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Abstract In present investigation, we studied how
mitochondrial-nuclear interactions may give rise to
the third abnormal whorl floral organ in cytoplasmic
male sterility (CMS) stem mustard, which exhibited
complete conversion of homeotic transformations of
stamens into other floral organ structures. In this
system, expressions of AP3-like, PI-like and AG-like
genes, the counterpart of the Arabidopsis nuclear
ABC model genes related to floral organ develop-
ment, were specifically altered in floral organs of
CMS plants. When mitochondrial-specific inhibitor
was applied to wild type fertile stem mustard plants,
expressions of AP3-like, Pl-like and AG-like genes
were repressed. As a consequence, abnormal floral
organs were observed in its maintainer line treated
with mitochondrial-specific inhibitor. Thereby, we
suggest that nuclear MADS-box transcription factors
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subject to mitochondrial retrograde regulation were
associated with cytoplasmic homeosis in CMS stem
mustard and could be mimicked by specifically
inhibiting mtETC.

Keywords Cytoplasmic homeosis -
Transcription factor -

Mitochondrial retrograde regulation -
Mitochondrial inhibitor - Brassica juncea

Abbreviation
mtETC  Mitochondrial electron transport chain
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TF Transcription factor
AP3 APETALA3
PI PISTILLATA

AG AGAMOUS
NZZ NOZZLE
orf Open reading frame

Introduction

Cytoplasmic male sterility (CMS), the maternally
inherited trait of failure to produce viable pollen,
exists in many plant species and is widely applicable
for hybrid production. It was generally believed that
CMS was associated with rearrangement of mitochon-
drial genomes, which, in many cases, was attributed to
the generation of novel orfs (Schnable and Wise 1998;
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Budar and Pelletier 2001; Hanson and Bentolila 2004;
Linke and Borner 2005; Yang and Zhang 2007).
According to the abortive stage of pollen, they were
defined different types of CMS and exhibited different
CMS-related abnormalities in flower morphology
(Linke and Borner 2005). Striking alterations in flower
morphology were observed in CMS tobacco (Kofer
et al. 1991; Zubko et al. 2001), CMS wheat (Murai and
Tsunewaki 1993; Murai et al. 2002), CMS carrot
(Linke et al. 1999, 2003) and CMS stem mustard (in
supplementary data Fig. 1). In CMS stem mustard, we
previously reported that CMS plants developed home-
otic floral organs, in which stamens were replaced by
other floral organ structures, such as, petaloidy,
pinnate, carpelloidy or silk-like floral structure (Yang
et al. 2008a).

In higher plants, the development of floral organs
controlled by the homeotic genes has been well
studied on dicotyledonary plants, especially on Ara-
bidopsis and Antirrhinum (Theissen and Saedler
1999; Theissen 2001). Usually, an intact flower from
dicotyledonary plant has four whorl structures, that is,
sepals for the first whorl, petals for the second whorl,
stamens for the third whorl and carpels inside of
flower. ABC model in floral organ developmental
could explain and predict flower organ families based
on three classes of nuclear homeotic genes, called A,
B, and C (Davies and Schwarz-Sommer 1994; Ma
1994; Weigel and Meyerowitz 1994). This model has
been extended by another two class D and E genes
(Theissen 2001). This model hypothesizes that all
five classes of genes are endowed with their genetic
functions through concerted interactions. The class-A
together with class-E genes specify sepals develop-
ment. The expressions of class-A, B and E genes
determine petals development and the expressions of
class-B, C, and E determine stamens development,
respectively. Furthermore, the combinative actions of
class-C and E genes are attributed to carpels forma-
tion and class-D genes are answered for ovule
constructions. This is termed as nuclear homeosis.
The detailed descriptions of functional evolution and
diversification for ABC model genes were docu-
mented by several research groups (Kramer et al.
1998, 2004; Krizek and Fletcher 2005; Hernandez-
Hernandez et al. 2007). Any mutations or alterations
in the transcription of these nuclear homeotic genes
can lead to variations in the four whorl structures of a
flower. A certain type of flower organ is replaced by
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others (Coen and Meyerowitz 1991; Mandel et al.
1992). In recent research on mitochondrial mutant
and CMS system, the nuclear MADS-box genes, such
as AP3-like, GLOBOSA-like and DEFICIENS-like,
were found to be transcriptionally down-regulated
and involved in this kind of conversion (Zubko et al.
2001; Murai et al. 2002; Linke et al. 2003; Hama
et al. 2004; Teixeira et al. 2005). This is termed
cytoplasmic homeosis. Description of cytoplasmic
homeosis was caused by the rearrangement or
replacement of the mitochondrial genome and sub-
sequently to alter the expressions of nuclear homeotic
genes or genes related to homeotic function (Zubko
2004). Most studies of cytoplasmic homeosis were
focused on the CMS systems.

In higher plants, mitochondria have genes essential
for the synthesis of proteins involved in various
mitochondrial functions: respiratory chain electron
transport, ATP synthesis (cyanide-sensitive, cyto-
chrome pathway), cyanide-insensitive, alternative
pathway (uncoupled with ATP synthesis) and tricar-
boxylic acid (TCA) cycle producing carbon dioxide
for cellular biosynthesis substrates. In most cases,
mitochondrial specific inhibitors are used to depress
mitochondrial functions allowing the study of the
regulation of these two respiratory pathways (Siedow
and Umbach 1995; Mackenzie and Mclntosh 1999).
These mitochondrial inhibitors could act specifically
on different sites of the oxidative phosphorylation
(OXPHOS) complex system, such as antimycin A,
NaNj and myxothiazol acting on respiratory chain,
oligomycin acting on the ATP synthesis and 2,4-
dinitrophenol (2,4-DNP) acting as a proton ionophore
that can shuttle protons across biological membranes
as well. NaNj acts on cytochrome oxidase complex
restraining the transfer of electrons from upstream
respiratory complex to O, (Wagner and Wagner
1997; Finnegan et al. 1998; Mclntosh et al. 1998;
Saisho et al. 2001).

In the present study, we used a novel CMS line of
stem mustard, which exhibits complete conversion of
homeotic transformations. We also make use of wild
type stem mustard plants to which mitochondrion-
specific inhibitors have been applied, allowing us to
study mitochondria—nuclear interactions that could be
involved in the induction of cytoplasmic homeosis.
We suggest that nuclear MADS-box transcription
factors subject to mitochondrial retrograde regulation
was associated with cytoplasmic homeosis in CMS
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stem mustard and could be mimicked by specifically
inhibiting mtETC.

Materials and methods
Plant materials

CMS stem mustard (Brassica juncea var. tumida
Tsen et Lee) and its maintainer line were as
described by colleagues (Chen et al. 1995; Yang
et al. 2008a). The CMS stem mustard line was
synthesized by distant hybridizations and subsequent
back-crossings between Brassica campestris and
Brassica juncea. The progenies of the advanced
back-crossed BC;3 generation and its corresponding
maintainer lines (concomitantly self-crossed) were
used as the sources of sterile and fertile cytoplasms,
respectively. Genetically, both CMS and its main-
tainer lines could be treated as near-isogenic lines
up to the 13th back-crossed generation, and were
favorable for a comparative analysis of molecular
aspects. It was a new unique alloplasmic CMS
named after orf220 besides orf222 and orf224 sterile
cytoplasm in Brassica family. Ten plants of CMS
and its maintainer lines were prepared for the
following experiments.

Nucleic acid isolation and reverse transcription

Samples were ground in liquid nitrogen, and total
RNA was isolated from every whorl of floral organs
collected from 50 flowers using Trizol reagent
(Invitrogen, Carlsbad, Carlifornia, USA). The amount
of total RNA was determined by UV spectrophotom-
etry. Total RNA (3 pg) were exhaustively treated with
RNase-free DNase (Sigma, St. Louis) for 15 min at
ambient temperature before being used for RT-PCR to
remove residual DNA contamination. Using reverse
transcription kit (Toyobo, Osaka, Japan), aliquots of
total RNA were reverse transcribed into cDNA with
Oligo (T);g primer.

Isolation of AP3-like, PI-like and AG-like genes

AP3-like, PI-like and AG-like genes of stem mustard
were isolated using RT-PCR method from its main-
tainer line. PCR primers were designed according to

Table 1 Primers used in this study to clone and evaluate
expressional patterns AP3-like, Pl-like and AG-like genes

Genes Primers sequence (5'-3")

BjAP3 Forward: ATGGCGAGAGGGAAGATCC
Reverse: AATAAGTTCTTCCACCTTC

BjPI Forward: ATGGGTAGAGGAAAGATCGA
Reverse: TCAATCGATGACCAAAGACA

BjAG Forward: ATGGCTTACCAAACGGAGCT

Reverse: TTACACTAACTGGAGAGCGG

their homological genes, AP3 from Arabidopsis
thaliana, Brassica rapa and Brassica napus, AG
from Arabidopsis thaliana and Brassica napus and P
from Arabidopsis thaliana. All primers were listed in
Table 1. PCR reactions for all genes were processed
at 94°C (60 s), 52°C (60 s) and 72°C (60 s). The
cDNA amplifications of AP3-like, Pl-like and
AG-like genes were cloned using TA-cloning and
sequenced at Invitrogen Comp.

Sequence alignment and phylogenetic analysis

The deduced amino acid sequences of AP3-like,
PI-like and AG-like genes from its maintainer line of
stem mustard were performed using ORFfinder
through NCBI online service. Full length amino
acids alignments of AP3-like, Pl-like and AG-like
homologs from its maintainer line with 40 previously
released AP3, PI and AG sequences from other
species were initially complied using the computer
program CLUSTAL W (Thompson et al. 1994).
Clustal W multiple-aligment parameters were gap
penalty 8 and gap extension penalty 2, using the PAM
protein weight matrix for the amino acid alignment.
A phylogenetic tree of the AP3, PI and AG genes was
constructed by the neighbor-joining method provided
by the above program. Amino acid sequences of the
following genes were obtained from NCBI databases
(Table 2).

Expressions analysis of MADS-box genes

Samples of every whorl floral organ were collected
from CMS and its maintainer lines from 50 flowers
for the measurement of AP3-like, Pl-like and AG-like
genes expressions using semi-quantitative RT-PCR.
Meanwhile, the expressions of AP3-like, PI-like and
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Table 2 Sequences used in
this study

Note: MADS-box
sequences from stem
mustard are shown in bold

@ Springer

Family Species Gene name Accession number
Brassicaceae Arabidopsis thaliana AtAP3 NM_115294
AtPI D30807
AtAG1 M55550
AtAG11 U20182
Arabidopsis lyrata AIPI AF143382
Brassica rapa BrAP3 AY623003
Brassica oleraceae var. boytris BobAP3 BOU67456
Brassica oleraceae var. italica Boil AP3 BOU67453
Brassica napus BnAP3 AF124814
BnSHP1 AY036062
Brassica juncea BjAP3 DQ060332
BjPI DQ060333
BjAG DQ060334
Solanaceae Petunia hybrid PMADSI1 X69946
PFBP1 M9I1190
PMADS2 X69947
PFBP6 X68675
PMADS3 X72912
Nicotiana tabacum NtDEF X96428
GLO X67959
NAG L23925
Lycopersicon esculentum LeTAGI L26295
Solanum tuberosum StDEF X67511
Caryophyllaceae Silene latifolia SIAP3 X80490
SIPI X80489
Polygonaceae Rumex acetosa RaRAD2 X89108
Veronicaceae Antirrhinum majus AmAmDEF X62810
AmGLO X68831
AmPLENA $53900
Poaceae Oryza sativa OsMADS16 AF077760
OsMADS2 L37526
OsMADS4 L37527
OsMADS3 L37528
Zea mays ZmZM19 AJ850303
ZmMADS2 AF112149
ZmAMM29 AJ292961
ZmZAGlI L18924
ZmZMM1 X81199
Triticum aestivum WAG ABO084577
Papaveraceae Papaver nudicaule PnPI AF052855
Apiaceae Daucus carota DcMADS4 AJ271150
Compositae Helianthus annuus HaAG AY157724
Cucurbitaceae Cucumis sativus CAGl1 AF022377
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AG-like genes from buds of maintainer line (termed
CK) and CK treated with mitochondrial specific
inhibitor were evaluated using semi-quantitative RT-
PCR. Under the RT-PCR conditions developed in our
laboratory, 27 cycles of amplification were performed
to enable that quantification for all genes examined
was within a linear range. PCR reactions for all genes
were processed at 94°C (60 s), 52°C (60 s) and 72°C
(60 s). RT-PCR was biologically repeated three times
by using samples collected separately. In addition,
stem mustard actin gene was used as internal control.
A 20 pl from each PCR reaction was fractionated by
1% (w/v) agarose gel. The stained gels were digitally
photographed with a JS380-A Auto Digital Imaging
System (PEIQING Company, Shanghai, China).

NaNj; treatment

Wild type stem mustard (10 plants) were grown in a
greenhouse and treated with different concentrations
of 400 pmol/l NaNj3 (mitochondrial cytochrome
respiratory pathway specific inhibitor). Plants were
treated at the stage of seedling and right before
bolting (reproductive organs already fully differenti-
ated). Wild-type stem mustard treated with distilled
water was used as a control. A 400 pmol/l NaNj;
(Sigma) solutions were sprayed every 3 days onto
whole plant leaves before flowering.

Results

Flower phenotypes of stem mustard CMS line
and its maintainer line

A dramatic variation in the morphology of floral
organs was observed in CMS stem mustard. CMS
had slightly smaller flowers in size as well as petals
compared with its maintainer line. Severely curved
pistils were observed in CMS stem mustard. CMS
stem mustard exhibited complete homeotic transfor-
mations of stamens into pinnate, petaloidy, silk-like
and carpelloidy structures (Supplementary data
Fig. 1 or referred in Yang et al. 2008a). Single
and mixed homeotic transformations occurred in one
flower, in which a flower had one or two kind of
transformed stamens structure and carpeloidy degen-
erative stamens with ovules were observed in this
type of CMS.

Identification of AP3-like, PI-like and AG-like
genes from stem mustard

The cDNAs of AP3-like (class-B, DQ060332), Pl-like
(class-B, DQ060333) and AG-like (class-C, DQ060334)
genes were isolated from stem mustard, of which AP3-
like, PI-like and AG-like genes were deduced to encode
224 amino acids, 208 amino acids and 252 amino acids,
respectively. AP3-like, Pl-like and AG-like genes
belonged to MADS-box genes family due to their
conserved MADS box domain in the N-terminal
regions. One relative conserved K box domain was
observed from AP3-like, Pl-like and AG-like genes.
Furthermore, PI-like gene was found to have the
consensus PI motif (MPFXFRVQPxQPNLQE), which
was identified in the C-terminal region of PI-type
protein (Kramer et al. 1998) (Fig. 1).

The phylogenetic tree was constructed based on
the deduced amino acid sequences to inspect the
genetic relationships among AP3-like, Pl-like and
AG-like homeotic genes from Brassica juncea and
other members of the class-B and -C gene family
(Fig. 2). Thereafter, AP3-like, PI-like and AG-like
genes cloned from mustard were used as AP3, PI and
AG ortholog for the following expression analysis in
different whorls of floral organs.

Expression of AP3-like, PI-like and AG-like
genes

In this CMS stem mustard, we observed homeotic
transformations of whorl three into other floral
structures. Hence, we only study the expressions of
class-B and class-C genes. The expression patterns of
AP3-like, PI-like and AG-like genes were evaluated in
stem mustard CMS line and its maintainer line. In its
maintainer line, it was observed that AP3-like and PI-
like genes were expressed at the second and third
whorls of floral organs, and AG-like gene was
expressed at the third and fourth whorl of floral
organs. The expression patterns of these three genes
were strictly controlled by the ABC model. However,
the expression patterns of these three genes were
dramatically altered in stem mustard CMS line.
Expression of AP3-like gene was not only decreased
at the third whorl floral organ, but also appeared at
the fourth whorl floral organ in stem mustard CMS
line. Transcripts of Pl-like were also reduced at the
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«Fig. 1 Alignment of deduced amino acid sequences of AP3-
like, PI-like and AG-like genes isolated from its maintainer line
of stem mustard (underlined) with other MADS-box amino
acid sequences. The MADS-box and K-box domains are
indicated by solid and dash frames, respectively. The PI motif
(MPFxFRVQPNLQE) of PI-like genes was indicated in the C

terminal of the PI family by double lines box

Fig. 2 Phylogenetic tree of

class-B and -C MADS-box
genes from some species.
The deduced amino acid
sequences were obtained
from NCBI databases
(Table 2). It was
constructed from amino
acids of each MADS-box
genes

Fig. 3 Expressions of AP3-

like, Pl-like and AG-like
genes between stem
mustard CMS line and its
maintainer line. MF, its
maintainer line; CMS,
cytoplasmic male sterile
line of stem mustard.
Stamen* represents
abnormal stamen in CMS
stem mustard. The actin
gene was used as a control
showing that the same
amount of cDNA was used
in the PCR reaction of
samples
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third whorl floral organ of the CMS line. As to AG-
like gene, it was unexpectedly expressed at the
second whorl floral organs, reduced at the third whorl
floral organ and enhanced at the fourth whorl floral
organs (Fig. 3).

AP3-type

Pl-type

AG-type
AG-like-type

AP3-like

PI-like

AG-like

Actin
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Abnormal floral organ is induced
by mitochondrion-specific inhibitor

Unfavorably, the restored line has not been discov-
ered as yet for this type of CMS, and therefore, we
fail to investigate whether the expressions of AP3-
like, Pl-like and AG-like genes could be recovered
in its restored line to testify the involvement of
these genes in the homeotic transformation.
However, we may investigate whether the pheno-
types and expressions of AP3-like, Pl-like and
AG-like genes were affected or not after artificially
depressing the function of mitochondria using
mitochondrial specific inhibitor in its maintainer
line. As a consequence, expressions of AP3-like,
Pl-like and AG-like genes were observed to be
reduced in the buds of its maintainer line treated
with NaNj3 (Fig. 4A). Importantly, we observed
adhesive structure of petal and stamen when wild
type stem mustard was treated with NaN; (Fig. 4B).
Two kinds of abnormal floral organs were shown in
wild type stem mustard flowers treated with NaNj.
Type 1 exhibited that both whorl two and whorl
three organs were altered and sticking in flower
(Fig. 4B2). Type 2 showed that whorl two and
whorl three organs were sticking in flower and only
whorl three was altered (Fig. 4B3). Apart from the
abnormal floral organ, wild type stem mustard
treated with could not NaNj; produce functional
pollens (Yang et al. 2008c).

Discussion

In CMS system, changes in mitochondrial genes have
been associated to male sterility occurrence. Together
with the male sterility occurrence, homeotic trans-
formations of floral organs happen (Linke and Borner
2005). However, mitochondrial factors do not
directly control reproductive development. There
must, therefore, be a signaling pathway from mito-
chondria to nucleus that is involved in the homeotic
transformations of floral organs. How, and through
which pathway, might mitochondrial factors deter-
mine homeotic transformations of floral organs?

In the stem mustard CMS system here, complete
homeotic conversions of stamens into other floral
structures (Chen et al. 1995; Yang et al. 2008a).
According to the ABC model of floral organ devel-
opment, any mutation or over-expression of these
genes would lead to homeotic transformations in
flower architecture, with the replacement of certain
floral organs by others, termed nuclear homeosis
(Zubko 2004). Similarly, homeosis also has happened
when mitochondrial genome were altered and subse-
quently affect expressions of nuclear homeotic genes
or genes related to homeotic function, termed cyto-
plasmic homeosis (Zubko et al. 2001; Zubko 2004).
In our investigations, we observed that AP3-like,
Pl-like and AG-like genes were strictly expressed in
their whorl of floral organ according to ABC model
in its maintainer line. However, it was observed that

Fig. 4 Expressions of AP3-like, Pl-like and AG-like genes and
floral organ structure in its maintainer line and its maintainer
line after being treated by NaNj;. A, Expressions of AP3-like,
Pl-like and AG-like genes, CK represented its maintainer line,
Tr represented its maintainer line after being treated by NaN3;
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B, floral organ structure, B-1, maintainer line stamen, B-2
exhibits both whorl two and whorl three organs were altered
and sticking, B-3 shows whorl two and whorl three organs
were sticking and only whorl three was altered (Fig. 4-B3)
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reduced transcription of AP3-like, PI-like and AG-like
genes could possibly involve in the development of
various types of aberrant stamen in CMS line.
Although we did not determine which nuclear
homeotic gene was responsible for each kind of
respective type of abnormal floral organ.

AP3-like, Pl-like and AG-like genes might there-
fore be target genes for mitochondrial retrograde
regulation (MRR, Liao et al. 1991). In recent studies,
variation in the morphology of flowers in CMS line
was reported, of which nuclear MADS-box genes
were subject to mitochondrial retrograde regulation,
down-regulated expression and uncovered as targeted
genes of interaction between nucleus and mitochon-
dria (Zubko et al. 2001; Linke et al. 2003; Meguro
et al. 2003; Hama et al. 2004; Teixeira et al. 2005).
CMS systems offered a chance to explore the
cytoplasmic homeosis. In higher plants, putative
retrograde signals from mitochondria to the nucleus
are thought to play a role in the regulation of many
nuclear genes (Yu et al. 2001). Some eukaryotic
transcription factor genes have been shown to be
subject to redox regulation by mitochondria (Sun and
Oberley 1996). Thus, changes in mitochondria of
CMS stem mustard might account for the alterations
on the expressions of AP3-like, Pl-like and AG-like
genes.

According to the ABC model, each type of nuclear
homeotic gene is strictly expressed organ-specifically
at the individual whorls of floral organs. However,
ectopic expressions of AP3-like and AG-like genes
were observed in stem mustard CMS line, of which
AP3-like gene was expressed in pistil and AG-like
gene in petal unexpectedly. Similar result was
reported that AP3 gene was found to be ectopically
expressed in CMS Brassica napus (Geddy et al.
2004). In stem mustard CMS line, we observed
complete homeotic transformations of stamens into
pinnate, petaloidy, silk-like and carpelloidy struc-
tures. Single and mixed homeotic transformations
occurred in one flower, in which a flower had one or
two kind of transformed stamens structure and
carpeloidy degenerative stamens with ovules were
observed in this type of CMS (Yang et al. 2008a).
From the data obtained, it was not yet enough to
answer whether alterations on ecotpic expressions of
these genes were cause or consequence of develop-
mental abnormality. However, it was an exceptional
phenomenon observed in this CMS system. The ABC

genetic model was not fully expected in this type of
CMS and this finding had never been reported before,
maybe the ABC model could be extended to more
information. Therefore, we were trying to state the
facts observed here to the readers as exceptions.
Probably, ectopic expression of nuclear homeotic
genes and cytoplasmic homeosis may offer a chance
to learn more and extend the ABC model in higher
plants.

In this type of CMS, we previously reported that
genomic sequence and expression of mitochondrial
nad2 gene, subunit of mitochondrial cytochrome
oxidase respiratory pathway complex, were altered
and may subsequently affect the mitochondrial cyto-
chrome oxidase respiratory (Yang et al. 2008b).
NaNj, as a mitochondrial inhibitor, restrains mito-
chondrial cytochrome oxidase respiratory electron
transport chain. Therefore, NaN3 was employed to
investigate whether depression of mitochondrial func-
tion could induce abnormal  reproductive
developments. Studies with mitochondrial inhibitors
that differentially affect alternative respiratory path-
ways have been performed in Arabidopsis (Saisho
et al. 2001), barley (Kromer and Heldt 1991) and
Petunia (Wagner and Wagner 1997). However,
whether a mitochondrial-specific inhibitor could
induce extraordinary reproductive development or
not has not been reported till now. We showed here
that NaNj; could decrease the expressions of AP3-like,
PlI-like and AG-like genes at different levels (Fig. 4A).
As a consequence, we observed the abnormal devel-
opment of floral organs when we artificially inhibited
the mitochondrial ETC. (Fig. 4B2/B3).

Mitochondrial effects on the nuclear genes expres-
sions (termed retrograde regulation, Liao et al. 1991)
have been well documented mostly in yeast and
mammals (Butow and Avadhani 2004; Liu and
Butow 2006). In the case of plants, a group of genes
related to programmed cell death (PCD) have been
reported to be potential nuclear targets in CMS
involving tapetum degeneration (Balk and Leaver
2001). In this case, PCD initiates in tapetal cells and
subsequently extends to other anther tissues in
association with partial release of cytochrome ¢ from
the mitochondria.

In conclusion, for the stem mustard CMS system
exhibiting complete transformations of stamen into
other floral structure, we hypothesize that AP3-like,
PI-like and AG-like, nuclear genes encoding MADS-
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box transcription factor, are subject to mitochondrial
regulation associated with the cytoplasmic homeosis.
This might occur through and MADS-box gene direct
or indirect response to a signal emanating from
mitochondria. Nuclear transcription factor genes
(AP3-like, Pl-like and AG-like genes) may be consid-
ered as nuclear targeted genes on the signaling
pathway involved in mitochondria-to-nucleus com-
munication. Mitochondrial specific inhibitor offered
us an efficient method to study the effects of
mitochondrial dysfunction in higher plants. These
possibilities remain to be elucidated.
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