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Deficient plastidic fatty acid synthesis triggers cell death 
by modulating mitochondrial reactive oxygen species
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Programmed cell death (PCD) is of fundamental importance to development and defense in animals and plants. 
In plants, a well-recognized form of PCD is hypersensitive response (HR) triggered by pathogens, which involves the 
generation of reactive oxygen species (ROS) and other signaling molecules. While the mitochondrion is a master reg-
ulator of PCD in animals, the chloroplast is known to regulate PCD in plants. Arabidopsis Mosaic Death 1 (MOD1), 
an enoyl-acyl carrier protein (ACP) reductase essential for fatty acid biosynthesis in chloroplasts, negatively regulates 
PCD in Arabidopsis. Here we report that PCD in mod1 results from accumulated ROS and can be suppressed by mu-
tations in mitochondrial complex I components, and that the suppression is confirmed by pharmaceutical inhibition 
of the complex I-generated ROS. We further show that intact mitochondria are required for full HR and optimum 
disease resistance to the Pseudomonas syringae bacteria. These findings strongly indicate that the ROS generated in 
the electron transport chain in mitochondria plays a key role in triggering plant PCD and highlight an important 
role of the communication between chloroplast and mitochondrion in the control of PCD in plants.
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Introduction

Programmed cell death (PCD) is a genetically regu-
lated process of cell suicide, which is essential for both 
development and defense response in multicellular or-
ganisms [1]. In animals, mitochondria play a central role 
in initiating PCD by integrating diverse stress signals 
[2] and the intracellular homeostasis of reactive oxygen 
species (ROS) is crucial in regulating cell death and cell 
survival [3]. In plants, several compartments contribute 
to the formation of ROS, including the plasma mem-
brane, peroxisomes, chloroplasts and mitochondria. ROS 
synthesized by the plasma membrane NADPH oxidases 

has been considered to play a role in the hypersensitive 
response (HR), a type of PCD triggered by pathogens 
[4]. Chloroplasts are also considered to play an important 
role in HR since chloroplasts are the major ROS sources 
under excess of excitation energy conditions [5, 6]. How-
ever, a role of mitochondria remains obscure, so does the 
role of the ROS generated in the mitochondria during 
cell death in plants. In particular, it remains unclear 
whether ROS generated in the mitochondria is essential 
and sufficient to trigger PCD. 

In mitochondria, ROS is inevitably produced during 
ATP synthesis. Several redox centers, mainly complexes I 
and III, of the mitochondrial electron transport chain (ETC) 
release electrons to molecular oxygen, serving as the 
primary source of superoxide formation [7]. Meanwhile, 
plants have adopted sophisticated mechanisms to remove 
excessive ROS to avoid the potential damage to cells [8]. 
Among the ROS scavenging enzymes, superoxide dis-
mutases (SOD) dismute superoxide anion (O2

−) to hydro-
gen peroxide (H2O2), which is subsequently converted into 
H2O by catalases or peroxidases [8].

Eukaryotic complex I (NADH:quinone oxidoreduc-
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tase, EC 1.6.5.3) is a mitochondrial redox center assem-
bled by the inner membrane-bound proteins, which cata-
lyzes the transfer of two electrons from NADH to ubiqui-
none along with the translocation of four protons from 
the matrix compartment to the intermembrane space. 
This well-studied large complex contains at least 46 sub-
units in mammals [9, 10] and more than 49 subunits in 
plants, 17 of which are unique to plants [11]. Most plant 
complex I subunits are encoded by the nuclear genome, 
except for nine (named NAD) which are encoded by the 
mitochondrial genome [12]. While a few subunits have 
been partially characterized, the functions of most com-
plex I subunits are still unknown [13]. Of those charac-
terized mutants that carry lesions in subunits of complex 
I or nuclear-encoded regulators, all show dysfunction 
of complex I, with various defects in the ETC activity, 
cellular energy metabolism, ROS homeostasis and stress 
tolerance [14-23].

The fact that most of the mitochondrial proteins are 
encoded by the nuclear genome and a small number 
of proteins by the mitochondrial genome suggests a 
coordinated regulation of the mitochondrial proteome 
to maintain their functions. The genome-coordinating 
mechanisms need reciprocal communications, including 
anterograde (nucleus to organelle) and retrograde (or-
ganelle to nucleus) signals [24]. The anterograde control 
of organelle gene expression is primarily post-transcrip-
tionally regulated by nuclear-encoded regulators. One 
of these regulators is pentatricopeptide repeat (PPR) 
proteins, which are characterized by the signature motif 
of a degenerate 35-amino-acid repeat often arranged in 
tandem arrays of up to 30 repeats [25, 26]. In animal and 
fungal genomes, the number of PPR genes is relatively 
small. However, in plants the size of this gene family is 
greatly expanded. There are 450 and 477 PPR proteins 
in Arabidopsis and rice, respectively [27, 28]. Plant PPR 
proteins are classified into P and PLS subfamilies. The 
PLS subfamily can be further divided into E, E+ and 
DYW groups based on their specific C-terminal motifs 
[27]. Most of the PPR proteins are predicted to target mi-
tochondria or chloroplasts and to bind specific organellar 
RNAs for posttranscriptional processing, such as RNA 
editing, splicing, degradation and translation in mito-
chondria and chloroplasts [24, 26]. The functions of PPR 
proteins are highly diverse; they may participate in many 
aspects of plant development, such as embryogenesis and 
cytoplasmic male sterility.

Our previous studies have shown that the Arabidopsis 
mosaic death 1 (mod1) is a cell death mutant [29], which 
results from the deficiency in enoyl-acyl carrier protein 
(ACP) reductase, a subunit of the fatty acid synthase 
complex that catalyzes the de novo biosynthesis of fatty 

acids in plastids. In this paper, we show that the ROS 
generated in mitochondrial ETC plays a crucial role in 
triggering the PCD in mod1 originated from the deficien-
cy of fatty acid biosynthesis in plastids. 

Results

Accumulation of ROS in mod1
Our previous study showed that the fatty acid bio-

synthetic mutant mod1 displays pleiotropic phenotypes 
characteristics of typical PCD features, including irregu-
lar cell sizes and shapes, disorganized cellular structures, 
DNA laddering and consequent cell death [29]. Oxida-
tive burst leading to local ROS accumulation is usually 
regarded as a critical event associated with plant cell 
death [30, 31]. We therefore compared the accumulation 
of ROS (H2O2 and O2

−) between mod1 and wild-type 
plants by staining with 3,3′-diaminobenzidine (DAB) 
and nitroblue tetrazolium (NBT), respectively. As shown 
in Figure 1, both H2O2 and O2

− are remarkably accumu-
lated in mod1 leaves, suggesting that the accumulation of 
ROS may play an important role in triggering cell death 
in mod1. 

SOM3 protein is a subunit of the mitochondrial ETC 
complex I 

To elucidate the molecular mechanism underlying cell 
death in mod1 plants, we screened various suppressors 

Figure 1 Comparison of ROS levels between wild-type and 
mod1 plants. (A) Seedlings stained with 3,3′-diaminobenzidine 
(DAB), showing the H2O2 levels in wild-type (Col-0) and mod1 
plants. Scale bar, 1 cm. (B) Seedlings stained with nitroblue 
tetrazolium (NBT), showing O2

− in Col-0 and mod1 plants. Scale 
bar, 1 cm.
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of mod1 (som) through T-DNA insertion mutagenesis. 
Among them, a recessive mutant, mod1 som3-1, showed 
not only a similar morphological phenotype to the wild 
type (Figure 2A), but also an apparent reduction in cell 
death (Figure 2B) and in the accumulation of H2O2 (Figure 
2C) and O2

− (Figure 2D). Thus, som3 is indeed a sup-
pressor of mod1.

To clone SOM3, we amplified the inserted T-DNA and 
its flanking sequences through TAIL-PCR. A T-DNA in-
sertion was found in the first intron of AT1G47260 (Figure 
2E), which disturbs the formation of the transcripts of 
AT1G47260 (Figure 2F), consistent with the recessive 
inheritance of som3. To verify that suppression of the 
mod1 phenotypes was a result of the null mutation of 
AT1G47260, we generated transgenic plants expressing 
a full-length cDNA of AT1G47260 under the control of 
the Cauliflower Mosaic Virus 35S promoter (35S). The 
complemented plants restored the mod1 phenotypes 
(Figure 2A-2D). Another allele, salk_010194 (som3-2), 
which contains a T-DNA insertion in the third exon of 
AT1G47260, also suppressed the phenotypes of mod1 
(Figure 2A-2D). Therefore, AT1G47260 is the corre-
sponding SOM3 gene, whose null mutation is responsible 
for the suppression of the mod1 phenotypes.

To confirm the subcellular localization of SOM3, a 
35S:SOM3-GFP transgene was stably expressed in mod1 
som3 plants and was capable of restoring the mod1 phe-
notypes, demonstrating that the SOM3-GFP transgene 
is fully functional in planta. The GFP fluorescent signal 
was co-localized with the MitoTracker Red marker (Fig-
ure 2G), a dye which specifically stains mitochondria. 
These data clearly showed that the SOM3 protein is spe-
cifically localized in mitochondria, which is consistent 
with the observations made in previous studies [15, 32, 
33]. As expected, MOD1, a key enzyme of fatty acid 
synthesis, was found as a chloroplast-localized protein 
(Figure 2H and Supplementary information, Figure 
S1). The distinctive subcellular localization patterns of 
SOM3 and MOD1 suggest that the cell death modulated 
by these two proteins involves an active information ex-
change between chloroplasts and mitochondria. SOM3 
is a subunit of complex I, and disruption of AT1G47260 
(SOM3) reduces complex I levels [15]. We also found 
that the mutation of SOM3 protein, which is undetectable 
in the som3 mutants (Figure 2I), perturbed the NADH 
oxidase activities (Figure 2J) of complex I. These results 
suggested that an intact complex I is possibly required 
for the MOD1-mediated PCD.

som42 modulates complex I through specifically regulat-
ing NAD7

Among other mod1 suppressors, we also identified a 

Figure 2 Characterization and cloning of som3. (A) Pheno-
types of Col-0, mod1, mod1 som3-1, som3-1 SOM3OE (SOM3 
overexpression driven by the 35S promoter in the mod1 som3-
1 background), mod1 som3-1 SOM3OE, and mod1 som3-2 
(SAlK_010194 mod1). Scale bar, 2 cm. (B) Leaves stained with 
Trypan blue, showing their cell death phenotype. Scale bar, 
0.2 cm. (C, D) Seedlings stained with DAB (C) and NBT (D), 
respectively. Scale bar, 1 cm. (E) Physical map of the T-DNA 
insertion sites in the gene AT1G47260. (F) RT-PCR showing the 
expression levels of SOM3. (G, H) Subcellular localization of 
SOM3-GFP (G) and MOD1-GFP (H) in stable transgenic plants. 
The fluorescence of SOM3 merged with the fluorescence of mi-
tochondrial-specific dye MT Red (MitoTracker Red). Ch, chloro-
plast. Scale bar, 10 μm. (I) Western blot showing SOM3 protein 
contents. (J) In-gel assay of NADH oxidase activity. The activity 
staining bands on the lower part of the gel corresponds to the 
activity of the dehydrolipoamide dehydrogenase, which can act 
as a loading control. I, mitochondrial complex I. 
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dominant one, mod1 som42, which can partially suppress 
the mod1 phenotypes (Figure 3A-3D). Molecular char-
acterization of som42 showed that the suppression might 
result from a T-DNA insertion in the promoter region of 
AT2g01390 (Figure 3E). Reverse transcription-quantita-
tive-PCR (RT-qPCR) analysis revealed that the expres-
sion level of AT2g01390 was significantly increased in 
mod1 som42 compared with the wild-type plants (Fig-
ure 3F), consistent with the gain-of-function mutation 
nature of som42. Furthermore, overexpression of the 

AT2g01390 gene showed that the mod1 mutant pheno-
types, including plant development, cell death and ROS 
accumulation, could be completely suppressed (Figure 
3A-3D and 3F). Therefore, AT2g01390 is the SOM42 
gene, and its overexpression is responsible for the sup-
pression of the mod1 phenotypes.

SOM42 is a nuclear-encoded PPR protein, which 
belongs to the P subfamily of the PPR family (Supple-
mentary information, Figure S2A) with highly conserved 
homologous proteins in higher plants (Supplementary in-

Figure 3 Characterization and cloning of som42. (A) Phenotypes of Col-0, mod1, mod1 som42, and mod1 SOM42OE (SOM42 
overexpression driven by the 35S promoter in the mod1 background). Scale bar, 2 cm. (B) Leaves stained with Trypan blue. 
Scale bar, 0.2 cm. (C, D) Seedlings stained with DAB (C) and NBT (D), respectively. Scale bar, 1 cm. (E) Physical map of the 
T-DNA insertion site. The T-DNA is inserted in the promoter region of AT2G01390, 183 bp upstream of the ATG start codon. (F) 
The expression levels of SOM42 revealed by RT-qPCR using β-tubulin as reference. Values are means ± SD of three tech-
nical replicates, and similar results were obtained in three independent experiments. Statistical differences are indicated with 
lowercase letters (P < 0.05, one-way ANOVA). (G) Subcellular localization of SOM42-GFP in 35S:SOM42-GFP transgenic 
plants. MT Red, MitoTracker Red. Scale bar, 20 μm. (H) Northern blot showing the transcription levels of NAD7 probed with 
exon 3. The blue arrow refers to the mature transcripts of NAD7 and the red arrow refers to the immature transcripts of NAD7. (I) 
Western blot showing the protein contents of NAD7. (J) Complex I protein stained with Coomassie blue. I, mitochondrial com-
plex I. (K) In-gel assay of NADH oxidase activity. I, mitochondrial complex I; sub I, mitochondrial sub-complex I.
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Figure 4 Suppression of mod1 cell death by mitochondrial complex I-deficient mutants and rotenone treatment. (A) Pheno-
types of mod1, mitochondrial complex I-deficient mutants and their double mutants. Scale bar, 4 cm. (B) Leaves stained with 
Trypan blue. Scale bar, 0.2 cm. (C) DAB-stained seedlings. Scale bar, 1 cm. (D) NBT-stained seedlings. Scale bar, 1 cm. (E) 
Phenotypes of Col-0 and mod1 mutant plants following rotenone treatment. Scale bar, 1 cm. (F) Trypan blue-stained leaves 
of plants following rotenone treatment. Scale bar, 0.2 cm. (G) DAB-stained seedlings following rotenone treatment. Scale bar, 
1 cm. (H) NBT-stained seedlings following rotenone treatment. Scale bar, 1 cm.

formation, Figure S2B), some of which have been local-
ized in plastids or mitochondria [18, 27, 34]. As shown in 
Figure 3G, SOM42, similar to SOM3, was also localized 
in the mitochondria. In mitochondria, PPR proteins have 
been found to affect the maturation of complex I NAD 
transcripts, which are transcribed from the mitochondrial 
genomes [14, 35, 36]. RT-qPCR analysis showed that 
NAD7 transcripts were remarkably decreased in both 

mod1 som42 and SOM42-overexpressing lines (Supple-
mentary information, Figure S3), indicating that SOM42 
is specifically involved in the maturation of the NAD7 
transcripts, which was further confirmed by northern blot 
analysis (Figure 3H). Consequently, the accumulation of 
NAD7 protein was substantially reduced (Figure 3I). It 
has been reported that the decrease in the NAD7 protein 
level could impair the abundance and function of com-
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plex I [18, 21]. We therefore analyzed the protein level 
and NADH oxidase activities of complex I, and found 
that both were apparently reduced in mod1 som42 and 
severely decreased in SOM42-overexpressing transgenic 
plants compared with the wild type (Figure 3J and 3K). 
Taken together, these results demonstrated that SOM42 
negatively regulates complex I activity by modulating 
the NAD7 transcripts, which encodes a key component of 
complex I. 

Deficiency in complex I suppresses the mod1 phenotypes
To investigate whether the specific reduction of com-

plex I activity is sufficient to suppress the mod1 phe-
notypes, we first analyzed the effects of the mutations 
in key components or regulatory factors of complex I, 
including nMAT1, BIR6 and NDUFS4. The nMAT1 pro-
tein is a nuclear maturase that affects NAD1, NAD2 and 

NAD4 splicing [17, 37], and BIR6 is a PPR protein that 
affects the splicing of NAD7 intron 1 [18]. NDUFS4 is 
a nuclear-encoded subunit of complex I [20]. Mutations 
in these genes cause defects in complex I. We crossed 
mod1 with nMat1-1 (CS808228), bir6-2 (SALK_000310) 
and ndufs4-1 (CS825412), respectively, and analyzed the 
phenotypes of the resulting double mutants. We found 
that all these double mutations were able to suppress 
the growth defects (Figure 4A), cell death (Figure 4B) 
and accumulation of ROS (Figure 4C and 4D) in mod1, 
which was correlated with the reduction in the NADH 
oxidase activities of complex I (Supplementary informa-
tion, Figure S4). It should be pointed out that although 
the ROS levels of the double mutants between mod1 and 
individual mitochondrial complex I-deficient mutants 
including ndufs4-1 were much lower than that of mod1, 
they were still higher than that of the wild type (Figure 

Figure 5 Effects of CSD1 overexpression and knockout of NADPH oxidase genes in the mod1 background. (A) Phenotypes 
of Col-0, mod1 and 35S:CSD1/mod1 transgenic plants (1-1 and 1-5 independent lines). Scale bar, 1 cm. (B) SOD activities 
of Col-0, mod1 and 35S:CSD1/mod1 transgenic plants. Statistical differences are indicated with lowercase letters (P < 0.01, 
one-way ANOVA). Similar results were obtained in three independent experiments. (C) DAB-stained seedlings. Scale bar, 1 
cm. (D) NBT-stained seedlings. Scale bar, 1 cm. (E) Leaves stained with Trypan blue. Scale bar, 0.5 cm. (F) Phenotypes of 
Col-0, mod1, atrbohD atrbohF (atrbohD/F) and atrbohD/F mod1. Scale bar, 1 cm. (G) Leaves stained with Trypan blue. Scale 
bar, 0.5 cm. (H) NBT-stained seedlings. Scale bar, 2 cm. See also Supplementary information, Figure S7.
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Figure 6 Bacterial defense analyses. (A) Deficiency in complex I inhibits both the RPS2- and RPS4-dependent HR. The ratio 
shows the HR leaves to the total number of leaves injected. hpi, hours postinfection. Significant differences compared with 
Col-0 are indicated by asterisks for P < 0.01 (**) using the binomial test (one-tailed). (B) Analysis of bacterial growth 3 days 
after infiltration of 106 cfu/ml of Pst DC3000 expressing empty vector, avrRpt2 or avrRps4 into the indicated plants. Eight 
plants were used for each genotype. The bars represent means ± SD. Statistical differences are indicated with lowercase 
letters (n = 8, P < 0.01, one-way ANOVA). The experiment was repeated more than two times with similar results. CFU, colo-
ny-forming units; dpi, day(s) postinfection. 

4D and Supplementary information, Figure S5), which is 
consistent with previous reports [16, 20, 38]. Therefore, 
it is the mutations in complex I components that cause 
the suppression of the mod1 phenotypes.

To reinforce the genetic analysis data, we treated mod1 
seedlings with rotenone, a specific inhibitor of complex I, 
which blocks the transfer of electrons from the iron-sul-
fur centers in complex I to ubiquinone [39]. Treatment 
with rotenone partially rescued the mod1 phenotypes 
exemplified by alleviated cell death (Figure 4E, 4F and 
Supplementary information, Figure S6A) and reduced 
accumulation of H2O2 and O2

− in mod1 (Figure 4G, 4H 
and Supplementary information, Figure S6B), which are 
similar to those observed in mod1 and complex I double 
mutants. Taken together, these genetic and physiological 
studies demonstrated that the mod1-modulated ROS gen-
eration and cell death essentially depend on a functional 
complex I.

Overexpression of SOD rescues mod1 phenotypes 

Data presented above indicate that mod1-triggered 
cell death requires a functional complex I, which may be 
caused by ROS generated from electron transfer. To test 
this possibility, we attempted to reduce ROS via overex-
pressing the Arabidopsis cytosolic Cu/Zn SOD (CSD1) 
[40] in mod1. We found that the mod1 mutant phenotypes 
were mostly rescued in CSD1-overexpressing transgenic 
plants (Figure 5A), and the degree of the rescue mod1 
phenotypes was well correlated with SOD enzymatic ac-
tivities (Figure 5B), ROS reduction (Figure 5C and 5D) 
and attenuation of cell death (Figure 5E). Collectively, 
these results demonstrated that ROS generated from mi-
tochondrial ETC plays an important role in regulating 
mod1-triggered cell death.

ROS generated by NADPH oxidase is not responsible for 
mod1 cell death 

The Arabidopsis respiratory burst oxidase homolog 
(AtRBOH) family genes, AtRBOHD and AtRBOHF, 
have been shown to play a role in the plant defense re-
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bohF mod1. We found that the ROS level and mod1 phe-
notypes including cell death were not apparently affected 
(Supplementary information, Figure S7). As AtrbohD and 
AtrbohF are functionally redundant in ROS generation 
[42], we then generated a triple mutant, atrbohD atrbohF 
mod1, to compare its phenotypes with those of wild-type, 
mod1 and mod1 suppressors. As shown in Figure 5F and 
5G, the morphology and cell death of the triple mutant 
plants were highly similar to those of the mod1 mutant 
plants, although the formation of ROS by NADPH oxi-
dase was blocked in the atrbohD atrbohF double mutant 
plants (Figure 5H). These results indicate that the ROS 
generated by the plasma membrane NADPH oxidase is 
not directly involved in the signaling pathway of mod1 
cell death.

Deficiencies in complex I compromise HR and resistance 
against bacteria

HR is a localized PCD in plants and is tightly associ-
ated with ROS. To explore the possible involvement of 
MOD1-modulated cell death in the defense responses, we 
examined the HR phenotype of the complex I-deficient 
mutants challenged by Pseudomonas syringae pv tomato 
DC3000 (Pst DC3000) carrying avrRpt2 or avrRps4, 
which are recognized by immune receptors RPS2 or 
RPS4 [43-45]. We found that all these mutants, including 
nMat1-1, bir6-2, ndufs4-1 and SOM42-overexpressing 
transgenic plants, showed attenuated HR induced by both 
avrRpt2 and avrRps4 (Figure 6A and Supplementary in-
formation, Figure S8), strongly suggesting that complex 
I plays an important role in effector-triggered HR.

We also measured the effect of complex I-deficient 
mutants on bacterial growth (Figure 6B). Unlike rps2, 
complex I-deficient mutants were more susceptible to Pst 
DC3000 harboring an empty vector, indicating that these 
mutants are compromised in basal resistance to this vir-
ulent bacterial strain. The growth of bacteria expressing 
avrRpt2 or avrRps4 was also enhanced in the complex 
I-deficient mutants. In addition, ndufs4-1 resembled the 
fully susceptible rps2 mutant in Pst DC3000(avrRpt2) 
inoculations and was more susceptible to Pst DC3000 
and Pst DC3000(avrRps4) compared to other complex 
I-deficient mutants. This was consistent with the more 
severe deficiency of complex I activity in this mutant 
(Supplementary information, Figure S4). Therefore, 
deficiency in complex I is most likely involved in basal 
defense.

Discussion

As a genetically regulated process, PCD is essential 
for development and defenses in multicellular organisms. 

Figure 7 A proposed model of programmed cell death in mod1. 
A proposed signalling pathway, showing the initiation and sup-
pression of the mod1 cell death. A deficiency in the fatty acid 
biosynthesis in chloroplasts leads to the generation of an un-
identified signal, which induces the formation of ROS through 
the mitochondrial ETC to initiate the PCD process in mod1 
plants. Mutations (som3, som42, bir6-2, nMat1-1, and ndufs4-1) 
or chemicals that affect the electron transfer along the ETC to 
form ROS can suppress the phenotypes of mod1 mutant plants, 
suggesting that the ROS generated in mitochondria through 
ETC, plays an essential role in triggering plant PCD. SOM3 
and NDUFS4 are nuclear-encoded subunits of complex I, while 
NAD1, NAD2, NAD4, and NAD7 are mitochondria-encoded 
subunits of complex I. The nMAT1 protein is a nuclear maturase 
that affects NAD1, NAD2 and NAD4 splicing. SOM42 and BIR6 
are PPR proteins that affect the splicing of NAD7. CSD, Arabi-
dopsis cytosolic Cu/Zn SOD.

sponse and HR [41, 42]. AtRBOHD and AtRBOHF are 
components of the plasma membrane-localized NADPH 
oxidase that is a main source of ROS in plants [42]. To 
understand whether the ROS produced by NADPH ox-
idase plays a role in promoting cell death in mod1, we 
generated two double mutants atrbohD mod1 and atr-
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Although mitochondria and mitochondria-derived ROS 
have been found to play a key role in triggering PCD in 
animals, their functions are still elusive in plant PCD. In 
this paper we address these critical questions by isolation 
and in-depth analyses of som mutants. As summarized 
in Figure 7, a deficiency in the fatty acid biosynthesis 
in chloroplasts results in an unidentified signal, which 
induces the formation of ROS through the mitochon-
drial ETC to initiate the PCD process in mod1 plants. 
Mutations or chemicals that impair or block the transfer 
of electrons along the ETC to form ROS efficiently sup-
press the phenotypes of mod1 mutant plants, indicating 
that the ROS generated in mitochondria through ETC 
plays an essential role in triggering plant PCD. 

The identification of both som3 and som42 and the 
further characterization of their wild-type alleles as a 
component and a regulator of complex I, respectively, 
strongly suggest that the mitochondrial complex I plays 
a critical role in mediating PCD in plants. Mitochondria 
and chloroplasts are thought to originate from prokary-
otes during endosymbiotic evolution in eukaryotic cells. 
Intimate communications among organelles are neces-
sary to coordinate their activities during growth, develop-
ment and other physiological processes [24, 46]. In this 
study, we clearly showed that the chloroplast-controlled 
cell death is mediated by mitochondria-derived ROS. 
It is reasonable to assume that an intracellular mobile 
signal is transported from chloroplasts to mitochondria 
to trigger PCD, which should be elucidated in the future 
investigation.

Many nuclear-encoded PPR proteins have been report-
ed to regulate the gene expression of mitochondria-en-
coded complex I subunits in plants [14, 35, 36, 47]. Here 
we found that SOM42, a member of P subfamily PPR 
proteins, specifically affects the mitochondrial complex I 
subunit NAD7 maturation (Figure 3). The results that in 
SOM42-overexpressing lines NAD7 transcripts were sig-
nificantly reduced and other NAD gene transcripts were 
dramatically increased (Supplementary information, 
Figure S3) support a feedback control mechanism as pre-
viously reported in NAD3 or mETC [22, 23]. Since com-
plex I is the first step in the respiratory redox pathway, it 
is not surprising that many nuclear-encoded proteins are 
required to regulate this highly sophisticated complex so 
that mitochondrial functions can be modulated to accom-
modate unfavorable environments. The fact that most 
of the som mutants identified in this study are complex 
I-deficient mutants (Supplementary information, Figure 
S9) suggests that mod1 plants provide a suitable genetic 
tool for screening mutants defective in the subunits of 
complex I to dissect the function of this complicated 
complex.

Along the mitochondrial ETC, complex I and complex 
III are the main source of ROS [7]. The deficiency of 
complex I will certainly block electron flow into complex 
III and may reduce ROS generation from complex III, 
which is supported by treatment of mod1 plants with ro-
tenone, a widely used specific inhibitor of complex I that 
can induce the formation of ROS from complex I but in-
hibit the ROS formation from complex III in animals [48, 
49]. This result suggests that the ROS generated from the 
complex III plays a major role in triggering mod1 cell 
death. 

In plants, plasma membrane NADPH oxidases and 
chloroplasts have been considered to play key roles in 
the execution of HR [42, 50, 51]. However, direct evi-
dence linking mitochondrial functions to HR or disease 
resistance is lacking. The finding that the intact mito-
chondrial ETC is required for the induction of HR upon 
activation of RPS2 and RPS4, which belong to CC-NB-
LRR and TIR-NB-LRR R proteins, respectively [52], 
suggests that mitochondria play an important role in HR. 
We also found that the resistance against both virulent 
and avirulent bacteria is compromised in complex I-de-
ficient mutants. These results indicate that the mitochon-
dria play a role in universal defense signaling. MOD1 is 
the target of several diphenyl ether toxins, including nat-
ural phytotoxins produced by several fungal plant patho-
gens [53], suggesting that saprotrophic fungi utilize the 
MOD1-mediated cell death pathway to aid colonization. 
Taken together, these data suggest that mitochondria play 
a pivotal role in pathogen resistance. In animals, mito-
chondria play a fundamental role in triggering different 
types of cell death involved in immunity and develop-
ment [54, 55], and dysfunction of the mitochondrial ETC 
also causes many diseases [56, 57]. Considering that 
the mechanisms of cell death execution via regulating 
the mitochondrial complex I are conserved in different 
organisms, the mitochondrion-dependent cell death path-
way in plants may also have important roles in regulating 
plant development and defense.

Materials and Methods

Plant materials and growth conditions
Seeds of Arabidopsis thaliana wild-type Col-0 and mutants 

were sterilized and planted on agar plates containing 0.5× MS 
with 1.0% (w/v) sucrose. Seeds were vernalized for 3-4 days at 
4 °C and were placed in growth room. Seedlings (about one week 
old) were transferred to soil as described previously [29]. The 
mutants som3-2 (SALK_010194), nMat1-1 (CS808228), bir6-2 
(SALK_000310), ndufs4-1 (CS825412) and atrbohD/F (CS9558) 
are T-DNA insertion lines obtained from Arabidopsis Biological 
Research Center and their genotypes were confirmed by PCR 
analyses. The primer sequences used for genotyping are listed in 
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Supplementary information, Table S1.

RNA analysis 
Total RNA was prepared from 3-4-week-old seedlings using a 

TRIzol kit according to the user manual (Cat# 15596-026, Invitro-
gen) and 12.5 μg of total RNA was treated with DNase I and used 
for cDNA synthesis with RT kit (Cat# A3500, Promega). RT-qPCR 
experiments were performed using the Bio-Rad CFX96 System. 
The primer sequences used for RT-qPCR are listed in Supplemen-
tary information, Table S2. RNA gel-blot analysis was carried out 
as described previously [58]. RNA (20 μg per lane) was separated 
in a 0.8% (w/v) agarose gel containing 10% (v/v) formaldehyde, 
blotted onto a Hybond N+ membrane (Amersham) and probed with 
the PCR-amplified DNA fragments using specific primers (Supple-
mentary information, Table S2).

Screening for suppressors
The estradiol-inducible activation vector pER16 [59] was in-

troduced into Agrobacterium tumefaciens strain EHA105 by elec-
troporation and Arabidopsis plants were transformed via vacuum 
infiltration [60]. Transformants (T1 and T2) were selected on plates 
containing 50 mg/l kanamycin and transferred to soil for pheno-
type observation under continuous illumination.

Cloning of gene by TAIL-PCR
The pER16-tagged genomic sequences were recovered by 

TAIL-PCR [61], and the PCR fragments were analyzed by DNA 
sequencing. Primers across the T-DNA insert were designed for 
genotyping, and T-DNA specific primers and arbitrary degenerate 
primers used for TAIL-PCR are listed in Supplementary informa-
tion, Table S1.

Trypan blue staining
Trypan blue staining was performed as previously described [62, 

63]. Samples were covered with an alcoholic lactophenol trypan 
blue mixture (30 ml ethanol, 10 g phenol, 10 ml water, 10 ml glyc-
erol, 10 ml lactic acid and 10 mg trypan blue), placed in a boiling 
water bath for 2-3 min, and then left at room temperature for 1 h. 
The samples were transferred into a chloral hydrate solution (2.5 
g/ml) and boiled for 20 min to destain. After multiple exchanges of 
chloral hydrate solution to reduce the background, samples were 
equilibrated with 50% (v/v) glycerol, mounted and observed with 
a stereomicroscope (Olympus SZX-12).

In situ detection of ROS
In situ detection of O2

− and H2O2 were performed as described 
by Ramel [64] with 4-5-week-old seedlings. For in situ detection 
of O2

−, plantlets were immersed and infiltrated under vacuum with 
1 mg/ml NBT (N6876, Sigma-Aldrich) staining solution in potas-
sium phosphate buffer (10 mM) with 10 mM NaN3. After infiltra-
tion for 2-3 h, stained plantlets were boiled in acetic acid: glycer-
ol: ethanol (1:1:3, v/v/v) solution for 10 min. Samples were then 
stored in 95% (v/v) ethanol until scanning. O2

− was visualized as a 
blue color produced by NBT reduction to formazan. For in situ de-
tection of H2O2, the staining agent, DAB (D5637, Sigma-Aldrich), 
was dissolved in H2O and adjusted to pH 3.8 with HCl. The DAB 
solution was freshly prepared to prevent auto-oxidation. Samples 
were immersed and infiltrated under vacuum with 1 mg/ml DAB 
staining solution. Stained plantlets were then boiled in acetic 

acid: glycerol: ethanol (1:1:3, v/v/v) solution for 10 min, and then 
stored in 95% (v/v) ethanol until scanning. H2O2 was visualized as 
a brown color due to DAB polymerization. 

Plasmid construction
To construct plant transformation and transient expression plas-

mids, fragments containing the full-length CDS of SOM3, SOM42, 
MOD1, CSD1 and NAD7 were digested and ligated into respective 
vectors. All the genes, plasmids, primers and the cleavage sites 
were listed in Supplementary information, Table S3.

Subcellular localization 
To obtain transformed Arabidopsis lines, T2 transgenic plants 

showing a restored phenotype were genetically analyzed and 
homozygous transgenic lines were selected for in-depth anal-
ysis. Staining of mitochondrial-specific dye was performed as 
described previously [65], and the GFP signal and fluorescence 
of MitoTracker Red were examined under a confocal microscope 
at an excitation wavelength of 488 nm and 543 nm, respectively 
(FluoView 1000, Olympus). To carry out the transient expression 
analysis of MOD1-GFP, Arabidopsis mesophyll protoplasts were 
isolated and transformed as described previously [66], and GFP 
signals were detected by a confocal fluorescence microscope 
(FluoView 1000, Olympus). 

Assays of enzyme activities of complex I and SOD
Analyses of the NADH oxidase activity and the protein 

abundance of the mitochondrial complex I were performed as 
described previously [19]. Proteins of crude membrane extract 
from 3-4-week-old seedlings were solubilized with 1% (v/v) dig-
itonin and resolved by Blue Native-PAGE. To measure the SOD 
activity, seedlings were homogenized in liquid nitrogen, then 1 ml 
extraction buffer consisting of 50 mM sodium phosphate (pH 7.8) 
and 1% (w/v) polyvinylpyrrolidone was added to 0.1 g material 
sample. After centrifugation at 10 000 rpm for 5 min at 4 °C, the 
supernatant containing SOD was used for measuring the SOD ac-
tivity with the SOD Assay Kit-WST according to the user’s direc-
tions (Dojindo). 

Inhibitor treatment 
The respiration inhibitor rotenone (Sigma-Aldrich) was dis-

solved in Dimethyl sulfoxide at concentration of 0.25 M, and then 
added to MS media at a final concentration of 5, 20 and 40 µM, 
respectively, and plates or tissue culture bottles were placed in an 
incubator under continuous illumination at 26 °C.

Preparation of polyclonal antibodies 
The CDS of SOM3 or NAD7 was amplified with the primer pair 

(Supplementary information, Table S3) and subcloned into pE-
T28a. Recombinant SOM3 and NAD7 proteins were expressed in 
BL21 cells and applied to raise polyclonal antibodies in rabbit and 
mouse, respectively. 

Protein extraction and western blot analysis
Arabidopsis seedlings or leaves were grounded into powders in 

liquid nitrogen and total proteins were extracted using the extraction 
buffer (500 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40, 4 
M urea, 1 mM phenylmethanesulfonyl fluoride). After the cen-
trifugation at 13 000 rpm for 10 min at 4 °C, the supernatant was 
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transferred into a new tube and quantified by the Bio-Rad protein 
assay. Protein blots were performed with the SuperSignal West 
chemiluminescence kit according to the manufacturer’s protocol 
(Pierce Chemical).

Bacterial growth and HR assays
Bacterial growth and HR assays were performed as previously 

described [67]. Briefly, for bacterial growth assay, 5-week-old 
Arabidopsis leaves under a 10/14 h light/dark photoperiod at 23 °C 
were infiltrated with Pst DC3000 bacteria at 106 CFU/ml. The bac-
terial growth in the leaves was counted at the indicated times. For 
the HR assay, plants were infiltrated with 108 CFU/ml Pst DC3000 
(avrRpt2) or Pst DC3000(avrRps4).

Additional methods are described in the Supplementary infor-
mation, Data S1.
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