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We propose a new theory to explain developmental
aberrations in plant hybrids. In our theory, hybrid in-
compatibilities arise from imbalances in the mechanisms that
cause male sterility in hermaphroditic plants. Mitochondria
often cause male sterility by killing the tapetal tissue that
nurtures pollen mother cells. Recent evidence suggests that
mitochondria destroy the tapetum by triggering standard
pathways of programmed cell death. Some nuclear geno-
types repress mitochondrial male sterility and restore pollen
fertility. Normal regulation of tapetal development therefore
arises from a delicate balance between the disruptive effects
of mitochondria and the defensive countermeasures of the
nuclear genes. In hybrids, incompatibilities between male-
sterile mitochondria and nuclear restorers may frequently
upset the regulatory control of programmed cell death,
causing tapetal abnormalities and male sterility. We propose
that hybrid misregulation of programmed cell death may also
spill over into other tissues, explaining various developmental
aberrations observed in hybrids.

Natural populations with mitochondrial male sterility usually
have two or more mitochondrial genotypes (Frank 2000).
Each mitochondrial genotype can be repressed by its own
specific set of matching nuclear restorer genes, suggesting
that each mitochondrial type causes male sterility in
a biochemically different way. Distinct polymorphic sets of
mitochondrial and nuclear genes coexist, each set with
mitochondrial destruction of pollen production and match-
ing nuclear repression of mitochondrial action.

The matching mitochondrial and nuclear polymorphisms
arise from the conflicting patterns of transmission between
mitochondrial and nuclear genes (Frank 2000). Mitochondria
typically transmit only through seeds and not through pollen.
Matrilineally transmitted mitochondria increase their fitness
by pollen abortion and enhanced seed production, whereas
biparentally inherited nuclear genes favor a balance of pollen
and seeds. The polymorphisms from this reproductive

conflict are much like the matching polymorphisms of
attack and defense that often occur in host-parasite systems.

Morphological signs of tapetal deterioration have been
observed in several male-sterile species. The maize mito-
chondrial gene T-urf13 expresses a protein that results in
early tapetal degeneration soon after microspore meiosis
(Schnable and Wise 1998). In sunflower, the mitochondrial
PET1 gene causes tapetal degeneration soon after meiosis II
(Schnable and Wise 1998). Similar tapetal abnormalities arise
in male-sterile petunia, wheat, sorghum, and other species
(Laser and Lersten 1972).

Mitochondrial genes may cause tapetal degeneration
through pathways of programmed cell death (PCD). Balk
and Leaver (2001) provide the clearest study relating tapetal
deterioration to PCD. In their study, they analyzed
morphological and biochemical aspects of male sterility
caused by the PET1-CMS cytoplasm in sunflower. They
observed classical signs of PCD in tapetal tissues, including
cell condensation, oligonucleosomal cleavage of nuclear
DNA, separation of chromatin into delineated masses, and
partial release of cytochrome c into the cytosol of tapetal cells
before the major changes associated with PCD. These
characteristics of PCD in tapetal tissue are similar to
apoptosis in mammals. However, tapetal deterioration lacks
two attributes of apoptosis: condensation of nuclei and
deterioration of cells into structures called apoptotic bodies.
Thus, following Balk and Leaver, we use PCD as a general
term for the triggered and orderly killing of cells; we reserve
apoptosis for the subset of PCD with characteristics that have
so far only been observed in animals.

Other studies have also suggested that PCD causes
tapetal deterioration in mitochondrial male sterility. Induced
pollen abortion in barley causes the tapetum and nearby
tissue to digest its DNA into fixed size classes (Wang et al.
1999). Such DNA laddering is a hallmark of PCD (Danon et
al. 2000). Some authors have suggested that maize
mitochondria carrying the T-urf13 gene cause male sterility
by inducing PCD in the tapetum, but this has not yet been
demonstrated directly (Wu and Cheung 2000). It has been
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shown that, in the presence of a fungal toxin, maize
mitochondria carrying the T-urf13 gene experienced small
ion leakage and a loss of membrane potential (Holden and
Sze 1987). These symptoms of mitochondrial deterioration
appear to be caused by the formation of pores in the
mitochondrial membrane (Wu and Cheung 2000), a common
feature of apoptosis in animals (Green and Reed 1998).

Different mitochondrial genotypes may trigger cell death
in different ways by altering the complex regulatory cascade
leading to PCD. Each male-sterile mitochondrial genotype
has its own matching nuclear restorer genes. Thus, it appears
that each mitochondrial pathway for interfering with the
regulation of PCD can be blocked by a matching nuclear
pathway that restores normal regulation. Normal regulation
therefore arises from a delicate balance between the disrup-
tive effects of mitochondria and the defensive counter-
measures of the nuclear genes.

Hybrid crosses often produce male-sterile progeny (Laser
and Lersten 1972; Schnable and Wise 1998), suggesting that
hybrid incompatibilities readily disrupt the delicate mito-
chondrial–nuclear balance over the regulation of tapetal cell
death. Such mitochondrial–nuclear imbalances may some-
times disturb the regulation of cell death in other tissues,
causing diverse hybrid aberrations associated with the mis-
regulation of PCD. Many tissues, such as xylem and leaves,
use PCD as part of their normal development (Pennell and
Lamb 1997). In addition, plant cells use PCD as a mechanism
to limit pathogen growth at the site of infection (Pennell and
Lamb 1997). Therefore, misregulation of the PCD pathway
could cause defects in tissues throughout the plant.

Hybrids often have reduced fitness and developmental
abnormalities (Burke and Arnold 2001; Waldmann 1999).
However, we found surprisingly little detail in the literature
about morphological and biochemical aberrations in plant
hybrids. In our own work, we have observed aberrations of
Nemophila menzesii when crossed between distant locations
(Barr CM, unpublished data). The resulting progeny are
stunted, have thickened and curled leaves, have aberrant
petals and anthers, and make little or no pollen. Interestingly,
N. menzesii has CMS, making it a good candidate species to
analyze associations between CMS and PCD-induced
aberrations in crosses between diverged populations.

We have found one case that associates hybrid aberrations
with PCD. Hybrids from crosses between Nicotiana suavolens

and Nicotiana tabacum had developmental abnormalities of
cellular deathwith theclassicalmorphological andbiochemical
signatures of PCD (Yamada et al. 2001).Nicotiana species have
widespread male sterility (Nikova et al. 1999).

It is these sorts of hybrid abnormalities in Nicotiana

and Nemophila that deserve closer attention. Perhaps there
is a link between mitochondrial-nuclear imbalances arising
from male sterility and hybrid aberrations in the regulation
of PCD.

Why should the normally tapetal-specific effects of PCD
in male sterility occur in other tissues in hybrids? One
explanation for tapetal problems in CMS plants is that tapetal
tissue experiences exceptional demand for respiration and
mitochondrial performance (Hanson 1991). Thus, 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. If this
quantitative explanation is correct, and hybrids have a lower
threshold for expressing mitochondrial aberrations, then
hybrids may express aberrant PCD in tissues other than the
tapetum. Lower hybrid thresholds could arise from poorer
physiological performance of hybrid tissues, rendering those
tissues more susceptible to expressing aberrations normally
masked in intraspecific crosses.

Alternatively, Balk and Leaver (2001) present evidence in
favor of tapetal PCD in male sterility arising from tightly
regulated, tissue-specific expression of genes. In this case,
misregulation of PCD in hybrids may arise from failure of
the mechanisms that confine the CMS-induced expression of
PCD to the tapetum. Such failure may occur because the
genes involved in causing or suppressing CMS are likely to
evolve exceptionally rapidly. We expect rapid evolution
because CMS arises from a conflict between cytoplasmic and
nuclear genes, and antagonistic coevolution often leads to
rapid evolutionary change in other systems such as host-
parasite interactions (Frank 2002).

Our idea about misregulation of PCD in hybrids calls for
closer attention to the nature of hybrid aberrations in plants.
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