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Programmed cell death and evolution. Various forms of PCD have been
identified (in bold) in several branches of the phylogenic tree. No data on

best-adapted offspring by preventing flawed
offspring from competing for resources. The
hypothesis that the eukaryote cell is a sym-
biont that arose from fusion of different
bacteria species suggests that PCD may
have evolved from a resolution of conflict
between heterogeneous genomes within a
cell, a process similar to step (i), that subse-
quently led to enforced cooperation.

Although such an evolutionary scenario
is plausible, an alternative model would re-
move the need for a multistep process in the
emergence of cell suicide machinery. In
multicellular animals, some gene families
function solely as inducers (the Ced-3/ICE/
CPP32 cysteine proteases) or inhibitors
(CED-9/Bcl-2/Bcl-XL) of PCD (I). How-
ever, most genes that control the cell cycle
and cell differentiation—including proto-on-
cogenes, tumor suppressor genes (1), cyclins,
and cyclin-dependent kinases (7, 8,)—also
participate in the control of PCD, and mi-
totic catastrophes resulting from uncoordi-
nated activation of cyclins in mammalian
cells and in yeast mutants have a phenotype
similar or identical to apoptosis (8). In bac-
teria, the autolysins that participate in cell
division can also induce self-destruction. If
effectors of the cell cycle machinery can
also be effectors of the self-destruction of
the cell in which they operate, then the re-
quirement for coupling cell survival to the
prevention of self-destruction is as old as
the origin of the cell (10).

The evolution of PCD would share simi-
larities with the evolution of genetic diver-
sity. The inability of a cell to avoid random
genetic mutation has led to the selection of
both DNA proofreading and repair mecha-
nisms and the amplification of DNA diver-
sity by genetic reassortment. The view that
an intrinsic inability to avoid random self-
destruction is an “original sin” of the cell,
an inherent consequence of progression
through the cell cycle, implies that selective
pressures regulate the cell cycle machinery so
that cell suicide is repressed. Such a scenario
provides a simple mechanism for the selec-
tion of upstream inducers of PCD that allow
enhanced fitness of the colony through the
rapid dismisal of an individual once a mis-
take has been made during the cell cycle.
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Is the origin of social control of cell sur-
vival coextensive with the origin of the cell,
or have there been several parallel evolution-
ary attempts toward PCD? Do unicellular eu-
karyotes share effectors and regulators of cell
suicide with multicellular animals? Are muta-
tions that uncouple the cell suicide machin-
ery from extracellular signals counterselec-
ted in unicellular colonies, as in multicellular
animals (I, 7)? The identification of the
genes that regulate cell suicide in other uni-
cellular organisms should help to address
these questions.
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Infertility Treatment: A Nuclear
Restorer Gene in Maize

Charles S. Levings lll

The best seed comn is a true hybrid, the
parents being of different and carefully se-
lected lines. But controlling the parentage
of corn requires the intervention of hu-
mans, because individual corn plants self-
fertilize, serving as both the male and fe-
male parent. Historically, corn breeders had
to remove the tassel from corn plants by
hand to prevent self-fertilization, a tedious
process at best. So the discovery that some
corn plants natually have no pollen was
welcomed, and these strains were adopted
for use in hybridization.

But these convenient plants had a cost.
Between 1969 and 1970, an epidemic of
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southern corn leaf blight (1) struck a strain
of sterile U.S. maize that accounted for 85%
of the U.S. hybrid maize grown for commer-
cial seed production—the Texas male-ster-
ile cytoplasm [cmsT (cytoplasmic male ste-
rility-T)] system. The subsequent intense
interest in the biology of cytoplasmic male
sterility (CMS) and its modulators is con-
tinued in this issue of Science, in which Cui
et al. (2) report the identity of a gene-Rf2,
one of the restorers of fertility genes—that
can inhibit CMS. Rf2 turns out to be an al-
dehyde dehydrogenase.

Cytoplasmic male sterility is a mater-
nally inherited trait that suppresses the pro-
duction of viable pollen and causes sterility
in male, but not female, plants (3). The ste-
rility effects of CMS, mediated by mito-
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chondrial genes (4), can be reversed by spe-
cific nuclear genes—the Rf genes. For ex-
ample, in the cmsT strain, pollen restora-
tion depends on the simultaneous activity
of two restorer genes, Rfl and Rf2 (5).

As corn growers discovered to their dis-
may several decades ago, cmsT maize is sen-
sitive to the pathotoxin HmT produced by
the southern corn leaf blight pathogen
Cochliobolus heterostrophus Drechsler race T
and to the pathotoxin PmT produced by
the yellow leaf blight pathogen, Phyllosticta
maydis. These pathotoxins, collectively des-
ignated T toxin, contribute to the unique
susceptibility of cmsT maize to these patho-
gens. Maize carrying the normal cytoplasm or
other male-sterile cytoplasms is
insensitive to T toxins.

The mitochondrial genome
of cmsT carries a unique gene,
T-urfl3, that mediates disease
susceptibility (toxin sensitiv-
ity) and most likely CMS. T-
wrfl3 encodes URF13, a hy-
drophobic polypeptide of 115
amino acids (13 kD) that re-
sides in the inner mitochon-
drial membrane as an oligomer
(6). URF13 is a ligand-gated,
pore-forming receptor that
binds the T toxin produced by
the southern corn leaf blight
and yellow leaf blight patho-
gens and also the insecticide
methomyl. When URF13 binds
T toxin, it forms a pore in the
inner mitochondrial mem-
brane, resulting in dissipation
of the membrane potential
and uncoupling of oxidative
phosphorylation (7, 8). These
events lead to mitochondrial
dysfunction, cell death, and
rapid colonization of cmsT
plants by the pathogens. Trans-
formation of Escherichia coli,
yeast, insects, and tobacco
with the T-urfl13 gene confers
T toxin and methomyl sensi-
tivity to these organisms and
confirms that T-urfl3 causes
toxin sensitivity (9, 10).

Cytoplasmic male sterility—
T cells grown in culture some-
times revert to normal (they show male fer-
tility and toxin insensitivity); these plants
have either lost the T-urfl3 gene or the T-
urfl3 gene contains a mutation (11). Thus,
CMS and toxin sensitivity are inseparable:
T-wrfl3 causes both toxin sensitivity and
CMS, possibly by the same mechanism.
Also implicating T-urf13 in CMS is the ef-
fect of the RfI restorer gene on URF13 ex-
pression. RfI alters the transcript profile of
T-urfl3 and reduces URF13 expression by
nearly 80% (12); in contrast, Rf2 does not
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mal maize (top) makes
abundant pollen and can
self-fertilize; cmsT maize
(bottom) has no pollen
and is therefore sterile.

affect URF13 expression (13).

The new analysis by Cui et al. (2) reports
the nucleotide sequence of the nuclear gene
712, which together with rfI, can inhibit the
sterility effects of T-urf13. The sequence of
the RF2 protein is similar to that of mam-
malian mitochondrial aldehyde dehydroge-
nases (ALDH), and RF2 contains two cata-
lytic domains commonly found in the
ALDHs. The mammalian ALDH catalyzes
the irreversible oxidation of many alde-
hydes to acids. The Rf2-encoded protein
contains a putative mitochondrial targeting
sequence, suggesting that it resides in the
mitochondrion.

Cui et al. (2) have proposed two models
to explain how the Rf2-encoded
ALDH restores pollen fertility.
Their metabolic model proposes
that URF13 alters mitochondri-
al function such that additional
pyruvate is shunted into fer-
mentation, a process that can
take place under aerobic condi-
tions. Without ALDH activity,
increased fermentation can
cause acetaldehyde and ethanol
accumulation—both phytotox-
ic compounds—and could lead
to tapetum death and pollen
abortion. The tapetal cell
layer surrounds the developing
pollen, supplying it with nour-
ishment for development. In
cmsT, pollen sterility occurs
because of tapetal degenera-
tion (14). The model predicts
that RF2 ameliorates the
URF13-mediated disturbance
by preventing the poisoning of
the tapetum by ethanol and
acetaldehyde. Because fermen-
tation takes place in the cyto-
plasm and the Rf2-encoded
ALDH resides in the mito-
chondria, acetaldehyde prob-
ably diffuses into the mito-
chondrion, where ALDH oxi-
dizes it to acetic acid, generat-
ing a chemical potential gradi-
ent. This model is attractive be-
cause the Rf2-encoded ALDH
can play a role in metabolism,
even without an URF13-me-
diated disturbance.

URF13 may cause CMS because it has a
major adverse effect on certain anther cells,
the tapetum in particular. This negative ef-
fect may be due to the high energy require-
ments of maize tapetal cells—a result of
their demanding job of regulating gameto-
genesis, which makes them particularly sus-
ceptible to mitochondrial dysfunction as in-
duced by URF13.

Cui et al. (2) proposed a second model,
in which the RF2 protein interacts (di-
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rectly or indirectly) with URF13 to mollify
its adverse effects. One attractive proposal
for URF13-induced CMS is that the
mechanisms for CMS and toxin sensitivity
are the same. In this event, an anther
(tapetal)—specific compound with proper-
ties similar to T toxin or methomyl could
interact with URF13 to form pores in the
inner mitochondrial membrane, leading to
mitochondrial dysfunction, cell death, and
CMS (15, 16). If the endogenous com-
pound is an aldehyde, the Rf2-encoded en-
zyme could restore pollen fertility by de-
grading it. Indeed, preliminary evidence
shows that an anther-specific compound
exists that inhibits respiration of cmsT
mitochondria and E. coli-expressing URF13;
however, it is uncertain whether the com-
pound is an aldehyde (13). If the endog-
enous compound is not an aldehyde, then
the metabolic model is favored to explain
restoration.

The characterization of Rf2 has proved
only tantalizing; we still do not understand
exactly how the nuclear gene Rf2 fixes the
deficit in the mitochondrial gene T-urfl3.
RfI contributes to restoration of fertility by
decreasing the accumulation of URF13;
Rf2, on the other hand, encodes an ALDH
whose role in restoration is still speculative.
We need to learn more about the steps lead-
ing to pollen production and sterility.
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