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Note added in proof

M. Havaux has recently discussed the absence of sterols in thylakoid membranes
(Trends Plant Sci. 3, 147-151). In such membranes the function played by sterols
might be fulfilled by other isoprenoids, such as xanthophyll carotenoids (e.g.
zeaxanthin) and «-tocopherol.

Marie-Andrée Hartmann is at the Institut de Biologie Moléculaire
des Plantes du Centre National de la Recherche Scientifique
(CNRS), 28 rue Goethe, 67083 Strasbourg, France

(tel +33 3 88 35 83 70; fax +33 3 88 35 84 84;

e-mail ma.hartmann@ibmp-ulp.u-strashg.fr).

The molecular basis of cytoplasmic
male sterility and fertility restoration

Patrick S. Schnable and Roger P. Wise

Cytoplasmic male sterility (CMS) is a maternally inherited condition in which a plant is unable
to produce functional pollen. It occurs in many plant species and is often associated with
chimeric mitochondrial open reading frames. In a number of cases, transcripts originating
from these altered open reading frames are translated into unique proteins that appear to
interfere with mitochondrial function and pollen development. Nuclear restorer (Rf or Fr)
genes function to suppress the deleterious effects of CMS-associated mitochondrial abnor-
malities by diverse mechanisms. There are now several well-characterized CMS systems, for
which the mitochondrial sequences thought to be responsible have been described. Possible
mechanisms by which nuclear restoration occurs in these systems can now be postulated.

150 plant species'. CMS systems make excellent models

inwhich to study the interaction between nuclear and cyto-
plasmic factors, because fertility restoration relies on nuclear
genes that suppress cytoplasmic dysfunction (Fig. 1). Analyses of
the molecular mechanisms by which fertility loss and restoration
occur can aso help elucidate pollen development and normal
mitochondrial function.

Nuclear restoration allowsthe commercial exploitation of CMS
systemsin the production of hybrid seed. Thisis because, in com-
bination with CMS, it eliminates the need for hand emasculation
and yet ensures the production of male-fertile, first-generation (F,)
progeny. For example, prior to the epidemic of southern corn leaf

Cytoplasmic male sterility (CMS) has been observed in over

Copyright © 1998 Elsevier Science Ltd. All rights reserved. 1360 - 1385/98/$19.00 PII: S1360-1385(98)01235-7

blight in 1970, male-sterile T (Texas)-cytoplasm maize system
was used to produce approximately 85% of hybrid seed in the
USA. Breeders produce hybrid seed using a CMS system by
developing female lines that carry CMS cytoplasm but lack
restorer genes and by developing male lines that carry the appro-
priate restorer genes. F; hybrid seed produced by the female lines
carry the CMS cytoplasm but yield fertile plants because of the
action of the paternally contributed nuclear restorers.

Origin of cytoplasmic male sterility

Because of their value in hybrid seed production, CMS systems
have been identified and characterized in many crop species, in-
cluding Phaseolus vulgaris, beet, carrot, maize, onion, petunia,
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Fig. 1. Tassels from sibling maize plants that carry the T (Texas)
cytoplasm. T-cytoplasm confers male sterility on plants that do
not carry both of the nuclear restorer genes, Rf1 and Rf2 (right). In
contrast, T-cytoplasm plants that carry both of these nuclear
restorers are completely male fertile (eft).

Brassica napus, rice, rye, sorghum, sunflower and wheat*. CMS
can arise spontaneously in breeding lines, following mutagenesis, as
aresult of wide crosses, or theinterspecific exchange of nuclear and
cytoplasmic genomes. For example, several CM S cytoplasms have
been recovered from breeding lines without intentional interven-
tion: the maize T-cytoplasm; the pol cytoplasm of B. napus (which
arosein the cultivar Polima); the mal e-sterile cytoplasm of Phaseo-
lus; and the S-cytoplasm of onion. Because plantsthat carry aCMS
cytoplasm plusthe appropriate restorers are often indistinguishable
from normal plants, CM S cytoplasms can inadvertently be main-
tained in breeding lines until a mutation or segregation removes a
restorer gene®®. Such an event might explain the appearance of CMS
following mutagenesis of sunflowers’. Inrice, the male-sterile, Bo
cytoplasm arose when the Indica cultivar Chinsurah Boro Il was
recurrently backcrossed with the Japonica cultivar Taichung 65.
Interspecific hybridizations can be achieved between otherwisein-
compatible species via sexual crosses followed by embryo rescue
or via protoplast fusion and the production of cybrids. These ap-
proaches have resulted in theidentification of CM S-inducing cyto-
plasmsin anumber of genera. For example, the best characterized
CMS-inducing cytoplasm of sunflower, PET1, was derived froman
interspecific cross between Helianthus petiolaris and H. annuus’.
Similarly, the ogu cytoplasm, which confers male sterility upon B.
napus, was derived from radish. Wide crosses have al so been used
extensively to generate CM S systems in the family Triticeag®®.
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Morphological changes associated with male sterility

The morphological changes that precede CMS in the various sys-
temsoccur at different developmental stagesand in different tissues.
Nevertheless, in anumber of systems, one of thefirst visible signs
of CMSisthe premature degeneration of the tapetum layer of the
anther. Although the molecular basisfor thistissue specificity isnot
known, it seemslogical that tapetal degeneration would cause CMS
because this structure playsasignificant rolein microspore devel op-
ment. In T-cytoplasm maize, thefirst obvious morphological lesion
occurs soon after meiosis, when the mitochondria of the tapetum
and middlelayer of the anther begin to degenerate’. PET1-mediated
male sterility in sunflower isalso associated with a degeneration of
the tapetum and tetrads after meiosis I1. However, in this system
differences between fertile and sterile plantsfirst becomevisible as
early asthe beginning of meiosis. Similarly, in petuniawith CMS,
cells of the tapetal layer become vacuolated during meiosis™.

Identification and structure of sterility-associated genes

By virtue of its maternal inheritance, it was initially assumed that
CMS is the result of lesions in either the mitochondrial or the
chloroplast genomes. Indeed, in al cases where a specific CMS-
associated gene has been identified and shown via correlative or
direct meansto be responsible for CMS, thelesion hasbeenin the
mitochondrial genome (Fig. 2). However, because plant mitochon-
dria genomes are large (200-2400 kb), it is often difficult to iden-
tify the sequences responsible for CMS. Several approaches have
been used to narrow the search, including comparative physical
mapping and the identification of differences in mitochondria
gene-expression patterns between normal fertile, male-sterile, re-
stored fertile, and fertile revertant plants. The key test, afunctional
assay for a candidate sequence, has been reported in only a few
Cases.

Detailed RFLP analyses revealed that the PET1 cytoplasm of
sunflower differs from fertile cytoplasms (including that of H.
petiolaris) within a 17-kb region of the mitochondrial genome that
includes a 12-kb inversion and a 5-kb insertion flanked by 261-bp
inverted repeats’. These polymorphisms relative to the cytoplasm
of H. petiolaris are particularly interesting given that the PET1
cytoplasm is derived from an interspecific hybridization of H.
petiolarisand H. annuus. The 5-kb insertion created a’522-bp open
reading frame (ORF) downstream of the atpA gene® (Fig. 2). This
ORF encodes a 16-kDa protein that accumulates in both sterile
and restored PET1 seedlings'. Accumulation of the orfH522 tran-
script and its encoded protein exhibit tissue-specific* and cell-
specific' reductions following restoration. These results therefore
provide strong support for the role of orfH522 in CMS.

In B. napus, there are several CM S-associated ORFs associated
with male sterility (Fig. 2). Physical mapping has reveaed differ-
ences between the ma e-sterile pol and male-fertile cam mitochon-
dria genomesthat are confined to a rearranged region around the
atp6 gene™®. Thisresult led to the discovery of the CM S-associated
orf224/atp6 locus®, which is present only in the pol cytoplasm.
Additiona evidence for the involvement of thislocusin the CMS
phenotype is that orf224/atp6 transcripts are differentially pro-
cessed in plants that carry the Rfpl or Rfp2 restorers'®™, Interest-
ingly, the predicted ORF224 protein exhibits 79% sequence
similarity to the predicted protein of the orf222 portion of the
CMS-associated orf222/nad5c/orf139 region in the male-sterile
nap cytoplasm?®. The basis for calling this region CM S-associated
is that orf222/nad5c/orf139 transcripts are less abundant and are
qualitatively different in restored and non-restored (i.e. sterile)
plants. Again, based on physical mapping studies, orf138 is the
best candidate as the CM S-associated gene in the male-sterile ogu
cytoplasm?. Unlike the CM S-associated genes in the pol and nap
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cytoplasms, however, the accumulation of
orf138-specific transcriptsis not correlated
with the presence or absence of the Rfo

Direction of transcription

restorer. Nevertheless, restoration does
appear to be associated with areduced ac-
cumulation of the 19-kDa ORF138 mito-
chondrial-membrane protein®.

In maize, there are numerous RFLPs
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identified a mitochondrial DNA fragment
that hybridized to a family of T-specific
transcripts. Sequence analysis of this T-
specific region reved ed two ORFs, T-urf13
and the co-transcribed orf221 (Ref. 25)
(Fig. 2). Alterations in T-urfl3-specific
transcript accumulation occur in plants
restored to fertility by the Rf1 gene and
this alteration is absent in plants carrying
mutant rfl-m alleles®?. Recently, it has
been revealed that the Rf8 and Rf* partia
restorers also have specific effects (dis-
tinct from Rf1) on T-urfl3 transcript ac-
cumulation?®. The second approach took
advantage of tissue culture-induced mito-
chondrial mutations that restored fertility
to T-cytoplasm. Physical mapping experi-
ments revealed acommon RFLPin 19 out
of 20 such mutants. Subsequent analyses
revealed that the T-urf13 reading frame had
been lost by homologous recombination in
each of these mutants®*. The remaining
fertile mutant, T-4, which did not exhibit
the RFLP, contained a5-bpinsertionin the
T-urfl3 coding region that truncated this
reading frame®. In all of these mutants, the
co-transcribed orf221 reading frameisun-
atered. T-urfl3 encodes a 13-kDa mito-
chondrial pore-forming protein (URF13)
that assembles as an oligomer in the inner
mitochondrial membrane. The accumu-
lation of this protein is reduced in plants
restored to fertility by Rf1 (Ref. 26) or Rf8
(Ref. 28). Hence, in combination, these
approaches provide strong evidence that
the T-urf13 gene is responsible for CMS
in T-cytoplasm maize.

The mitochondrial genome of the male-
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sterile S-cytoplasm of maize contains the
repeated DNA region ‘R’, which contains two chimeric ORFs®
(Fig. 2). Thisregion is rearranged in fertile revertants of S-cyto-
plasm plants. In addition, the nuclear restorer Rf3 alters the abun-
dance of the mgjor R transcripts. More specifically, an R-derived
1.6-kb transcript that accumulatesin sterile plantsis absent in fertile
revertantsand reduced in plantsrestored to fertility by Rf3 (Ref. 30).
To identify the CMS-associated gene of petunia, somatic hy-
brids of fertile and CMS lines were constructed via protoplast
fusion™. Within these hybrids, the mitochondrial genomes of the
two parents were able to recombine. The resulting recombinant

genomes then segregated during subsequent cell divisions. Com-
parative mtRFLP analyses of male-sterile and fertile progeny
revealed a chimeric ORF consisting of the 5'-portion of the atp9
gene, parts of the first and second exons of the coxIl gene, and an
unidentified sequence (termed urfS) that co-segregated with male
sterility. Thischimeric 1.2-kb ORF, pcf (‘ petunia CM S-associated
fused'), is co-transcribed with nad3 and rps12 (Ref. 31) (Fig. 2).
In the presence of the Rf gene, the accumulation of pcf-derived
transcriptsis altered. In addition, the Rf gene reduces the accumu-
lation of the 25-kDa PCF protein.
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Unlike the mitochondrial genome of normal fertile (Japonica)
rice, the mitochondria genome in the Bo cytoplasm contains two
copies of the atp6 gene®**. Downstream of (and co-transcribed
with) the second copy of the atp6 gene (B-atp6) is the unique
CMS-associated orf79 (Ref. 34) (Fig. 2). Asin petunia, compari-
sons between mtDNAs in male-fertile and male-sterile somatic
hybrids were used to correlate the presence of the orf79 gene with
male sterility®>*. Additional evidence for the role of this genein
CMSisthat the Rf1 restorer influences the processing and editing
of the 2.0-kb B-atp6/orf79 transcript®.

During investigations of the atp9 gene from the A3 cytoplasm
of sorghum with CMS, cosmid clones were identified that con-
tained an unusua chimeric ORF, designated orf107 (Ref. 35)
(Fig. 2). orf107 is comprised of sequences similar to the 5'-end of
atp9 and the 3'-end of rice orf79. The processing of orf107 tran-
scripts cosegregates with Rf3-conditioned fertility restoration.

The mitochondrial genome of CMS wheat that arose via an
interspecific cross between Triticum timopheevi (female parent)
and T. aestivum carries a chimeric gene, orf256. Although present
in the mitochondrial genome of T. timopheevi, orf256 is absent
from T. aestivum. A 7-kDa protein encoded by orf256ispresentin
the inner mitochondrial membrane of wheat with CMSS, but is not
in either parent or wheat restored to fertility by nuclear genes
derived from T. timopheevi®.

An interesting type of mitochondrial DNA polymorphism is
observed in male-sterile, male-fertile and restored lines of Phase-
olus®. Detailed analyses have revealed that a portion of the mito-
chondrial genome [designated pvs (‘ Phaseolus vulgaris sterility
sequence’)] is physically lost upon restoration by the Fr gene®,
Theloss of pvsalso occurs coincidentally with spontaneous rever-
sions to fertility that occur at high rates in this system. The pvs
region contains two ORFs, orf239 and orf98 (Ref. 39) (Fig. 2),
and transcripts from it are modified during restoration by Fr2,
another restorer of this cytoplasm. The definitive evidence that
orf239 is responsible for CMS was provided by the finding that
transgenic tobacco plants that express this ORF often exhibit a
semisterile or male-sterile phenotype®.

CMS-associated genes are often chimeric, having been derived
from fusions of portions of known genes with previously un-
known sequences. In most instances the sequences of CMS-
associated ORFs are unrelated. However, many of these CMS-
associated genes do share the common feature that they encode
large hydrophobic domains*#. There are only two examples of
CM S-associated genesthat exhibit sequence similarity (Fig. 2). In
B. napus, orf222 from the nap cytoplasm is 79% similar at the
amino acid level to orf224 from the pol cytoplasm?®. orf107 of the
A3 cytoplasm of sorghum and the 3'-region of orf79 from rice com-
prise the only pair of interspecific CM S-associated ORFs known
to exhibit ahigh level of sequence similarity®.

Function of genes associated with cytoplasmic male sterility
Clues as to how CM S-associated genes cause male sterility have
arisen in several systems. For example, in Phaseolus the ORF239
protein is associated with the cell walls of developing micro-
spores®. A similar association is observed in transgenic tobacco
expressing nuclear copies of orf239 (Ref. 40). These transgenic
plants are also male sterile when the transgene lacks a mitochon-
drial targeting sequence. Thus, it can be concluded that the
ORF239 protein is toxic to devel oping microspores regardless of
where it is encoded or trandated. These results suggest that CMS
in Phaseolus s not directly related to mitochondrial function.

In addition to being male sterile, maize that carries T-cytoplasm
is highly sensitive to the host-selective toxin (T-toxin) produced
by race T of Cochliobolus heterostrophus Drechdler (asexua stage
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Bipolaris maydis Nisikado and Miyake), the causal organism of
southern corn leaf blight. By contrast, tissue culture-derived male-
fertile mutants of T-cytoplasm that have lost the T-urf13 gene are
toxininsensitive. Thisfinding suggeststhat T-urf13 isresponsible
for both the male sterility and toxin sensitivity”®. Indeed, the
URF13 protein conferstoxin sensitivity when expressed in E. coli,
yeast or tobacco* . However, none of the toxin-sensitive, trans-
genic tobacco plants produced to date has been male sterile even
when URF13 has been targeted to the mitochondria. Similarly,
expression of the PCF protein (which is associated with CMS in
petunia) has not caused male sterility in transgenic tobacco or
petuniaproduced to date®. The failure to obtain male-sterile plants
from these two experiments suggests that correct tissue-specific
expression and subcellular localization are required for some
CMS-associated proteins to cause male sterility.

Restoration of fertility

Genetics of restoration

Thereisagreat ded of diversity in the genetics of restoration both
among and within species. Restoration systems are classified as
being either sporophytic or gametophytic: sporophytic restorers
act prior to meiosis or in sporophytic tissues; gametophytic restor-
ers act after meiosisin microspores or pollen grains. These differ-
ences lead to very different transmission patterns. A diploid plant
that carries a male-sterile cytoplasm and is heterozygous for a
restorer will produce two classes of pollen grains: those that carry
the restorer and those that do not. In the case of a sporophytic
restorer, both genotypic classes of gametes will be functional. By
contrast, in the case of a plant heterozygous for a gametophytic
restorer, only those gametes that carry the restorer will be func-
tional. S-cytoplasm maize is an example of a well-characterized
CMS system that is restored gametophytically*’.

The diversity in restoration systems extends to the number of
restorer genes. In some systems, one or two major restorer loci
confer complete restoration. In others, full restoration requiresthe
concerted action of a number of genes, many of which provide
only small incremental effects. For practical reasons most re-
search has been conducted on systemsin which restoration is con-
ditioned by relatively few genes. In most such systems, a single
restorer is sufficient. By contrast, in T-cytoplasm maize, PET-
cytoplasm sunflower and T-cytoplasm onion, two unlinked restor-
ersare required for full restoration.

Duplicate restorer loci exist in a number of systems. For exam-
ple, in maize, Rf8 can at least partially substitute for Rf1 to restore
T-cytoplasm maize®. Similar casesexist in, for example, the PET1
cytoplasm of sunflower, the T-cytoplasm of onion and Phaseolus
with CMS. Such overlapping functions could be a consequence of
duplication of gene functions or an indication that multiple mecha-
nisms can induce restoration.

Population genetics of restorers

Information regarding the allelic frequencies of restorers can
prove useful intrying to understand their evolutionary origins. For
example, athough the Rf1 restorer of T-cytoplasm maizeis quite
rare among maize lines, the Rf2 restorer of this cytoplasm is pre-
sent in almost al maize lines, even though most of these lines
have never been exposed to the T-cytoplasm. This suggests that
the Rf2 gene has been maintained during evolution by selection
and must therefore have a significant function independent of
restoration®. The ogu, pol and nap cytoplasms of B. napus induce
sterility in all, some, and only a few cultivars, respectively™.
Hence, one might deduce that the ogu restorer (Rfo) is absent from
B. napus germplasm, pol restorers are rare, and nap restorers are
more common.



Mechanisms of restoration

The mechanisms by which restoration occurs are probably as di-
verse as the mechanisms by which mitochondrial mutations cause
CMS. The physical loss of a CM S-associated gene from the mito-
chondrial genome is one means by which this can occur. Such a
case has been observed in Phaseolus, where, in the presence of the
nuclear gene Fr, the mitochondrial sequenceresponsiblefor CMS
(pvs) is lost. Although several interesting hypotheses that could
explain this process have been proposed (and in some cases
tested), the actual mechanism by which it occurs has not yet been
established™®.

Nuclear restorers often alter the expression of CM S-associated
genes, and thereby presumably lessen or eliminate the deleterious
effects associated with their gene products. For example, resto-
ration of fertility is associated with processing of CM S-associated
transcripts in a number of systems. In most cases, aterations are
observed in the accumulation of specific transcripts via northern
blot analyses. Hence, it is often impossible to distinguish between
transcriptional and post-transcriptional mechanisms. However,
there are numerous examples in which the accumulation patterns
of specific transcripts have been found to be altered. For example,
in T-cytoplasm maize, in the presence of the Rf1 restorer, the ac-
cumulation of 1.6-kb and 0.6-kb T-urfl3 transcripts is greatly
enhanced and the accumulation of the 13-kDa URF13 protein is
reduced®™?’. Capping experiments have revealed that these tran-
scripts probably do not arise via novel initiation sites®. Instead,
they probably arise via processing from alarger transcript. How-
ever, evenin the presence of Rf1, the steady-state accumulation of
the larger T-urfl3 transcripts is not measurably reduced. Simi-
larly, a measurable decrease of the steady state accumulation of
the larger T-urfl3 transcripts has not been observed in plants
carrying Rf8 or Rf* (Ref. 28). By contrast, the Rf3 restorer of
sorghum conditions the accumulation of a novel 0.38-kb orf107
transcript and a marked corresponding decreasein the 1.11-, 0.87-
and 0.81-kb unprocessed transcripts®.

It is possible that post-transcriptional RNA editing playsarole
in fertility restoration in some systems. For example, editing might
change the length of predicted CM S-associated ORFs by creating
new start (AUG) and/or stop (i.e. UAA, UAG, or UGA) codons, be-
cause the most prevalent example of editing in plant mitochondrial
sequencesis C-to-U (Ref. 31). It isalso possible that tissue-specific
editing might allow a CM S-associ ated sequence to become del eteri-
ous only at microsporogenesis or microgametogenesis. For exam-
ple, editing of the mitochondria atp6 gene of CMS sorghum is
strongly reduced relative to normal fertile sorghum in anthers, but
not in seedlings™. RNA editing of this geneincreases following fer-
tility restoration. Because the role of atp6 in sorghumwith CMSis
unclear, further experiments are needed in order to establish the
association of this intriguing tissue-specific editing with fertility
restoration.

Although the analysis of diploid pollen suggeststhat the Rf3 re-
storer of S-cytoplasm maizeisafunctional alele”, it has been sug-
gested that the other novel restorers of S-cytoplasm that arise at a
high rate result from loss-of -function nuclear mutations that affect
mitochondrial gene expression. This hypothesisis consistent with
the observation that such restorers generally condition pleiotropic
deleterious phenotypes when homozygous. If this hypothesis is
correct, the analysis of such restorer loci should prove particularly
informative.

In general, sequence analysis of restorer genes should provide
significant clues asto their functions. However, precisely because
little is known regarding the biochemical nature of the gene prod-
ucts of restorer genes, these genes must be cloned via genetic
methods. To compound the difficulty, in many plant species
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genetic-based systems for cloning genes are not well developed.
Hence, to date, only one restorer gene has been cloned. The rf2
gene, required for fertility restoration in T-cytoplasm maize, en-
codes a predicted protein with a high degree of sequence simi-
larity to mammalian mitochondria aldehyde dehydrogenases™.
Based on this finding, several genera hypotheses have been put
forward to explain the mechanism by which this gene functions.
According to the ‘metabolic hypothesis', URF13 aters mitochon-
dria function such that additional aldehydes are produced. In this
scenario, the role of the RF2 protein would be either to detoxify
these aldehydes or to catalyze their oxidation into compounds that
are essentia in plants harboring T-cytoplasm mitochondria. The
‘interaction hypothesis' suggests that the RF2 protein interacts
either directly or indirectly with URF13 and thereby diminishesor
eliminates its deleterious effects. For example, the RF2 protein
could catalyze the oxidation of an aldehyde component of theinner
mitochondrial membrane, thereby altering the interaction between
URF13 and the membrane where it normally accumul ates.
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Future perspectives

Efforts are under way in a number of labs to clone additional
nuclear restorer genes. Hence, within the next few years we
should have a better understanding of the diverse mechanisms by
which CMS and restoration occur. However, as has been demon-
strated for T-cytoplasm maize following the cloning of the rf2
gene, the identification of the biochemical function of a restorer
gene might yield more questions than answers.
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