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Abstract

Cytoplasmic-nuclear male sterility (CMS) has been an important factor in the
improvement of sorghum and pearl millet by increasing yield, expanding production,
and stimulating research and breeding. The identification of alternate sterility-inducing
cytoplasms and their emerging deployment hold promise for further advances. Current
research to determine the cause and control of CMS in these species could lead to
greater efficiency and effectiveness in using CMS to select parents and produce hybrids.

Apomixis, although not now used with either sorghum or pearl millet, has the
potential to be as important as male sterility in these species. Potential sources have
been identified and research is in progress on characterization, introgression, and
enhancement. The ability to perpetuate hybrid vigor by self-pollination could be very
important in some of the major sorghum and millet growing areas.

Success in identifying and using cyto-
plasmic-nuclear male sterility to produce
hybrid onions (Jones and Emsweller,
1937, Jones and Davis, 1944) had a major
impact on crop breeding. Since then, hy-
brids of many crops, including sorghum
[Sorghum bicolor (L.) Moench] and pearl
millet [Pennisetum glaucum (L.) R. Br.],
have been mass-produced using cytoplas-
mic-nuclear male-sterile (CMS) female
parents. Apomixis has the potential to be-
come as important in sorghum and millet
hybrid production as is CMS, allowing
breeders to more rapidly and efficiently
use available germplasm to produce hy-
brids.
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Cytoplasmic Male Sterility

CMS sorghum and millet plants are
male-sterile because their pollen is not
viable. Female fertility, however, is usu-
ally normal. CMS results from specific
interaction of the cytoplasm and the nu-
cleus. Plants are male-fertile when the
cytoplasm and/or nucleus are compatible.
Plants are male-sterile when the cyto-
plasm and the nucleus are incompatible.
Male-sterile combinations are detected in
segregating F, progeny. Non-adequate
combinations in the male-sterile lines are
detected by crossing male-steriles by pol-
len parents and observing F; plants for
male sterility or fertility. Those male par-
ents that produce male-sterile F; plants
have the potential to be made into male-
steriles by backcrossing. Those male par-
ents that produce fertile F; plants are po-
tential male parents. Hybrid seed is pro-
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duced by planting male-sterile female
parents adjacent to male-fertile parents
that have a gene that will restore fertility
to the F; plants. The hybrid seed produced
on the female parent is what the farmer
plants.

Although the main cytoplasms used to
make male-sterile parents of sorghum and
pear]l millet hybrids are effective, addi-
tional usable cytoplasms have been
sought for two reasons: 1) to have addi-
tional cytoplasms available if some adver-
sity becomes associated with those usu-
ally deployed; and 2) to provide diversity
in cytoplasms so that different cytoplas-
mic-nuclear combinations could be used,
thus allowing breeders to more fully ex-
ploit the germplasm diversity available.

CMS in Sorghum

Cytoplasmic-male sterility in sorghum
was first reported by Stephens and Hol-
land (1954) and its deployment soon fol-
lowed their efforts and those of their col-
leagues Quinby, Kramer, Webster, and
others. Sorghum yields increased dra-
matically with the use of hybrids. The
milo cytoplasm used in the first hybrids is
still the main male sterility-inducing cy-
toplasm used today. Breeders have
learned which lines can be made male-
sterile in milo cytoplasm and which will
restore fertility and can therefore be used
as male parents. There is, however, an
awareness of the benefits of using alterna-
tive sources of male sterility-inducing cy-
toplasms. :

Scientists in India (Tripathi, 1979; Ap-
pathurai, 1964; Rao, 1962), Africa (Web-
ster and Singh, 1964), and the U.S.
(Stephens and Holland, 1954; Ross and
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Hackerott, 1972; Schertz .and Ritchey,
1977; Schertz and Pring, 1982) have iden-
tified many sources of sterility-inducing
cytoplasms of sorghum. Cytoplasms from
different sources, however, might not dif-
fer in the manner in which they induce
male sterility. The main approach to de-.
termine sterility-inducing differences
among the cytoplasms has been to cross
each male-sterile by the same male parent
and to determine which F;s differ in fer-
tility restoration..

From such studies it has been deter-
mined that there are four distinct sterility-
inducing cytoplasms (A; to A,) and three
others that are less distinct. One mustkeep
in mind that the results of such studies are
influenced by the male parents used, the
nuclear background of the male-steriles,
and the environmental conditions in
which the F;s are observed. Reddy and
Rao (Reddy, 1996, personal communica-
tion) have identified a set of tester lines to _
distinguish A;, A;, As, and A4. Similar
studies have been reported by others
(Worstell et al., 1984; Schertz and Pring,
1982). The Indian scientists have com-
pared the cytoplasms isolated in the U.S.
with the cytoplasms isolated in India, and
the following relationships were revealed
(U.R. Murty, 1996, personal communica-
tion). G (Gs-s, msGy, G-1-G, G1A, GIA-
A3) are analogous to A; (Nilwa, IS11 12)
VZM-1 and VZM-2 are the same. M35-1
and M31-2 are similar. Hagpur A has milo
cytoplasm. Restorers are difficult to find
for the sterility-inducing cytoplasms iden-
tified in India.

The other approach to determine diver-
sity among cytoplasms is molecular.
RFLPs have been used to distinguish cy-
toplasms (Conde et al., 1982; Pring et al.,



1982), most prominently between plants
with small anthers, e.g., A; and A,, and
those with large anthers, e.g., As, Ay, and
9E (Chen et al., 1993), although other
distinctions have been made. The Ai/A,
groups have not been distinguished from
each other by mtDNA or ctDNA analyses,
to date. The two cytoplasms are readily
distinguished from A3, A4, 9g, and several
normal cytoplasms by numerous RFLPs.

A potentially important abnormality of
the A; and A; cytoplasms and the As/Ag
groups is a deletion in the rpoC2 chloro-
plast gene, which encodes the B” subunit
of RNA polymerase. This deletion was
not detected in the As/A4/9g cytoplasms or
in a number of normal cytoplasm lines.
The observation that male-sterile versions
of these cytoplasms:share the “small an-
ther” phenotype might be consistent with
a sporophytic mode of restoration, assum-
ing that microsporogenesis is interrupted
early, leading to early collapse of the mi-
crospore, analogous to T cytoplasm
maize.

Two unusual mtDNA open reading
frames, identified as specific to the
IS1112C cytoplasm (A3), might be related
to CMS (Tang et al., 1996a). Both con-
figurations resulted from duplication/ re-
combination events, common in CMS-re-
lated genes in many other species. One
candidate open reading frame, orf30, was
genérated by recombination events in-
volving the obligate gene arp6 and se-
quences of unknown origin. Fertility res-
toration has no effect on transcription.

‘A more interesting candidate is o7f107,
which resulted from duplication/recombi-
nation with the obligate gene arp9. The
amino terminus of orf7 07 is highly similar

to that of afp9. The carboxy terminus is
highly similar to that of an open reading
frame, orf79, suspected to cause CMS in
the Chinsurah Boro II cytoplasm of rice.
Most interestingly, fertile or partially fer-
tile lines are characterized by a transcript
processing event that cleaves orf107 tran-
scripts within the gene, which may dra-
matically reduce gene product abundance.
Such an effect might parallel the behavior
of maize mitochondrial T-u7f13 in plants
restored to fertility. Leaverand colleagues
(Bailey-Serres et al., 1986a,b) showed
that the IS1112C (,3) cytoplasm in a
maintainer line synthesizes a 12 kD pro-
tein, which is the approximate predicted
size of the orf107 gene product, and that
this protein is greatly reduced in the male-
fertile IS1112C line.

Pring and colleagues have proposed
that restoration of the A; cytoplasm is
gametophytic. All plants of F, or BC;

(A3Tx398 (A3Tx398 x IS 1112C)) lines,

which are partially or fully restored, carry
the orf107 transcript processing activity,
leading to the possibility that the nuclear
gene conferring this activity functions as
an Rf gene, or is tightly linked to an Rf
gene. They have examined over 150 indi-
vidual plants in which segregation could
have occurred, and all are partially/fully
restored and have the processing activity.
A second, independent gene has been
identified in segregants from the cross
(A3Tx398 xIS.1112C) Tx398, and segre-
gation for pollen stainability suggests a
third gene.

Consistent with a gametophytic mode
are observations of iodine stainability of
pollen in sterile or partially restored lines.
Segregation patterns for stainability
within the population of an anther are
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consistent with Mendelian segregation
and a possible three-gene model. Itis clear
that pollen abortion occurs very late in
development.

The environment has an effect on the
expression of sterility/fertility, more with
some cytoplasms than with others. The
same precautions and tests practiced with
the cytoplasm initially used also are nec-
essary with the alternate cytoplasms.
Plants with A; cytoplasm grown in the
greenhouse during the winter, without
supplemental light, are more sterile than
identical plants in the field. A lower per-
cent stainability of pollen was obtained in
Fis or segregating F»s in the greenhouse.
All these plants have the orf107 process-
ing activity in somatic cells, pointing to-
ward the remaining two/three genes, or
altered expression of the processing activ-
ity in anthers (D.R. Pring, 1996, personal
communication). Murty (1993) has pro-
posed a system of hybrid production rely-
ing on the environment to make the fe-
male line fertile in selected plantings for
seed production.

Leaver and colleagues (Bailey-Serres
etal., 1986a,b) and other reports reviewed
by Pring et al. (1995) established that the
A4 and 9 cytoplasms include an abnormal
form of the mitochondrial gene cox!. In

these cytoplasms, an insertional event

generates a longer gene than for milo cy-
toplasm, and identification of the gene
product verifies that A4/9g cox is indeed
larger than cox/ in milo cytoplasm. The
altered cox! represents an important con-
sideration as potentially related to CMS in
these two cytoplasms. Examinations of
the expression of the cox! protein in an-
thers should be done.
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A4 and 9g have been distinguished by
RFLP analysis (Xu et al., 1995). These
cytoplasms also share several mtDNA
RFLPs that distinguish them from all
other cytoplasms examined to date, in-
cluding polymorphism for the gene amp9
(Yan and Pring, 1996, personal communi-
cation). A report by Sivaramakrishnan et
al. (1996) is in press on the ‘charac-
terization of the A4 cytoplasm.

Nuclear Genes
The nuclear/cytoplasm genetic interac-

tion is varied.’ In some instances, appar-
ently a single dominant nuclear gene re-

~ stores fertility, and in others, as many as

two or more major genes and several
modifiers are involved in restoration of
fertility and, conversely, in stability - of
sterility. Because of this complexity and
diversity, the development of females
with stable sterility and males with de-
pendable restoration of fertility is diffi-
cult. We have a project in progress to map
the nuclear genes that control the interac-
tion with the cytoplasm to control male
sterility/fertility. Our intent is to develop
probes that can be used in marker-assisted
selection breeding of parents.

Use of Cytoplasms

Diverse cytoplasms are being re-
searched by ICRISAT, country scientists,
and private breeders. The milo Al cyto-
plasm is the main cytoplasm used to de-
velop male-sterile female parents, but
other cytoplasms are used in a more lim-
ited way by some breeders. Many breed-
ers have put their elite female parents into
A, cytoplasm as insurance against the
possibility of a hazard associated with A;.
Others see alternate cytoplasms as a way



to make female parents of local cultivars.
‘A few breeders are actually developing
hybrids with A, cytoplasm. For example,
in China two high-yielding hybrids of fe-
males with A, cytoplasm crossed by Chi-
nese male parents are in production on
100,000 ha (Niu, et al., 1996, personal
communication). Some breeders have
said they are using other cytoplasms as
well, although identities were not dis-
closed.

When choosing to use a cytoplasm
other than milo, one should consider the
advantage to be greater than the extra care
needed to work with more than one cyto-
plasm. It is important to have good mo-
lecular markers to distinguish cytoplasms
used in breeding and hybrid seed produc-
tion.

CMS in Pearl Millet

Cytoplasmic-nuclear male sterility was
first documented in pearl millet by Burton
(1958). A1, released by Burton (1965), has
been the most widely used cytoplasm for
producing commercial hybrids. Tift 23A
was developed as a female parent with A,
cytoplasm and became the seed parent in
India for the first two millet hybrids re-
leased. Even today, A; cytoplasm is used
most often to make male-sterile female
parents of hybrids. Pearl millet yields in
India were rather stagnant until 1962.
With the advent of hybrids, production
more than doubled. Additional sterility-
inducing cytoplasms have been identified
in pear] millet.

The five distinct cytoplasms (A; to As)
reported in pearl millet have been distin-
guished mainly by restoration and main-

tainer relationships ‘when crossed by
known sterility maintainer and fertility
restorer-lines (Kumar and Andrews,
1984; Hanna, 1989; Rai, 1995). In addi-
tion, other cytoplasms presumed to be
different from A; to As, but not thor-
oughly documented or assigned a number,
have been reported (Appadurai, et al.,
1982; Aken’Ova, 1985; and Marchais and
Pernes, 1985). '

The A; cytoplasm was released in Tift
23, an inbred with good general combin-
ing ability. Since its release in 1965, the
A, cytoplasm has been transferred to and
studied in numerous genetic backgrounds
(summarized by Kumar and Andrews,
1984). The A; cytoplasm has been the
basis of commercial forage hybrids in the
U.S., Australia, and South America and of
the increasing grain hybrid production in
India. The main weakness of the A; cyto-
plasin is that it produces fertile revertants
at a frequency as high as 1.64 per 1000
inflorescences. Since an inflorescence
can produce 1000 or more seeds, one can
readily see how these fertile revertants
can rapidly contaminate a CMS popula-
tion. Rogueing is necessary to eliminate
pollen-shedding plants from the CMS
population.

The A; and A; cytoplasms (Burton and
Athwal, 1967) have not been used com-
mercially. Male sterility is very unstable

- in the A, cytoplasm, and various levels of

pollen shedding have been observed
(W.W. Hanna, 1996, personal communi-
cation). The A, and Aj cytoplasms were
extensively used in breeding lines at Pun-
jab University, Ludhiana, but nearly all
the A-lines were unstable for male steril-
ity (K.N. Rai, 1996, personal communica-
tion).
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The A4 cytoplasm was transferred from
a wild grassy subspecies, P. glaucum sub-
species monodii (Maire) Brunken. The
main advantage of this cytoplasm is that
no male-fertile revertants have been ob-
served (Hanna, 1989, 1996). Data also
indicate that it will be more difficult to
find restorers of fertility for the A4 cyto-
plasm than for A;. The stability of the
male sterility induced by the A4 cytoplasm
will probably make it a popular cytoplas-
mic source to produce commercial hy-
brids in the future. At ICRISAT, the A,
system is being used to develop male-ster-
ile lines and a male-sterile population.

Rai (1995) assigned As to a cytoplasm -

shown to be different from Ay4. By impli-
cation, he assumed it was different from
Aj, Az, and A;. Data indicate that it may
be more difficult to restore As than Ay.

Mitochondrial DNA restriction en-
donuclease fragment and maize mito-
chondrial gene probe hybridization pat-
terns have been used to distinguish the
cytoplasms in pearl millet (Smith and
Chowdhury, 1989). Rajeshwari et al.
(1994). characterized diverse cytoplastms

of pearl millet by Southern blot hybridi- .

zation and maize mitochondrial DNA
probes. Smith and Chowdhury (1991)
found that 4.7-kb, 10.9-kb, and 13.6-kb
mitochondrial DNA fragments were asso-
ciated with CMS. The cloned maize mito-
chondrial genes rrnil8, rrn5, and coxl
were located in the repeat regions of these
fragments. Smith et al. (1987) compared
mtDNAs of male-sterile lines, their male-
fertile revertants, and the normal cyto-
plasm of the fertile maintainer lines. Their
results revealed the presence of a unique
4.7-kb Pstl fragment in the male-sterile
line that was not detected in the revertant
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lines. A 9.7-kb fragment in the revertant
line appeared to have replaced the 13.6-kb
fragment.

The chimeric mitochondrial gene can
be transcriptionally active and is ex-
pressed as a novel or variant mitochon-

“drial protein that appears to be related to

failure in mitochondrial function in the
anther tapetum and microspores, and
leads to pollen failure.

Nuclear Genes

AppaRaoetal. (1989) reported that out

‘of 428 diverse accessions from 12 coun-

tries, 20.3% were maintainers, 7.5% were
restorers, and 65.9% segregated for male
fertility restoration when crossed onto a
line with an A; cytoplasm. Raveendran
and Appadurai (1984) observed that re-
storer genes and modifiers had an additive
effect for better male fertility restoration.
Rai and Hash (1990) observed fertility
restoration to be complex and affected by
the environment.

Use of Cytoplasms

The A; cytoplasm has been the only
cytoplasm used for producing commer-
cial forage and grain hybrids for pearl
millet since 1965, when the first grain
hybrid, HB-1, was released in India (Ku-
mar and Andrews, 1984). Althoughthe A,
cytoplasm produces a low frequency of
pollen shedders, these fertile revertants
are rogued to keep pollen-shedding plants
to 2 minimum in the A-line.

It appears that the A4 cytoplasm will
make an important contribution to hybrid
production in the future, mainly because
itdoes not produce fertile revertants. Male



fertility restorers are more difficult to find
for this cytoplasm, but they are available.
Male fertility restoration is not important
for forage production. The first commer-
cial hybrid using the A, cytoplasm was
Tifleaf 3, a 3-way forage hybrid released
in 1995 (W.W. Hanna, 1996, personal
communication). Andrews and Rajewski
(1995) released an A4 restorer population
for producing grain hybrids. The A4 cyto-
plasm was made available to Indian sci-
entists in 1986.

It is expected that the use of diverse
cytoplasms of millet will increase. It will
be important to make decisions based on
expected advantages and to have molecu-
lar markers to distinguish cytoplasms.

Apomixis

Apomixis has the potential to become
as important in production of sorghum
and millet hybrids as is CMS. It was first
reported in 1841 and has been studied in
a number of species, including many
tropical grasses (Asker and Jerling, 1992).
Apomixis is a reproductive mechanism by
which seed is produced from somatic cells
that develop into embryos without fertili-
zation. These cells and the resulting em-
bryos have the same chromosomal and
genetic constitution as the plant on which
the seed is produced. Of the three basic
types of apomixis (Bashaw, 1980), apo-
spory is the only type confirmed in sor-
ghum and millet. As a result of this type
of apomixis, all progeny of a plant are
derived from somatic cells and are there-
fore identical to the plant on which the
seed is formed. This is true even if the
plant on which the seed is formed is a
hybrid and heterozygous. -

Interest in apomixis for crop improve-
ment increased in the 1950s with the dis-
covery of a sexual plant in apomictic
Cenchrus. This allowed initiation of a
breeding program to produce apomictic
cultivars (Bashaw and Hussey, 1992) by
crossing the sexual plants by the apomic-
tic plants, as males, and selecting apomic-
tic progeny. The discovery of facultative
apomixis in sorghum in the late 1960s
(Rao and Narayana, 1968; Hanna et al.,
1970) raised the potential for using
apomixis in grain crops. -

Interest in apomixis of millet and sor-
ghum stems from the need for efficiency
of breeding and seed production. With
apomixis, one could explore all the avail-
able germplasm to make hybrids.
Germplasm accessions could.be crossed
by apomictic male parents and superior
apomictic lines could be selected in early
generations. The efficiency of seed pro-
duction would be especially important in
some countries. Hybrid seed could be in-
creased by self pollination without the
need for making hybrid seed by crossing
a female with a male parent. Presently,

‘apomixis research is being pursued in

both pearl millet and sorghum.
Apomixis in Pearl Millet

Apomixis is not known to occur natu-
rally in pear] millet but it has been induced
in mutation studies (Hanna et al., 1992).
One mutant, a facultative apomict, pro-
duced various levels (average 26%) of
maternal progeny. Another mutant, a fe-
male-sterile, produced aposporous em-
bryo sacs but no seed.

- Apomixis does occur in other species
of Pennisetum, and a project was initiated
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in the late 1970s to transfer apomixis from
a wild apomictic Pennisetum species into
pearl millet. A number of wild apomictic
species were investigated, but the most
success was obtained with hexaploid
(2n=6x=54) P. squamulatum crossed with
tetraploid (2n=4x=28) pearl millet
(Hanna et al., 1992). This project has pro-
gressed to the BC6 with the production of
a pearl millet-like plant with 29 chromo-
somes that produces 95% maternal prog-
eny (W.W. Hanna, 1996, personal com-
munication). One problem encountered
since the BC3 is loss of seed set, from
good initial seed development to about 5
to 15% at 8 to 10 days post-pollination.
Research is now directed toward reducing
the seed-set loss.

Apomixis in Sorghum

Apomixis also has been reported in sor-
ghum. In the lines in which it is described,
it appears to be of the apospory type,
which would make it useful, if it could be
perfected. The mechanism and frequency
of apomixis were researched in detail in
line R473, which resulted from a cross of

IS 2942 x Aispuri in India (Rao and -

Narayana, 1968). R473 has been studied
extensively by Murty (Murty and Rao,
1972; Murty et al., 1984). The facultative
apomixis in this line is complicated by
cross-sterility. The frequency of apomixis
was studied by using the segregation of
three monogenic traits (bloomless, shriv-
eled endosperm, and plant color) in near
isogenic lines. The highly variable fre-
quency of apomixis in R473 does not
make it a promising line in its present
form. Apomixis in a grain crop such as
pearl millet or sorghum would have to be
nearly 100%. Recently it has been re-
ported (Niu, et al., 1996, personal commu-
nication) that facultative apomixis has

220

been recovered without cross-sterility in
a progeny from crossing R473. A low
frequency of apomixis has been reported
in other lines, but no progress has been
reported in improving them. Apomixis
has been reported from tissue culture re-
search in Russia (Elkonin et al., 1995).

Transfering apomixis from Cenchrus
ciliaris to sorghum has been proposed.
Efficient and reproducible tissue culture
techniques for sorghum and Cenchrus
have been standardized. Induction of sus-

_pension cultures and somatic hybridiza-

tion have not yet been accomplished.
Use of Apomixis

Apomixis would have the greatest im-
pact for producing pearl millet or sor-
ghum hybrids in countries where hybrids
are not now used. It would rapidly make
available the increased yield and vigor of
hybrids, regardless of the heterozygosity
of the parental lines. Large numbers of
different true-breeding hybrids from a
cross between an apomictic line and a
local landrace could be produced. Those

-selected could be rapidly increased -and

perpetuated without further crossing. The
advantage of hybrid vigor and mainte-
nance of local genetic diversity would be
realized.

Apomixis also could have an impact for
producing hybrids in countries where hy-
brids made on CMS females are used.
Apomixis would lessen the time to pro-
duce hybrids for testing. It would not re-
quire CMS and the development and
crossing of inbred lines to produce hybrid
seed. Instead, hybrid seed could be pro-
duced on open-pollinated apomictic hy-
brids. '



Summary

There are now available several dis-
tinct male sterility-inducing cytoplasms
in both millet and sorghum. They provide
a degree of potential protection against
associated hazards. More importantly,
they provide the diversity needed to ex-
ploit more fully the germplasm diversity
in hybrid development and production.

In both millet and sorghum, there is a
trend toward using the diversity in cyto-
plasms. In each program the costs will
need to be compared to the potential bene-
fits. Not all will want to, nor should, use
diverse cytoplasms, but as some do, the
diversity of hybrids should increase. As
more than a single CMS system is used in
abreeding program, it is important to have
a method to definitively distinguish the
cytoplasms.

Apomictic reproduction has been
documented in both pearl millet and sor-
ghum. Aposporous apomixis has been
transferred to tetraploid pearl millet, re-
sulting in the production of a high fre-
quency of maternal types. Some seed re-
tention problems, however, need to be
solved. The facultative nature of apospory
in sorghum requires either that the fre-
quency is increased to a usable level or
that a gene(s) from another genus is trans-
ferred to sorghum. Efforts are underway
at a number of locations to clone the
gene(s) controlling apomixis.

Apomixis could have a major impact
on hybrid production in both pearl millet
and sorghum. It would allow breeders to
more rapidly and efficiently use the
germplasm available in these species to
produce hybrids.
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