(Figure 2d). Primers hybridizing upstream of the T-DNA

insertion in rug2-2 (F3 and R2; Figure 2b) yielded a single

band of the expected size (455 bp) for the mutant and for

Col-0. Similar RUG2 transcript abundance was detected by

quantitative RT (qRT)-PCR in the rug2 mutants and their

respective wild types.

We studied the spatial and temporal expression patterns

of RUG2 in Col-0 by qRT-PCR, and detected RUG2 transcripts

(a)

(b)

(c)

(d)

Figure 2. Identification and structural analysis of the RUG2 gene.

(a) Map-based cloning strategy used to identify the RUG2 gene. We identified

15 recombination events (in brackets) in a 6-cM region on chromosome 4

flanked by the nga12 and T10M13 markers. A 72-kb candidate interval partly

encompassed the F4C21 and T4I9 BAC clones, and included 17 annotated

genes (At4g02960–At4g03115).

(b) Structure of the RUG2 gene indicating the nature and positions of the rug2

mutations. Boxes and lines indicate exons and introns, respectively. White

boxes correspond to the 5¢- and 3¢-UTRs. The triangle indicates a T-DNA

insertion. Oligonucleotides used to study RUG2 are represented by horizontal

arrows (not drawn to scale; see Table S1).

(c) Partial alignment of the amino acid sequences of the RUG2 and rug2-1

protein products.

(d) Detection of RUG2 transcripts in rug2-2 and Col-0. PCR amplifications were

performed using genomic DNA (gDNA) or complementary DNA (cDNA) from

3-week-old plants and the primers shown (see Table S1). The OTC gene was

used as an internal control.
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in all organs and stages analyzed (Figure S4). The lowest

expression was found in roots and the highest in cauline

leaves and flowers (7.2- and 4.3-fold higher than in roots,

respectively). Equivalent levels were detected in vegetative

leaves and stems (2.9- and 3.3-fold higher than in roots,

respectively). Temporally, the highest RUG2 expression was

observed in 4-day-old seedlings (1.7- and 2.6-fold higher

than in 12- and 21-day-old plants, respectively).

RUG2 expression in response to different conditions and

in different genotypes that might affect chloroplast function

was studied using GENEVESTIGATOR (http://www.genevesti-

gator.com/gv). No clear-cut differences were found, the

most significant being a twofold RUG2 upregulation in Col-0

seedlings exposed to cold (4�C, 10 days) or to high light

conditions (1600–1800 lmol m)2 s)1).

Effects of environmental factors on the phenotypes

of rug2 mutants

The rug2-1 mutant was sensitive to temperature stress.

When grown at 26�C (our normal growth temperature is

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 3. Subcellular localization of RUG2 in Arabidopsis transgenic plants and protoplasts.

(a–f) Third leaf (a–c) mesophyll and (d–f) epidermal cells from RUG2-N-terminal:GFP transgenic plants showing (a, d) chlorophyll autofluorescence of the

chloroplasts, (b, e) GFP fluorescence, and (c, f) an overlay of the GFP and chlorophyll signals, showing that RUG2 co-localizes with the chloroplasts, and that it is also

detected in the mitochondria.

(g–l) Arabidopsis protoplasts from RUG2-N-terminal:GFP transgenic plants showing (g) chlorophyll autofluorescence, (j) chlorophyll autofluorescence and the

mitochondrial marker MitoTracker signal, (h, k) GFP fluorescence, overlay of GFP and (i) chlorophyll and (l) chlorophyll and MitoTracker signals, confirming the

localization of RUG2 in mitochondria and chloroplasts. Scale bars: 31 lm (a–f); 7.75 lm (g–l).
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20�C), rug2-1 development was severely impaired and its

growth was completely arrested (Figure S5e,f,i,j), whereas

at 16�C its mutant phenotype was fully suppressed

(Figure S5a,b,e,f). Growth of the rug2-2 mutant and Col-0

was affected similarly by culture at 26 or 16�C (Figure S5c,

d,g,h,k,l). Almost no differences were found in RUG2 tran-

script abundance in rug2-1 compared with Ler in qRT-PCR

amplifications performed on RNA from 3-week-old Ler and

rug2-1 plants grown at 16, 20 or 26�C, indicating that the

temperature sensitivity of rug2-1 was not the result of

changes in RUG2 mRNA levels.

Consistent with the pale pigmentation and the reduction

in size of rug2-1, we found that RUG2 is important for

photoautotrophic growth, because the growth of rug2-1 and

rug2-2 was impaired in vitro in the absence of sucrose, a

condition that did not affect wild-type development

(Figure S6). Accordingly, rug2-1 failed to grow when sown

on soil.

Leaf ultrastructure of the rug2 mutants

Internal leaf anatomy was studied in the rug2 mutants by

confocal microscopy of intact leaves and cross sections

(Figure 5). Plastid chlorophyll autofluorescence was almost

undetectable in the pale sectors of rug2-1. In the green sec-

tors, mesophyll cell density was similar to the wild type,

although a decrease in chlorophyll autofluorescence per

chloroplast was observed (Figure 5a,b,e,f). In the yellowish

sectors of rug2-2 a decrease in chlorophyll autofluorescence

and palisade cell number was found (Figure 5c,d,g,h), and

this observation was confirmed in cross sections

(Figure 5k,l).

Chloroplast and mitochondrion morphology was studied

by transmission electron microscopy of leaf palisade cells.

Chloroplasts in the green sectors of rug2-1 were similar in

size to those of Ler but displayed fewer thylakoid mem-

branes, and starch grains were considerably reduced in

abundance (Figure 6a,b). Mesophyll cells in the yellowish

sectors of rug2-1 exhibited a large reduction in the number

of chloroplasts, which were extremely vacuolated and

lacked starch grains and organized thylakoid membranes

(Figure 6a,c). We did not observe mesophyll cells containing

both normal and underdeveloped plastids in rug2-1, indi-

cating that these cells were not heteroplastidic. Chloroplasts

in rug2-2 were indistinguishable from those of Col-0,

although their number was reduced in the pale sectors

(Figure 6a,d).

Mitochondria in the mesophyll cells of the rug2-2 mutant

did not differ appreciably from Col-0 with respect to their

relative size and abundance of cristae (Figure 6e,i,h,l).

In contrast, rug2-1 mitochondria showed abnormal mor-

phology in palisade cells of both green and pale sectors,

with markedly reduced cristae (Figure 6e–g, i–k). Mitochon-

dria in the pale regions were similar to Ler in size and

number, but displayed less intermembrane spaces (Figu-

re 6e,i,g,k). Accordingly, no clear differences were found in

mitochondria size or distribution within cells in rug2-1

compared with Ler, as demonstrated by the introduction

(by crossing) of a mitochondria-targeted GFP construct

(Logan and Leaver, 2000) in rug2-1 (Figure S7).

Maintaining the correct membrane potential across the

mitochondrial inner membrane is crucial for mitochondrial

Figure 4. Multiple alignment of the amino acid sequence of RUG2 and

homologous proteins.

RUG2 (NM_116533) is aligned with mTERF proteins from Arabidopsis thaliana

(At; AY079380), Oryza sativa (Os; NP_001055500), Medicago truncatula

(Mt; ABE94205), Paracentrotus lividus (Pl; CAB40796), Drosophila melanog-

aster (Dm; AY196479), Mus musculus (Mm; AY726770), Homo sapiens (Hs;

Q99551) and Chlamydomonas reinhardtii (Cr; AAM96690). Residues con-

served across five or more sequences are shaded in black, and similar

residues conserved across five or more sequences are shaded in gray.

Numbers indicate amino acid positions. The alignment was obtained using

CLUSTALX 1.5b (Chenna et al., 2003). Continuous lines indicate the mTERF

motifs. Asterisks and an arrowhead indicate the highly conserved proline

residues and the amino acid change in the rug2-1 mutant allele, respectively.
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function and integrity. Aiming at visualizing the functional

state of rug2-1 mitochondria, protoplasts isolated from

leaves of this mutant and Ler were stained with tetrameth-

ylrhodamine methyl ester (TMRM; see Experimental

procedures), a lipophilic cationic dye that accumulates

proportionally to the mitochondrial membrane potential

(Zhang et al., 2001; Kim et al., 2006). The lower the mito-

chondrial membrane potential the less fluorescence can be

detected because the capability of the mitochondria to retain

the probe is diminished. A threefold reduction in the

fluorescence of protoplasts from rug2-1 compared with Ler

was found, indicating that the mitochondrial membrane

potential and hence mitochondrial function is perturbed in

the mutant (Figure 7).

Double mutant analyses

We crossed rug2-1 with sca3-1 (scabra3-1), a mutant defec-

tive in chloroplast and leaf development. SCA3 is the

nuclear-encoded RNA polymerase RpoTp targeted to chlo-

roplasts (Hricová et al., 2006). Four phenotypic classes were

found in the F2 progeny of the rug2-1 · sca3-1 cross, con-

forming to a 9:3:3:1 ratio (v2 = 4.94; P = 0.17). The genotypes

of the double mutants were confirmed by sequencing of the

RUG2 and SCA3 genes (see Experimental procedures). We

considered the phenotype of the rug2-1 sca3-1 double

mutants to be synergistic because they displayed very small

and narrow pale green leaves, and plant size was substan-

tially reduced compared with that of the parental mutants

(Figure 8).

Expression analysis of organelle genes in the rug2-1 mutant

The similarity of the RUG2 protein to mTERF factors

involved in transcriptional control, and its dual localization

in chloroplasts and mitochondria, prompted us to investi-

gate the expression of both organelle genomes in the severe

rug2-1 mutant. For this purpose, we constructed a DNA

microarray containing probes representing 121 genes of the

Arabidopsis mitochondrial genome (ftp://ftp.arabidopsis.

org/home/tair/home/tair/Sequences/chloroplast) and 128

genes of the chloroplastic genome (ftp://ftp.arabidopsis.org/

home/tair/home/tair/Sequences/mitochondrial) (Table S4).

We detected 56 genes (22.5%) that were deregulated in

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

Figure 5. Internal leaf structure in the rug2 mutants.

(a–h) Confocal micrographs showing chlorophyll autofluorescence in mesophyll cells of whole third leaves (a–d) and details of the mesophyll (e–h), depicting a

border between green (right) and pale (left) sectors in rug2-1 (f).

(i–l) Transverse sections of third leaves. Pictures were taken 21 days after sowing. All plants were homozygous for the mutations shown. Scale bars: 1 mm (a–d);

50 lm (e–h); 40 lm (i–l).
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rug2-1: 26 mitochondrial (21.5% of all mitochondrial genes)

and 30 plastidic (23.4% of all chloroplast genes); 31 (55.3%)

genes were downregulated and 25 (44.7%) genes were

upregulated. Interestingly, 23 of the downregulated genes

(74.2% of all downregulated genes) were mitochondrial,

including most of those encoding subunits of the major

respiratory complexes of the inner mitochondrial membrane

(complexes I, III, IV and V; Table S5). Besides, we found that

mitochondrial genes encoding hypothetical proteins

(AtMg00500, AtMg00520 and AtMg00590), open reading

frames without assigned function (orf25, orf101b, orf113,

orf149 and orf294), the rpS3 and rpL5 genes (encoding the

S3 and L5 ribosomal proteins, respectively) and the ccb206

gene (encoding a protein involved in cytochrome c matu-

ration) were downregulated (Table S5). Only three mito-

chondrial genes of unknown function (orf116, orf109b and

orf121a) were upregulated in rug2-1. In the chloroplastic

genome, trnc and trns.2 (encoding the Cys and Ser tRNAs),

rrn4.5, rrn16 and rrn23 (encoding 16S, 23S and 4.5S rRNAs),

psbA and psbN (encoding subunits of the PSII core complex)

were all downregulated (Table S5). Nevertheless, the tran-

scripts of the majority of plastid genes detected in our

microarray (23; 92% of all upregulated genes) accumulated

at higher levels in rug2-1 compared with Ler. These included

rpoB and C2 (encoding the RNA polymerase subunits b and

b¢¢), trna.1, trni.2, trnl.1, trnk, trnv.3 and trnt.2 (encoding Ala,

Ile, Leu, Thr, Lys and Val tRNAs, respectively), rpS2, rpS3,

rpS4, rpS15, rpL2, rpL16 and rpL20 (encoding S2, S3, S4,

S15, L2, L16 and L20 ribosomal proteins, respectively), ndhE

and ndhB.2 (encoding the NADPH dehydrogenase subunits),

psbL and psbF (the products of which are subunits of the

PSII core complex), matK (encoding a maturase), ccsA (the

product of which is a cytochrome c biogenesis protein),

atpH (encoding an ATPase III subunit) and ycf1.2 (encoding

a hypothetical protein).

We validated our microarray results by qRT-PCR and

confirmed that in rug2-1 the matK, rpoB, rpoC2 and rpsL20

genes were upregulated both by qRT-PCR (12.1-, 9.2-,

7.5- and 3.9-fold, respectively) and microarray analyses

(6.0-, 2.2-, 2.4- and 2.0-fold, respectively), whereas the cox1

(encoding cytochrome oxidase subunit 1) and psbA genes

were downregulated both by qRT-PCR (1.2- and 1.3-fold,

respectively) and microarray analyses (1.9- and 2.4-fold,

respectively).

The levels of the plastid-encoded RbcL (large subunit of

RUBISCO), atpB (ATP synthase subunit b) and psbA (PSII

(a) (e) (i)

(j)

(k)

(l)

(f)

(g)

(h)

(b)

(c)

(d)

Figure 6. Transmission electron micrographs of third-node leaf mesophyll cell chloroplasts and mitochondria of the rug2 mutants.

(a–d) Representative chloroplasts and

(e–l) mitochondria of Col-0, Ler and the rug2 mutants. Chloroplasts and mitochondria of Ler and Col-0 were indistinguishable. (b) Abnormal chloroplasts and (f, j)

mitochondria in mesophyll cells of a green sector of the rug2-1 mutant showing their defectively organized internal membranes. (c) An extremely abnormal

chloroplast showing enlarged thylakoids (arrows) and (g, k) mitochondria in cells of a pale sector of the rug2-1 mutant. (d) Chloroplasts and (h, l) mitochondria of

mesophyll cells in the rug2-2 mutant. All plants were homozygous for the mutations shown. Leaves were collected 21 days after sowing. Scale bars: 2 lm (a–d);

1 lm (e–l).
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core complex D1) proteins and the nuclear-encoded and

mitochondrial-localized FtsH10 protein were investigated by

western blot analysis. All the chloroplastic proteins were

accumulated in rug2-1 and soldat10, an Arabidopsis mutant

defective in an mTERF factor exclusively localized in the

chloroplasts (Meskauskiene et al., 2009), to lower levels than

in Ler (Figure S9). Interestingly, compared with the wild

type, much less FtsH10 protein was detected in rug2-1 but

not in soldat10, consistent with the dual targeting of the

RUG2 protein to chloroplast and mitochondria (Figure 9).
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Figure 7. Mitochondrial membrane integrity.

Confocal laser scanning images of Arabidopsis

protoplasts from (a–c, g–i) Ler and (d–f, j–l) rug2-

1, showing (a, d, g, j) chlorophyll autofluores-

cence of the chloroplasts, (b, e) MitoTracker and

(h, k) tetramethylrhodamine methyl ester

(TMRM) signals. rug2-1 showed lower TMRM

fluorescence than Ler, suggesting a reduction of

the mitochondrial inner membrane potential in

rug2-1. The overlay of chlorophyll autofluores-

cence with (c, f) MitoTracker and with (i, l) TMRM

is also shown. Scale bar: 7.75 lm.

(m) Quantification of the TMRM average fluores-

cence, confirming the reduction in the TMRM

fluorescence in rug2-1. Data points represent

means � SDs of 15 individual protoplasts. PIV:

pixel intensity values.
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RpoT transcript accumulation in the rug2-1 mutant

The RpoT nuclear genes encode T7 phage-type RNA

polymerases [nuclear encoded polymerases (NEPs); Hess

and Börner, 1999; Shiina et al., 2005], which transcribe

mitochondrial and chloroplastic genes. Experimental results

indicate the existence of crosstalk between the regulatory

pathways of the NEPs through organelle-to-nucleus com-

munication (retrograde signaling; Emanuel et al., 2004; Baba

et al., 2004; Hricová et al., 2006). This evidence and the

severe perturbation of mitochondrial and plastidic gene

expression in rug2-1 (Table S5) prompted us to investigate

whether expression of the Arabidopsis RpoT nuclear genes

(RpoTm, RpoTp/SCA3 and RpoTmp, the products of which

are targeted to the mitochondria, chloroplast and both

organelles, respectively) was affected in rug2-1. The RpoTp/

SCA3 gene was upregulated 1.8-fold compared with Ler

(1.8 � 0.3; P = 0.002), whereas RpoTmp and RpoTm were

only slightly affected [down- and upregulated 1.1-fold

(1.1 � 0.0; P = 0.001) and 1.2-fold (1.2 � 0.1; P = 0.08),

respectively]. Consistent with the accumulation of RpoTp/

SCA3 transcripts in rug2-1, the NEP-transcribed plastid

genes rpoB and rpoC2 were upregulated in this mutant

(Table S5).

DISCUSSION

The RUG2 gene encodes an mTERF-related protein

This work aimed to characterize the Arabidopsis rug2

mutants at the genetic and molecular levels. We positionally

cloned the RUG2 gene and found it to encode a protein dual

targeted to leaf chloroplasts and mitochondria, and dis-

playing similarity to mTERFs, a wide family of proteins

identified in metazoans and plants (Linder et al., 2005). Dif-

ferent mTERF proteins have been characterized in animals:

human MTERF1 (Fernández-Silva et al., 1997; Ası́n-Cayuela

et al., 2004) and mTERFL (mTERF-like; Chen et al., 2005),

murine mTERF (Li et al., 2005), MTERF3 (Park et al., 2007),

MTERF2 (Wenz et al., 2009) and MTERF4 (Cámara et al.,

2011), rat mTERF (Prieto-Martı́n et al., 2004), sea urchin

mtDBP (Loguercio-Polosa et al., 1999, 2002) and DmTTF in

D. melanogaster (Roberti et al., 2006). The founder member

of this protein family, the human MTERF1, is a multizipper

protein that regulates mitochondrial gene transcription

through binding as a monomer (it is inactive as a

homotrimer) to a 28-nucleotide sequence located at the 3¢
end of the 16S rRNA gene, promoting termination of tran-

scripts from the first transcription initiation site (H1). After

processing, this polycistronic transcript yields 12S and 16S

rRNAs, and tRNAPhe and tRNAVal. MTERF1 was also found to

stimulate transcription initiation through binding to H1

(Prieto-Martı́n et al., 2004; Martin et al., 2005). Park et al.

(2007) have shown that the mouse Mterf3 gene is a negative

regulator of mitochondrial transcription initiation, and its

function is essential for embryo development. Wenz et al.

(2009) reported that the inactivation of the mouse

mitochondrial transcriptional modulator MTERF2 reduces

mitochondrial transcripts, resulting in myopathy and mem-

ory deficits, and very recently, Cámara et al. (2011) found

that mouse MTERF4 controls mitochondrial ribosomal bio-

genesis and translation. Additional evidence supports a role

for MTERF1, 2 and 3 in mitochondrial DNA replication

(Hyvärinen et al., 2007, 2010). In humans, an A fi G substi-

tution in the recognition site of MTERF1 results in the severe

impairment of 16S rRNA transcription termination, which is

associated with mitochondrial encephalomyopathy lactic

(a) (b)

Figure 9. Western blot analysis of plastid and mitochondrial proteins.

(a) Western blot analysis of total protein extracts from 6-day-old Ler, rug2-1

and soldat10 seedlings with the indicated antibodies. (b) BioSafe Coomassie

blue was used as a loading control. Each lane contains 20 lg of protein.

rug2-1 sca3-1 rug2-1 sca3-1

(a) (b) (c)

Figure 8. Synergistic phenotype of the rug2-1 sca3-1 double mutant.

(a–c) The (a) rug2-1 and (b) sca3-1 single mutants, both in a Ler genetic background, and (c) the rug2-1 sca3-1 double mutant. Pictures were taken 21 days after

sowing. Scale bars: 1 mm.
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acidosis and stroke-like episodes (MELAS) syndrome (Hess

et al., 1991).

In stark contrast to mammals, the control of mitochondrial

gene expression in plants is poorly understood. Although

mitochondrial metabolic functions are basically the same in

all organisms, plant mitochondrial genomes display distinc-

tive features from those of animals and fungi: larger size,

wide rearrangements and transcription units usually sepa-

rated by long intergenic sequences of unknown function

(Forner et al., 2007). In contrast to plastid genes, plant

mitochondrial genes are transcribed exclusively by nuclear-

encoded proteins. Two Arabidopsis genes encoding mito-

chondrial RNA polymerases have been identified, and the

functional analysis of one of them, RpoTmp, has been

reported (Baba et al., 2004). Despite this, very little is known

about other factors controlling gene expression in plant

mitochondria (Binder and Brennicke, 2003). When this work

was submitted, only two genes encoding mTERF-related

factors had been characterized based on the analysis of a

mutant phenotype in photosynthetic organisms: the MOC1

gene in the green unicellular alga C. reinhardtii (Schonfeld

et al., 2004) and SOLDAT10 in Arabidopsis (Meskauskiene

et al., 2009). Perturbation of MOC1 function causes a light-

sensitive phenotype and alters the expression of mitochon-

drial genes encoding proteins of the respiratory complexes.

A mutation in the mTERF-related gene SOLDAT10 (the

product of which is plastid localized), abrogates 1O2-medi-

ated cell death in the Arabidopsis flu mutant, which usually

accumulates 1O2 during a shift from dark to light. Very

recently, Babiychuk et al. (2011) reported the characteriza-

tion of the Arabidopsis mutant belaya smert (bsm) affected

in the At4g02990 (RUG2) gene. The authors detected the

BSM protein exclusively in the chloroplasts, and growth of

the bsm mutant was seriously compromised, leading to

malformed albino seedlings that required hormone supple-

mentation for cell proliferation and organogenesis.

Organelle and mesophyll cell development are impaired

in rug2 mutants

The rug2-1 mutant and, to a lesser extent, rug2-2, displayed

a variegated phenotype, with green and yellowish sectors in

their leaves and notable paleness in the remaining organs.

Consistent with their molecular lesions, the mutant pheno-

type of rug2-1 was stronger than that of rug2-2, as rug2-1

carries a missense mutation that affects a highly conserved

residue in the RUG2 protein, whereas rug2-2 bears a T-DNA

insertion in the 3¢-UTR of RUG2. As expected from the

pleiotropic phenotype found in the rug2 mutants, RUG2 is

ubiquitously expressed.

Our findings suggest that Arabidopsis RUG2 protein is

dually targeted to mitochondria and chloroplasts. Consis-

tent with this, a proteomic study identified RUG2 in the

stroma of chloroplasts (Olinares et al., 2010) and, moreover,

it was predicted to be in the mitochondrial proteome based

on a computational framework developed by Cui et al.

(2011) aimed at identifying Arabidopsis mitochondrial pro-

teins according to a probabilistic model (called the Naive

Bayesian Network), which integrates different genomic data

generated from bioinformatics tools, multiple orthologous

mappings, protein domain properties and co-expression

patterns using microarray profiles.

According to the dual subcellular localization of RUG2,

chloroplasts and mitochondria showed abnormal morpho-

logies in rug2-1. Thus, chloroplasts were not properly

developed in mesophyll cells of the green areas of rug2-1

leaves, and were extremely abnormal in the pale ones,

lacking organized internal membrane structures and con-

taining undeveloped lamellae leading to diminished chloro-

phyll levels, paleness and defective photoautotrophic

growth. However, as opposed to other well-characterized

variegated mutants, such as im or var2 (Sakamoto, 2003),

chloroplasts were not completely normal in the green

sectors of rug2-1 mutant leaves. Therefore, the loss of

function of the RUG2 gene seems to disrupt a process

required for proper chloroplast development, which, in turn,

might perturb internal leaf anatomy. This would support the

hypothesis of a putative plastid-to-nucleus developmental

signal controlling mesophyll cell differentiation and prolif-

eration (Rodermel, 2001; Hricová et al., 2006). Alternatively,

RUG2 might be directly necessary for both plastid develop-

ment and mesophyll cell morphogenesis.

The mitochondria of palisade cells were similar in size in

rug2-1 and Ler, but displayed abnormal morphologies in

both the green and the pale leaf sectors of the mutant,

indicating that RUG2 activity is required for chloroplastic

and mitochondrial function, as expected from its subcellular

localization. Consistent with a mitochondrial activity for

RUG2, our TMRM staining results clearly revealed a disrup-

tion in the mitochondrial potential membrane in rug2-1.

RUG2 is involved in chloroplast and mitochondrion

function, and gene expression

Consistent with its similarity to metazoan mTERFs and dual

targeting to mitochondria and chloroplasts our microarray

analyses revealed an important role for RUG2 in plant

organelle genome expression. In Arabidopsis, proteins

dually targeted to both mitochondria and plastids function in

DNA and RNA maintenance, translation and cellular defense

responses (Mackenzie, 2005).

Interestingly, nearly all of the altered mitochondrial genes

in rug2-1 were downregulated, including most of those

encoding subunits of the I, II, IV and V respiratory omplexes,

as was the ccb206 gene, involved in cytochrome c biogen-

esis. Likewise, a decrease in the steady-state levels of RNAs

and proteins of the different oxidative phosphorylation

systems has recently been reported in mouse MTERF2

knock-out mutants (Wenz et al., 2009). As described for

the stm6 mutant of Chlamydomonas, defective in the
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mTERF-related MOC1 gene (Schonfeld et al., 2004), the cox1

gene encoding a key subunit of the cytochrome oxidase

complex is also repressed in rug2-1. Furthermore, we found

in rug2-1 but not in soldat10, a significant reduction in the

level of nuclear-encoded and mitochondria-localized FtsH10

protease. This protein assembles with prohibitins in a high-

molecular weight complex that putatively acts to stabilize

respiratory chain subunits, and/or acts as protein and lipid

scaffolding, controlling inner membrane organization and

integrity (Piechota et al., 2010). This result would point

towards a direct role for RUG2 in mitochondrial function.

Our data suggest that in rug2-1 the mitochondrial respiratory

chain would have a reduced capacity to oxidize chloroplast

reductants, resulting in the over-reduction of the stroma of

chloroplasts. The redox state of plastoquinone (PQ), a

thylakoid membrane electron carrier, governs the transcrip-

tion of plastid genes encoding reaction-center apoproteins of

PSI and PSII, such as psbA (encoding the D1 reaction center

protein of PSII; Pfannschmidt et al., 1999), the expression of

which can be induced or repressed when PQ is oxidized or

reduced, respectively. Interestingly, we found at the mRNA

and protein levels the psbA gene to be downregulated in

rug2-1 plants, supporting our hypothesis of an over-reduced

stroma. Less psbA transcripts have also been detected in the

yellow sectors of the variegated mutants NCS6 of maize (Jiao

et al., 2005) and im of Arabidopsis (Wetzel et al., 1994).

In contrast to mitochondria, most of the altered chloro-

plast genes were upregulated in the rug2-1 mutant, indicat-

ing that RUG2 would act principally as a negative regulator

of chloroplast gene expression. Several of these genes

encode transcription and translation components. Intrigu-

ingly, genes encoding the 16S, 23S and 4.5S rRNAs were

downregulated in rug2-1, as in the Arabidopsis soldat10 and

bsm mutants. This would reduce protein synthesis in the

chloroplasts mostly affecting those with higher turnover

rates, such as the D1 protein (Meskauskiene et al., 2009). We

confirmed this by western analysis: less D1 protein accu-

mulated in rug2-1 compared with Ler. Because the D1

protein is a component of the reaction center of PSII, and

participates in its photoprotection and in photosynthetic

electron transport, we consider it likely that photosynthetic

activity is perturbed in rug2-1 as in soldat10. Accordingly,

much less RbcL protein was found in rug2-1 and soldat10,

and a decrease in RbcL transcript levels has also been

reported in the bsm mutant (Babiychuk et al., 2011). Con-

trary to SOLDAT10 that seems to more selectively affect

chloroplast gene expression, the RUG2 lesion would have a

broader effect in this organelle. Nevertheless, we cannot rule

out an alternative scenario: RUG2 might have a more

specific effect on plastid gene activity, being principally

required for the expression of the rRNA genes. RUG2

deficiency would stimulate a compensatory activity (e.g. a

functionally redundant factor) accounting for the accumula-

tion of various plastid transcripts in rug2-1. The upregulation

in rug2-1 of nuclear genes encoding proteins involved in

plastid or mitochondria transcription would support this

hypothesis (see below).

The alteration caused by the rug2-1 mutation in mito-

chondrion and chloroplast transcript profiles reinforces the

idea of the existence of functional interaction between both

organelles. As RUG2 is a nuclear gene, this suggests a

function in the coordination of the expression of chloroplast

and mitochondrial genomes mediated by the nucleus.

Although there is currently no evidence for direct signaling

between these organelles, different signaling molecules

(e.g. ascorbate, active oxygen species and nitric oxide) have

been proposed as candidates (Raghavendra and Padmasree,

2003). Further results suggest that mitochondrion–chloro-

plast functional interaction could be even more complex,

involving a retrograde signaling mechanism (from one of

the organelles to the nucleus) in order to modulate antero-

grade (from the nucleus to an organelle) control of gene

expression in both organelles. Thus, in the leaves of the

albostrians mutant of barley containing ribosome-deficient

undifferentiated plastids, insufficient chloroplast develop-

ment is signaled to the nucleus, giving rise to upregulation

of plastid RpoTp/SCA3 and mitochondrial RpoTm NEP

genes, leading to increased chloroplast and mitochondrion

genome gene expression (Emanuel et al., 2004). Accord-

ingly, we found the accumulation of RpoTp/SCA3 and, to a

lesser extent, RpoTm transcripts in rug2-1 plants. Enhanced

RpoTp/SCA3 activity would contribute to the accumulation

of NEP-transcribed genes such as rpoB, rpoC2 or rpsL2. The

synergistic phenotype of the rug2-1 sca3-1 double mutant

supports the functional relationship of RUG2 and SCA3

genes. Nevertheless, as RUG2 is plastid localized, we cannot

rule out that these changes in transcript levels could be

caused at least in part, directly by RUG2 perturbation.

Mechanism of rug2 variegation

In im and var2 mutants, a threshold model of activity for the

IM and VAR2 proteins, has been proposed to explain varie-

gation (Wu et al., 1999; Yu et al., 2004). Likewise, based on

our results, we put forward the hypothesis that a threshold

level of RUG2 activity is required for normal mitochondrion

and chloroplast development in Arabidopsis cells. Thus,

defects in mesophyll cell morphogenesis, and hence in leaf

anatomy, would be a secondary effect of the failure in

organelle function caused by RUG2 loss-of-function muta-

tions. When the threshold is not attained in the rug2

mutants, another of the Arabidopsis RUG2 mTERF paralogs

would compensate for RUG2 reduced activity, leading to

green or yellowish sectors. Nevertheless, chloroplasts and

mitochondria are not completely normal, even in rug2-1

green areas, indicating that this compensation would not be

fully accomplished. Our results are in agreement with a cell-

autonomous mechanism of variegation, which has been

invoked to explain the phenotype of reticulate mutants (Yu
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et al., 2007), which exhibit a dark-green vasculature on a pale

leaf lamina, probably as a consequence of the existence of

cell-specific functional redundancy. Our results highlight the

complexity of mechanisms governing concerted gene

expression among the different genomes coexisting within

plant cells. Further investigations will be required to eluci-

date the molecular mechanism by which RUG2 influences

gene expression in chloroplasts and mitochondria.

EXPERIMENTAL PROCEDURES

Plant material, growth conditions and growth assays

Cultures and crosses were performed as described by Ponce et al.
(1998) and Berná et al. (1999), respectively. Seeds of the A. thaliana
(L.) Heynh. wild-type accessions Ler and Col-0 were obtained
from the Nottingham Arabidopsis Stock Centre (NASC, http://
arabidopsis.info). The rug2-1 and sca3-1 mutants were isolated in a
Ler background after ethyl methanesulfonate (EMS) mutagenesis,
and were backcrossed twice to Ler (Berná et al., 1999). Seeds of the
N533963 (rug2-2) T-DNA insertion line were provided by the NASC,
and are described at the SIGnAL website (http://signal.salk.edu;
Alonso et al., 2003). The 43C5 transgenic line, containing the mito-
chondrial signal sequence of the b-ATPase subunit from Nicotiana
plumbaginifolia fused to GFP, was kindly provided by David Logan
(University of St Andrews, Scotland, UK). Temperature sensitivity
and autotrophic growth analyses, and root studies, were performed
as previously described (Hricová et al., 2006).

Morphological and ultrastructural analyses

Dry weight was measured in plants that were oven dried overnight
at 55�C. Whole rosette, third leaf, silique, stem and inflorescence
measurements were performed using IMAGEJ (http://rsb.info.
nih.gov/ij/docs/menus/file.html) from pictures taken using a Leica
MZ6 stereomicroscope (Leica, http://www.leica.com) equipped with
a Nikon DXM1200 digital camera (Nikon, http://www.nikon.com). A
Student’s t-test was applied to the data obtained, with a significance
level of 0.01. Confocal imaging was performed as described by
Pérez-Pérez et al. (2002).

For light microscopy, plant material was fixed with FAA/Triton
(1.85% formaldehyde, 45% ethanol, 5% acetic acid and 1% Triton
X-100), as described by Serrano-Cartagena et al. (2000). Transverse
sections of leaves (0.5-lm thick) were cut on a microtome (Microm
International HM350S; http://www.microm-online.com), stained
with 0.1% toluidine blue and observed using a Leica DMRB
microscope equipped with a Nikon DXM1200 digital camera under
bright-field illumination.

For transmission electron microscopy, mutant and wild-type
plant material was harvested at the same time of day and prepared
as described by Hricová et al. (2006). Visualization of the samples
was performed using a Zeiss EM10C transmission electron micro-
scope (Zeiss, http://www.zeiss.com).

For the measurement of mitochondrial membrane potential,
TMRM (T668; Invitrogen, http://www.invitrogen.com) was added to
a final concentration of 200 nM to rug2-1 and Ler protoplasts, which
were immediately transferred to microscope slide wells and
observed with a confocal microscope. Fluorescence intensity was
quantified using IMAGEJ.

Complementation of the rug2-1 mutation

The coding region of At4g02990 was amplified by PCR using the
primers presented in Table S1 and a proofreading polymerase (Pfu

Ultra; Stratagene, now Agilent, http://www.genomics.agilent.com).
The product was cloned directionally into the GATEWAY entry
vector pENTR-TOPO (Invitrogen), and then subcloned into the
pMDC32 vector by site-directed recombination according to the
manufacturers’ instructions (Invitrogen). Competent E. coli DH5a
cells were transformed and the isolated transformants were tested
by PCR for the presence of the construct. Plasmid DNA was obtained
from positive clones and used to transform competent Agrobacte-
rium tumefaciens LBA4404 cells, and the positives clones were used
for the in planta transformation of rug2-1 plants (Clough and Bent,
1998). For isolation of transformant plants, T2 seeds were sown in
agar plates supplemented with 40 mg ml)1 hygromycin. The pres-
ence of the transgene in the putative transformants was verified by
PCR.

Subcellular localization of the RUG2 protein

The first 311 nucleotides of the RUG2 coding region were ampli-
fied from Col-0 DNA using a proofreading polymerase (Pfu Ultra;
Stratagene) and the primers presented in Table S1, which contain
the attB1 and attB2 sequences, for recombination and directional
cloning of the PCR product in the pGEMteasy221 vector, using the
BP clonase enzyme (Invitrogen). The PCR product insert in
pGEMteasy221 was then transferred to a pMDC85 Gateway vector
(which contains the GFP-coding sequence), by site-directed
recombination using LR clonase (Invitrogen), and competent
Agrobacterium tumefaciens LBA4404 cells were transformed.
Positive transformants were inoculated and used for in planta
transformation of Col-0 plants (Clough and Bent, 1998). Protop-
lasts were prepared from 36-day-old transgenic plants stably
expressing the RUG2-N-terminal:GFP construct under the control
of two CaMV35S promoters, as described by Yoo et al. (2007),
except that Viscozyme L (Sigma V2010, Bagsvaerd, Denmark) was
used instead of macerozyme. Protoplasts were incubated for
15 min in culture medium supplemented with 50 nM MitoTracker
Red CMX ROS (Molecular Probes, http://www.invitrogen.com/site/
us/en/home/brands/Molecular-Probes.html), and washed three
times before confocal analysis. Sample visualization was carried
out in a Nikon Eclipse C1 confocal microscope. The chlorophyll,
GFP and MitoTracker signals were taken from the same leaf or
protoplast preparation by selecting different excitation and emis-
sion wavelengths (excitation – chlorophyll and MitoTracker, 540/
525 nm; GFP, 460/500 nm; emission – chlorophyll and MitoTrac-
ker, 605/55 nm; GFP, 510/560 nm).

Quantitative RT-PCR

Total RNA was extracted from 50–70 mg of 4- and 12-day-old
seedlings, 3-week-old rosettes, roots and vegetative leaves, and
45-day-old stems, cauline leaves and flowers (Ler, rug2-1, Col-0
and rug2-2), and DNase-I treated using the Qiagen RNeasy Plant
Mini kit, following the manufacturer’s instructions. RNA was
ethanol precipitated and resuspended in 40 ll of RNase-free wa-
ter. A 5-mg portion of each sample was reverse transcribed using
random hexamer primers, as described by Quesada et al. (1999).
A 1-ll portion of the resulting cDNA solution was used for
qRT-PCR amplifications, which were carried out in an ABI PRISM
7000 Sequence Detection System (Applied Biosystems, http://
www.appliedbiosystems.com), as described by Pérez-Pérez et al.
(2004). As RUG2 lacks introns, reverse-transcription reactions
without reverse transcriptase were performed in parallel, and 1 ll
of the reaction mixture used for qRT-PCR amplification confirms
the absence of contaminating genomic DNA in the cDNA sample.
Oligonucleotides were designed to yield amplification products of
approximately 100 bp (Table S1). For all other genes containing
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introns, one primer from each primer pair was designed to span
the ends of two adjacent exons so that genomic DNA would not
be amplified. Each 25-ll reaction mix contained 12.5 ll of the
SYBR-Green PCR Master kit (Applied Biosystems), 0.4 lM of
primers and 1 ll of cDNA solution. Relative quantification of the
gene expression data was performed using the 2�DDCt method
(Livak and Schmittgen, 2001). Each reaction was performed using
three biological replicates and the expression levels were nor-
malized to the Ct values obtained for the housekeeping OTC gene
(Quesada et al., 1999).

Protein analysis

Proteins from 6-day-old seedlings of the wild type (Ler), rug2-1 and
soldat10 were isolated as described in Quesada et al. (2003). A
portion of total protein (20 lg) from each genotype was separated
on 10% SDS-PAGE, blotted on nitrocellulose membranes (Amer-
sham Hybond ECL, RPN203D; GE Healthcare, http://www.gelife-
sciences.com) and subjected to immunoblot analysis with specific
antibodies (AS03 037-10, AS03 030-10, AS01 016-10 and AS07 251
(AgriSera AB, http://www.agrisera.com). BioSafe Coomassie blue
(161-0786, Bio-Rad) was used as a loading control.
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Hyvärinen, A.K., Pohjoismäki, J.L., Holt, I.J. and Jacobs, H.T. (2010)

Overexpression of MTERFD1 or MTERFD3 impairs the completion of

mitochondrial DNA replication. Mol. Biol. Rep. 38, 1321–1328.

Jiao, S.X., Thornsberry, J.M., Elthon, T.E. and Newton, K.J. (2005) Bio-

chemical and molecular characterization of photosystem I deficiency in the

NCS6 mitochondrial mutant of maize. Plant Mol. Biol. 57, 303–313.

Keddie, J.S., Carroll, B., Jones, J.D. and Gruissem, W. (1996) The DCL gene of

tomato is required for chloroplast development and palisade cell mor-

phogenesis in leaves. EMBO J. 15, 4208–4217.

Keren, N., Ohkawa, H., Welsh, E.A., Liberton, M. and Pakrasi, H.B. (2005)

Psb29, a conserved 22-kD protein, functions in the biogenesis of photo-

system II complexes in Synechocystis and Arabidopsis. Plant Cell, 17,

2768–2781.

Kim, M., Lim, J.H., Ahn, C.S., Park, K., Kim, G.T., Kim, W.T. and Pai, H.S. (2006)

Mitochondria-associated hexokinases play a role in the control of pro-

grammed cell death in Nicotiana benthamiana. Plant Cell, 18, 2341–2355.

Li, X.M., Zhang, L.S. and Guan, M.X. (2005) Cloning and characterization of

mouse mTERF encoding a mitochondrial transcriptional termination fac-

tor. Biochem. Biophys. Res. Commun. 326, 505–510.

Lindahl, M., Spetea, C., Hundal, T., Oppenheim, A.B., Adam, Z. and Anders-

son, B. (2000) The thylakoid FtsH protease plays a role in the light-induced

turnover of the photosystem II D1 protein. Plant Cell, 12, 419–431.

Linder, T., Park, C.B., Asin-Cayuela, J., Pellegrini, M., Larsson, N.G., Falken-

berg, M., Samuelsson, T. and Gustafsson, C.M. (2005) A family of putative

transcription termination factors shared amongst metazoans and plants.

Curr. Genet. 48, 265–269.

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression

data using real-time quantitative PCR and the 2-DDC
T method. Methods, 25,

402–408.

Logan, D.C. and Leaver, C.J. (2000) Mitochondria-targeted GFP highlights the

heterogeneity of mitochondrial shape, size and movement within living

plant cells. J. Exp. Bot. 51, 865–871.

Mackenzie, S.A. (2005) Plant organellar protein targeting: a traffic plan still

under construction. Trends Cell Biol. 15, 548–554.

Marienfeld, J.R. and Newton, K.J. (1994) The maize NCS2 abnormal growth

mutant has a chimeric nad4-nad7 mitochondrial gene and is associated

with reduced complex I function. Genetics, 138, 855–863.

Martin, M., Cho, J.Y., Cesare, A.J., Griffith, J.D. and Attardi, G. (2005) Ter-

mination factor-mediated DNA loop between termination and initiation

sites drives mitochondrial rRNA synthesis. Cell, 123, 1227–1240.

Martı́nez-Zapater, J.M. (1993) Genetic-analysis of variegated mutants in

Arabidopsis. J. Hered. 84, 138–140.

Meskauskiene, R., Würsch, M., Laloi, C., Vidi, S., Coll, N., Kessler, F., Baruah,

A., Kim, C. and Apel, K. (2009) A mutation in the Arabidopsis mTERF-related

plastid protein SOLDAT10 activates retrograde signaling and suppresses
1O2-induced cell death. Plant J. 60, 399–410.

Micol, J.L. (2009) Leaf development: time to turn over a new leaf? Curr. Opin.

Plant Biol. 12, 9–16.

Micol, J.L. and Hake, S. (2003) The development of plant leaves. Plant Physiol.

131, 389–394.

Naested, H., Holm, A., Jenkins, T. et al. (2004) Arabidopsis VARIEGATED3

encodes a chloroplast-targeted, zinc-finger protein required for chloroplast

and palisade cell development. J. Cell Sci. 117, 4807–4818.

Newton, K.J. and Coe, E.H. (1986) Mitochondrial-DNA changes in abnormal

growth (nonchromosomal stripe) mutants of maize. Proc. Natl. Acad. Sci.

USA, 83, 7363–7366.

Newton, K.J., Knudsen, C., Gabaylaughnan, S. and Laughnan, J.R. (1990) An

abnormal growth mutant in maize has a defective mitochondrial cyto-

chrome-oxidase gene. Plant Cell, 2, 107–113.

Olinares, P.D., Ponnala, L. and van Wijk, K.J. (2010) Megadalton complexes in

the chloroplast stroma of Arabidopsis thaliana characterized by size

exclusion chromatography, mass spectrometry, and hierarchical cluster-

ing. Mol. Cell Proteomics 9, 1594–1615.
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Pérez-Pérez, J.M., Ponce, M.R. and Micol, J.L. (2002) The UCU1 Arabidopsis

gene encodes a SHAGGY/GSK3-like kinase required for cell expansion

along the proximodistal axis. Dev. Biol. 242, 161–173.
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