
 

 

Abstract—Reactive oxygen species (ROS)-mediated PCD 
was found to occur in CMS lines of many species. The excess 
production of ROS is probably caused by the decrease of the 
activity of ROS-scavenging enzymes in CMS plants at the 
abortion peak. Why antioxidant enzyme activities decline? 
Mostly, the ascorbate-glutathione cycle of mitochondria is 
blocked by the depletion of ATP and NADH which would 
result from mitochondrial dysfunction induced by the 
expression of mitochondrial chimeric open-reading frames 
(ORFs). Moreover, the interaction between ROS and some 
signaling molecules, such as ethylene, attenuated the induction 
of the cyanide-resistant respiration, which exacerbates the 
accumulation of the ROS. Under oxidative stress, cellular 
protein especially membrane protein and DNA damage occur, 
and thus lead to the cell death. The characteristic feature of the 
programmed cell death (PCD) in CMS plants may be that it 
can be blocked by a matching nuclear pathway that restores 
normal regulation. We will discuss the central role of the 
mitochondrion in the whole pathways of the cell death in CMS 
plants.   

 
Index Terms—Cytoplasmic male sterility, Mitochondri-al, 

Programmed cell death. 
 

I. INTRODUCTION 
Cytoplasmic male sterility (CMS) is a maternally 

inherited trait in higher plants that results in the inability of 
the mature plant to produce functional pollen. CMS results 
from the expression of chimeric ORFs encoded by the 
mitochondrial genome, which can be reversed by its own 
specific matching nuclear restorer genes [1]. At least 14 
mitochondrial ORFs that determine CMS have been 
characterized, which comprise segments derived from 
mitochondrial gene-coding and gene-flanking sequences and 
from sequences of unknown origin [1], [2]. ORFs interact 
with the anther-specific factor such as metabolites or gene 
products, which induce mitochondrial dysfunction [3]. Cell 
death occurs when mitochondrial function and ATP levels 
are insufficient to support plant development. Cell death in 
mitochondria is not only through changes in ATP 
production but also accumulation of ROS which increases 
under conditions of mitochondrial dysfunction [4]. The 
association of PCD with mitochondria-mediated CMS 
provides some of the first evidence of mitochondrial 
involvement in plant PCD pathways [5]. 
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II. CMS-ASSOCIATED CHIMERIC ORFS ARE OFTEN TOXIC 
In previous studies, mitochondrial chimeric genes have 

generally been shown to encode peptides that are lethal to E. 
coli. The most extensively analyzed CMS system is 
probably the CMS-T maize. In CMS-T, mitochondrial 
chimeric gene T-urf13 encodes a 13 kDa polypeptide 
(URF13) which strongly inhibits E. coli growth [6]. A few 
other CMS-associated genes (sunflower orf522, Brassica 
Ogura radish orf138 and BT-rice orf79) have also been 
shown to encode the toxic protein [7]-[9]. In addition, the 
toxicity of this kind of peptide in eukaryotic cell has also 
been studied. For example, orfH79 is a mitochondria 
chimeric gene being responsible for the CMS trait in 
Honglian (HL) rice. Weakly expressed ORFH79 strongly 
inhibits the growth of yeast cells [10]. More recently, a 
number of transgenic experiments have also confirmed the 
toxicity of ORF. After introducing the BT-rice orf79 gene 
into Taichung 65 carrying normal cytoplasm, it is revealed 
that ORF79 is toxic to plant regeneration when expresses as 
a fusion with mitochondrial targeting sequence of the 
ATPase subunit [11]. The CMS-associated mitochondrial 
protein in petunia, ORF129 results in male sterility in 
transgenic tobacco plants [12]. It is reported that the 
expression of sunflower cytoplasmic male sterility- 
associated open reading frame, orfH522 induces male 
sterility in transgenic tobacco plants [13]. 
 

III.  CMS-ASSOCIATED CHIMERIC ORFS AND TAPETUM 
DISINTEGRATION 

What kind of the relationship between CMS-ass- ociated 
ORFs and the PCD? The defect in mitochondrial function is 
caused by a CMS associated ORFs, its ultimate result may 
be programmed cell death (PCD) of either the tapetal layer 
or sporogenous cells. In most CMS plants, morphological 
studies suggests that mitochondria often cause cytoplasmic 
male sterility by triggering programmed cell death of the 
tapetum that nurtures pollen mother cells [14]. The maize 
mitochondrial gene T-urf13 encodes a toxin protein that 
results in early tapetal degeneration soon after microspore 
meiosis [15]. In PET1-CMS sunflower, the expression of 
mitochondrial chimeric ORF causes a classical PCD in 
tapetal tissues, which includes oligonucleosomal cleavage of 
nuclear DNA, separation of chromatin into delineated 
masses, and partial release of cytochrome c into the cytosol 
of tapetal cells [16]. In other male sterility plants, premature 
tapetum degeneration also causes the abortive of pollen, 
such as the thermosensitive and photoperiod-sensitive male- 
sterile rice [17],[18]. 

One of the biochemical features of PCD in CMS plant is 
that each mitochondrial pathway for interfering with the 
regulation of PCD can be blocked by a matching nuclear 
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pathway that restores normal regulation [19]. 
Microsporogenesis in restored maize CMS-T (A239 Rf) 
plants is quite different from the male sterile plants, while it 
is not significantly different from that in normal plants [20]. 
Similar PCD pathways are blocked by matching nuclear 
restorer genes in cotton cytoplasmic male sterility and maize 
CMS-S [21], [22]. 

However, the mechanism of blocking process is not 
known so far. It is difficult to establish whether the nuclear 
restorer genes regulated the expression of antiapoptosis 
genes or blocked the expression of CMS-associated mtDNA 
which subsequentially inhibited mitochondrial apoptosis 
pathways. As far as we know, there is little evidence which 
is found in CMS-S maize [22]. The transcripts of 
antiapoptosis genes accumulated in the development of 
S-(Rf3) gametophytes which carry S-type sterile cytoplasm 
and nuclear restorer gene (Rf3Rf3). But it was not enough to 
decide that the nuclear restorer genes induced the expression 
of antiapoptosis genes which blocked the PCD. After all, the 
accumulation of ROS is not radically reduced.   

Why does the PCD mostly occur in tapetal rather than 
other tissues in male sterility? Microscopic evidence 
suggests that mitochondrial activities are important in the 
tapetal layer. During early development of normal maize 
anthers, the number of maize mitochondria increases about 
20 times in sporogenous tissues and 40 times in tapetal cells 
[23], respectively. A significant increase in the number of 
mitochondria in pollen reflects a substantial increase of 
energy demand. Tapetal tissue is particularly sensitive to 
mitochondrial aberrations and is usually the only tissue that 
exceeds the threshold for showing signs of 
mitochondria-induced failure. Tapetal cells as the key pollen 
coat, precocious tapetal deterioration can also result in male 
sterility. Presumably, critical nutrient resources would not 
support for proper microspore development in the absence 
of a differentiated tapetum. Moreover, some signaling genes 
are preferentially expressed in tapetal cells, such as ethylene 
signaling genes [24]. 

 

IV.  HOW DO THE CMS-ASSOCIATED ORFS WORK? 
The expression of ORFs is thought to interfere in the 

normal function of mitochondria and lead to the abnormal 
development of tapetum or microspores during reproductive 
stage. Mitochondrion provides energy for all kinds of 
activities in cells through oxidation phosphorylation. 
Meanwhile, mitochondrion is also a major source of ROS 
formation and it may participate in the oxidative burst in 
plants which trigger cell death [25]. In order to repress 
mitochondrial cell-death signaling pathways in all except 
anthers, regulators of ROS-mediated signaling triggered cell 
death [5]. Numerous studies suggested that pollen abortion 
of the sterile plants is associated with PCD, such as 
PET1-CMS in sunflower, Honglian (HL)-CMS line of rice, 
cotton cytoplasmic male sterility, CMS-T and CMS-S of 
maize [15], [16], [21], [22], [26]. Most PCD is related with 
excessive production of ROS and lower ROS-scavenging 
enzymic activities in CMS plants at the abortion peak.  

In plant cells, the mitochondrial electron transport chain 
is a major site of ROS production. Complex I is a major site 
of ROS production, together with complex III. It has been 

reported that mitochondrial ROS is significantly higher in 
tobacco CMS II which lack of complex I compared with the 
wild type [27]. The inhibition of complex I by rotenone 
induces increase of mitochondrial ROS in Arabidopsis [28]. 
In several CMS plants, such as tobacco CMS I and II and 
CMS stem mustard (Brassica juncea) have been proved to 
be associated with the abnormal NADH ubiquinone 
oxidoreductase gene [29]-[31]. The generation rate of ROS, 
e.g. O2-, H2O2, in sterile line is higher than that in 
maintainer line [21], [26], [32]. 

In the sterile anther mitochondria, the production of ROS 
significantly increased, while the activities of 
ROS-scavenging enzymes remarkably reduced, which might 
break the balance between ROS production and elimination. 
However, the activities of antioxidant enzymes in sterile line 
are not lower than those in the corresponding maintainer at 
any time. ROS-scavenging enzymes include SOD, APX, 
GR, DHAR and MDHAR, GSH and ascorbate acid and so 
on. At the stage of preliminary abortion, ROS begins to 
accumulate, which serves as the signal to up-regulate the 
transcription of antioxidant enzymes encoded in nuclear 
genome. At the peak of abortion, the activities of the 
enzymes are lower in CMS line than those in its maintainer 
line. It is not clear why antioxidant enzymes activities 
decrease in CMS plant. The possibility might be the 
oxidative damage to the structure and active sites of these 
proteins [32]. However, it may be not the key factor. The 
potential mechanism is shown in Fig.1 based on the 
previous studies. 

 

 
Fig. 1. The hypothesis of reducing ROS-scavenging enzymic activities in 
CMS at the peak of abortion. GalLDH: L-galactono-1,4-lactone 
dehydrogenase; APX: Aseorbate peroxidase; MDHAR: Monodehydroas- 
corbate reductase; DHAR: Dehydroascorbate reductase; GR: glutathione 
reductase; GP: glutathione peroxidase; GSSG: oxidative glutathione; GSH: 
reduced Glutathione. 

 
A single electron escapes from NADH-ubiquinone 

oxidoreductase. Molecular oxygen becomes superoxide 
anion radical (O2.-) by a single electron transfer to 
molecular oxygen and then O2.- is converted to H2O2 by Mn 
superoxide dismutase (MnSOD). H2O2 is detoxified by 

International Journal of Bioscience, Biochemistry and Bioinformatics, Vol. 1, No. 4, November 2011

298



 

reduced glutathione (GSH) changes into oxidized 
glutathione GSSG. The balance between GSH and GSSG 
depends on the supply of NADPH. The depletion of ATP 
and NAD+- NADH pool are testified in the CMS-HL rice 
[32]. With the decrease of NADH and ATP, NADPH level 
reduces. The increased GSSG impairs the scavenging of 
H2O2, and then MnSOD activity is reversely inhibited. 
Accordingly, the expression of SOD is down-regulated 
during the development of microspores in HL-CMS line 
[32]. Besides, the ascorbate-glutathione cycle of 
mitochondria is another important system in resisting ROS 
[33]. The final enzyme of ascorbate synthesis in plants, 
converting galactolactone to ascorbate, is physically 
associated with complex I [34], [35]. The abnormal 
expression of complex I reduces the synthesis of ascorbate, 
which affects the ascorbate-glutathione cycle in 
mitochondria. Complex I would most likely regulate the 
synthesis of ascorbate through L-galactono-1, 4-lactone 
dehydrogena se (GalLDH). GalLDH is an integral protein of 
the inner mitochondrial membrane, which catalyzes 
L-galactono-1, 4-lactone converted to L-ascorbic acid [36]. 
The decrease of L-ascorbic acid attenuates the activities of 
APX, GR, DHAR, MDHAR and GSH. Therefore, the 
expression of APX, GR, DHAR, MDHAR and SOD are 
down-regulated during the development of microspores in 
CMS line [21], [32]. 

 

V. INTERACTION BETWEEN ETHYLENE AND ROS TO 
CONTROL PCD 

The ROS-dependent cell death is regulated by the plant 
hormones. As a plant hormone, ethylene is an important 
molecular in regulating ROS-dependent cell death [37],[38]. 
It can stimulate PCD in floral organs [39] and induce male 
sterility in a number of species including wheat [40], millet 
[41], and Brassica [42]. ROS regulates the synthesis of 
ethylene [43]. In the ethylene synthesis pathway, 
1-aminocyclopropane-1-carboxylic acid (ACC) synthase 
activity, ACC content and ethylene emission are all required 
for ROS accumulation [44]. On the contrary, the increased 
ROS production in the mitochondria could also be perturbed 
through changes in ethylene synthesis and sensitivity. Thus, 
high ethylene synthesis attenuates induction of the 
alternative oxidase (AOX) or cyanide-resistant respiration 
[45]. It has been proved that many CMS lines lacked 
cyanide-resistant respiration [46], which can increase ROS 
production [47]. Consistent with this, tobacco cells lacking 
AOX or cyanide-resistant respiration increased PCD in 
response to H2O2 [48]. Furthermore, the downregulation of 
AOX or pyruvate dehydrogenase in the tobacco tapetum 
results in microspore death [49]. Ethylene signaling genes 
are preferentially expressed in rice tapetal cells, especially 
during the tetrad and unicellular stages [24], which suggest 
that ROS may firstly accumulate in tapetal cells, and trigger 
PCD in CMS anthers. It may be also the reason for the PCD 
firstly occurs in tapetal rather than other tissues, as 
described in Capsicum annuum, Brassica napus [50],[51]. 

 

VI.  OCCURRENCE OF PCD IN CMS PLANTS 
When ROS generation exceeds the cellular capacity to 

scavenge, cellular proteins especially membrane protein and 
DNA damage occur, and thus lead to the cell death (Fig. 2). 
Under oxidative stress, mitochondrial membrane is 
susceptible to oxidative damage by ROS. The loss of 
mitochondrial membrane permeability is thought to be the 
center for PCD mediated by ROS. The microscopic analysis 
of CMS plants in many species has indicated that disruption 
of mitochondrial integrity in the tapetal layer is the first sign 
of abnormal development and thus may be the cause of 
microspore abortion [52],[53]. The voltage-dependent anion 
channel (VDAC) is an important complex of the 
mitochondrial permeability transition pore (PTP) [54]. 
NADH regulates the gating of VDAC [55],[56].  
Cytochrome C, DNase and apoptotic factors could all be 
released by opening PTP, which can trigger PCD [57]-[59]. 
In CMS plant, the mitochondrial genomic DNA and nuclear 
DNA are both degraded by DNase [16], [26], [32]. 

 

 
Fig. 2. Occurrence of PCD in CMS plants. In CMS plant cells，the 
expression of ORFs is thought to interfere in the normal function of the 
mitochondrial electron transport chain (ETC) and TCA cycle. Mostly, 
dysfunction of the mitochondria causes the depletion of ATP, NADH and 
accumulation of ROS. On the one hand, depletion of NADH causes the 
VDAC open which forms the mitochondrial permeability transition pore 
(PTP). On the other hand, when ROS generation exceeds the cellular 
capacity to detoxify them, ROS can induce the PTP open. Moreover, ROS 
inducts synthesis of ethylene. High ethylene synthesis attenuated induction 
of the AOX or cyanide-resistant respiration. The lack of cyanide-resistant 
respiration induction caused increases ROS production. And then, 
Cytochrome C, DNase and apoptotic factors release. DNA is hydrolyzed by 
DNase, leading to the PCD at last. 
 

VII. CONCLUSIONS 
In this review, we have sketched out the major 

metabolism pathways for the ROS production and trigger 
PCD in CMS plants. The common features of both biotic 
and abiotic stress responses are transient oxidative burst and 
subsequent temporary shift in the intracellular redox state 
[60], [61]. However, PCD in CMS plants is different from 
that in abiotic stress conditions such as temperature 
extremes, drought, or salt stress. In CMS plants, PCD is 
triggered by the mitochondrial dysfunction induced by the 
interaction between ORFs and anther-specific factors, which 
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could be blocked by a matching nuclear pathway that 
restores normal regulation. Currently, while there is 
incontrovertible that such pathway does exist, but we do not 
know how such a pathway would work. Analysis the 
characterization of this pathway will lead to a better 
understanding of cell death in CMS plants. 
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