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Perspective of hybrid wheat researchA review
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ABSTRACT

Hybrid technology in crop plants, especially cross-pollinated crops is successfully used for enhanced production.
However, it remains unutilized in the self-pollinated crops, especially wheat. The future scope of hybrid technology in
wheat depends on the male sterility systems, floral biology, level of heterosis and its exploitation of commercial level
that may be useful in breaking yield barriers and enhancing the productivity in the major wheat belt of the country.
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At global level, India ranks as second largest wheat- Uttar Pradesh, plains of Jammu and Uttarakhand and northern
producing nation and contributes approximately 11.9% to Rajasthan was the seat of Green revolution and contributed
the world wheat production from about 12% of global area maximum to the wheat basket of the country. Presently, it is
(USDA 2010). China is the largest producer of wheat with being felt that this major wheat-producing zone of India has
16.9% global wheat production. The other major wheat- reached a sort of saturation level. To keep the productivity
producing countries are Russian Federation, United Stategrowth rate of 2.1% per year in order to meet out the projected
of America and Canada and these 5 countries togethedemand of 109 million tonnes by 2025, there is need to
contribute more than half of the global wheat production. explore new innovative approaches to break the yield barriers
The area under wheat throughout the world as well as inand make wheat cultivation more remunerative. In this
India has become nearly constant aro@ad.9 million ha context, exploiting hybrid vigour at commercial level through
and 26.9 million ha, respectively. The enhanced geneticdevelopment of hybrid wheat is considered promising that
potential of new genotypes by introducing the semi-dwarf, offer a significant means of overcoming food shortages
photoperiod-insensitive and fertilizer-responsive varieties because of yield heterosis (Singhal 2004). However,
and increased area under its cultivation during GreenEdwards (2001) explored the factors limiting the growth of
revolution era resulted in the increased productivity as well hybrid wheat production and seed sales as insufficient levels
as production in India nearly 1% per annum. After Green of heterosis in a number of environments to justify the added
revolution, although the improved pureline varieties kept on hybrid seed costs, a low seed multiplication rate compared
increasing wheat yields in the country but the averagewith other hybrid crops, and the complexity of the major
production level is hovering around 72 million tonnes during hybridization systems.
last decade with average productivity of 2.7 tonnes /ha. As The floral biology of wheat ensures that it is a 100% self-
per present population growth rate the population of India pollinated crop with occasional outcrossing of usually less
are expected to be around 1.3 billion by 2825 Assuming than 1%. Although the heterosis was reported in wheat in
20% more per capita requirement of foodgrains, due to betterarly periods of 20th century (Table 1), the discovery of an
standard of living and increase in the demand of processingeffective cytoplasmic male sterility and pollen fertility
industries, required wheat production will be around 109 restoration systems in wheat (Kihara 1951) opened up new
million tonnes by 2023D (DWR 2007) . The north-western avenues for commercial hybrid seed production. It is
plains of the country comprising Punjab, Haryana, westernnoteworthy that work on hybrid wheat has been carried out
in the majority of countries having significant cropping areas
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Table 1 A chronology of events related to hybrid wheat that hybrid production, in general, appeals to commercial
development interests, in most of these countries, hybrid wheat research
- - - ~was carried out in the public sector with work in the
1919 : Heterosis was first reported in wheat by for plant height ., mercial sector apparently in second place. Keeping all
1934 : (S:ieerrg:ig)first reported in Wheat for yield (Engledow and these facts in Vie_W’ the research attempts Were_) reviewed_to
Pal) make understanding about future strategic planning for hybrid
1951 : Cytoplasmic male sterility introduced into wheat using Wheat development.
Aegilops caudataytoplasm (Kihara)
1957 : USA is the first country to plan hybrid wheat production Extent of heterosis
1958 : CMS research started on wheat in Kansas The basic requirements for the hybrid development are
1959 : Nuclear male sterility reported in Wheat (Pugsley and commercially-viable seed production system and levels of
Oram) _ o heterosis. It is well known that many characteristics related
1961 - Fertility restorers found in adapted wheat varieties to performance may exhibit heterosis. Performance in terms
1961 cDoerrlfrilet;cg? E;Erli:ju\r,fr:egtssfece'giugnpr?)g?;;?n;he first pf grai_n yield is a res_ult of a complex of contributory fact(_)rs
1961 : The variety ‘Gaines’ becomes the first semi-dwarf wheat mvolvmg many loci. Stroike (1987) sugg_ested see_zdllng
to be released in the USA vigour, improved root system, disease and insect resistance,
1961 : Fertility restorers found in adapted wheat varieties adaptability, increased yield and improved milling and baking
1962 : Source of CMS found ifriticum timopheeviwilson and characteristics as 6 possible factors to heterosis in wheat. It
Ross) is possible for heterosis to be expressed by, dayldfid in
1962 : First commercially feasible CMS system proposed any part of the plant into which the products of photosynthesis
1966 : McDaniel and Sarkissian proposed the theory of zre channeled. In this respect, it is necessary to consider the
mitochondrial heterosis . _ hybrid plant as a ‘source’ and ‘sink’ of assimilates. Virmani
1971 : Devries commences publishing papers dealing with the and Edwards (1983) have drawn attention to the need to
1972 ‘sggzzt,nhstg;sct);r\:]vhs?(;;grsgzosf(s)}fetrr;[!zstt;ﬁgation of NMS bglance these plant functions. Heterosis i_s unlike_ly to k_)e
(Driscoll) directed exclusively towards factors associated with grain
1974 : First commercial CMS hybrid wheat released in USA  Yield.
1981 : Hybrid wheat varieties released by Cargill in the USAand ~ Commercial feasibility of a hybrid depend on the heterotic
by DeKalb in Australia advantage over the best ruling variety of that agro-climatic
1982 : Monsanto starts HW program in US and Europe based onzone. High heterosis over mid and / or better parent was
CHA Genesis _ _ reported in wheat by several workers. Heterosis was first
1982 : New CMS wheat hybrids make an impact on US market oo rteq jn wheat by Freeman (1919) for plant height. Since
1984 fOE:]:ItD) %eg?s vtvork on international certification scheme then many workers have observed heterosis for various traits
or rna wnea . . . .
1984 : Hybr);d wheat varieties enter registration trials in the UK n Wheat.. Reports hav_e provided ample evidence _Of 3|gnlf|c_ant
1986 : Hybrid wheat varieties released in Argentina by Cargill and positive heterosis over better parent for yield ranging
1990 : Cargill cease production and sale of hybrid wheat in the from O to 100% in wheat (Briggle 1963, Singh and Kandola
USA, but continue commercialization in Australia and 1969, Singh and Singh 1971, Owtal 1990, Uddinet al
Argentina 1992, Borghi and Perenzin 1994, Singh 2003a) but most of
1995 : ICAR (DWR) initiated work on Hybrid wheat in a network  them are based on space planted and small plots. The reports
mode through CHA and CMS approach ~indicated that the hybrids developed through cytoplasmic
2000 E::Il((;nlj;\j\r/]tAocg\(l)i.tieS;OiI?ISUGSE;\lnEISIIE?J;’?)?)Zed Hybrid Production a6 sterile (CMS) system resulted in less favourable yield
2002 : Dupont/Hybrinova stops Croisor-based Hybrid Production Ed;{antage tha? the hand produced hybrids in fle.ld tesFmg at
and HW Activities in Europe optimum p(_)pu_atlon rates (Allan 197_3).Harves_t mde_x is an
2003 : DWR and NCL Pune got US Patent (US2003/0192070A1) important indicator of source to sink relationship and
for chemical composition for complete male sterility, its therefore, Kumar and Ganguly (1993) advocated the
process for preparation and use possibility of increasing yield potential through better harvest
2007 : ICAR (DWR) discontinued work on Hybrid wheat through  index. Pickett and Galwey (1997) reviewed the development
CHA approach of hybrids of wheat and supported the hypothesis that
2009 : ICAR initiated network project on Hybrid wheat using heterosis in wheat arises from dominance with the additional

CMS approach factors of linkage and interaction of alleles. Under the field

conditions, the minimum accepted standard heterosis for yield

and Yugoslavia have active research and developmenis 20% for commercial exploitation of a hybrid. The level of
programmes on hybrid wheat. Hybrid wheat has always beerheterosis for grain yield ranges around 5-10% over purelines
attractive to these countries that together produce more tharfPerenzinet al. 1998, Koemelet al 2004, Kindred and
80% of global wheat. Although the view has been expressedGooding 2005). However, significant standard heterosis of
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more than 20% was observed for yield and yield traits underbehaviour of the Hdifficult to predict for many characters.

drill-sown conditions (Singlet al. 1997, Zehret al. 1997, The contention that heterozygosjigr seimparts increased

Singh 2003b). vigour has very scarce experimental evidence. Moreover, the
analogous belief of heterosis at the mitochondrial level in

Yield components wheat has not been confirmed by investigations or by

Assuming that significant differences do not exist between advances in molecular genetics.
hybrids and the line varieties in plant establishment or  Parental diversification for yield componenfss the grain
resulting population levels, heterosis in grain yield must, of yield from a single plant is considered to be the product of
necessity, arise from an increase in the production of one othe number of fertile tillers/plant, the number of grains/ear
more of the plant’s yield components. The weight of grain and the weight of an individual grain, there is need to have
produced from a single plant is the product of the number ofparental lines with better yield components that can be
fertile tillers/plant, grains/ ear and the weight of an individual accumulated for harnessing heterosis at commercial level.
grain. One of the principal underlying differences between Such parental lines can be developed by pre-breeding
the tillers and the number and weight of grain is the period activities or diversification through utilization of diverse
of growth at which they are formed. As has been describedgermplasm lines. Hermsen (1965) suggested pre-breeding
by a number of workers including Sylvester-Bradley and as an integrated breeding approach in potato for the use of
Scott (1990), the establishment of potential tillers begins atquantitative traits in distant species and defined it as a process
the 4-leaf stage. Tiller fertility then is determined at different in which the traits scattered in different accessions of a
times later on (Evaret al 1972, Kirby and Appleyard 1987) species are combined at one source. In order to widen the
although the effect on grain number is to be decided early ingenetic base of bread wheat, the emphasis has been laid on
floral development (Yet al.1988). On the other hand, grain introgressing genes from unexploiteditre types, synthetic
weight is largely determined in post-anthesis stage. Grainshexaploids and Chinese sub-compactoid ear germplasm. The
ear is of course the product of number of spikelets/ear andbuitrelines has robust stem, long spikes, more spikelets, more
grains/spikelet. As already mentioned, many studies ongrains/spike, large leaf area and broad leaves (Rodrgfuez
hybrid wheat were undertaken on spaced plants. There haal. 1967). The synthetic hexaploids developed at CIMMYT
been a lack of correlation with the yield of normal density were endowed with genetic richness for high grain weight,
plantings. It is likely that yield components contributed in delayed senescence (stay green), high molecular weight
differing degrees to the lack of agreement between spacedHMW) glutenins, resistance to Karnal bunt and yellow rust.
plantings and normal cropping. Similarly, Chinese germplasm lines have robust stem, more

The expression of any potential heterosis for a componentgrains/spike and new sources of yellow rust resistance.
is likely to be strongly influenced by the environmental However, these elite germplasm had certain inherent
factors which may affect genotypes differently. However, limitations such as susceptibility to rust diseases and seed
many researchers have attempted to determine the componeshriveling inbuitre types, hard threshing, red grain colour,
of yield responsible for heterosis in hybrid wheat. The delayed heading and maturity in synthetic hexaploids and
principal studies of the source of grain heterosis indicatedvery soft grains (prone to insect damage) in Chinese material.
the tillers, grain number and grain weight as major These unique germplasms were evaluated for possible utility
components for realizing high yield potential. The results in hybrid programme as diverse gene pools and promising
indicate that a single component is not the sole source ofines were used in breeding programme. The desirable
heterosis. This is not surprising since it is well known that attributes fronbuitretypes, synthetic hexaploids and Chinese
there is considerable variation between line varieties of wheatgermplasm were introgressed into ‘PBW 343’ and ‘WH 542’
in the performance of individual components. The inheritancebackground. The advanced bulks developed through
of each of the 3 components of yield is highly complex with utilization of diverse matreial have shown wide range of
the involvement of many genes which may show different variability. The introgression for 1000-grain weight (HT
modes of inheritance and the negative compensation betweelines) was also observed from the Chinese Germplasm lines
components (Hsu and Walton 1970, Pinthus and Millet 1978).and a number of transgressive segregants were obtained
It has also been found that poor seed set may be associatdthving 1000-grain weight of more than 65 g. These lines
with low levels of assimilate. The postulated benefits for also showed wide range for various yield component traits
hybrids have been considered from theoretical principles of (Singh 2007).
the nature of heterosis and the mode of inheritance of the
important genes. The findings supported the belief that FLORAL BIOLOGY
heterosis arises as a result of the bringing together of Floral structure, anthesis and anther dehiscence patterns
dispersed dominant genes and non-allelic interaction. Thein wheat make this crop strictly autogamous (Percival 1921,
guestion is complicated by additive genes and the fact thatDe Vries 1971). For hybrid development, adequate cross
many characters are polygenically controlled, making the pollination attributes are the necessity. The occurrence of
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outcrossing in wheat and the tendency for some cultivars towith other grasses pollen and travels 1m from the pollen
outcross more than others was well established. The extensource (Lelley 1966).
of natural outcrossing in cultivated varieties of wheat was  The reports on correlation between floral traits are very
observed up to 6.05% (Martin 1990, Hucl 1996, Singh 2006) meager. There is a positive association between anther size
which has positive correlation with length of flowering and the quantity of pollen produced /anther (Beri and Anand
period. Mixed chasmogamous / cleistogamous type of 1971). Anther length was reported to have positive correlation
flowering and autogamous / allogamous mode of pollination with humber of pollen grains/anther (De Vries 1974) and
in wheat was observed (Chelak 1989, Chhabra and Sethflowering date (Komaki and Tsunewaki 1981). A close
1991). association between percentage of seed set in male sterile
Important floral traits that influence outcrossing in wheat line and extent of synchrony in the heading of maternal and
are stigma size, anther size, anther extrusion, pollen numbepollen parents was also reported (Araki 1990). Martin (1990)
and pollen viability. The stigma length of wheat genotypes observed that outcrossing was positively correlated with
has been noted to be 2.13 — 5.2 mm (Percival 1921, Komakiength of flowering period but not with flowering date and
and Tsunewaki 1981, Singh 2005), whereas anther lengttplant height. The low association between spike traits and
has been was observed from 3.0 to 5.09 mm (Khetdé outcrossing rate was studied by Hucl (1996) who suggested
1967, De Vries 1974, Komaki and Tsunewaki 1981). Anther that no single morphological trait can be used for predicting
extrusion has been observed from 14.1 to 93.0% (Jeppa cultivar’s outcrossing rate. The significant association of
al. 1968, Singh and Joshi 2003). Phenotypic differencesanther length with stigma length and anther extrusion with
among wheat cultivars for days to heading, anthesis, antheduration of floral opening was observed and it was suggested
size, pollen grain size, pollen viability, duration of floral that the selection for the traits that promote outcrossing may
opening and openness of florets were also observedesult in the genotypes with more open pollination ability
(Chowdharyet al. 1994, Singhet al. 2007) and it was  and these may be utilized as parents to improve yielding
suggested that the selection for long anthers, high rate ofability through enhanced heterozygosity (Singh 2006).
anther extrusion and more openness of florets may be
effective in promoting natural cross pollination. The pollen MALE STERILITY SYSTEM IN WHEAT
viability in wheat ranged from 81 to 98.6% (Hucl 1996, Singh ~ Wheat is monoecious and therefore, a line designated as
and Singh 2001). In general, flowers of wheat reach theirfemale must not be allowed to produce pollen capable of
peak opening between 9 and 11480 on a sunny day and fertilization whilst acting as a parent. It must, however, be
subsequently, a second flush of flower opening occursable to do so for the maintenance of the line. Since wheat
between 3 and®v (Virmani and Edwards 1983). The largest flowers are hermaphrodite, the labour requirement for
separation angle between the glumes of first two florets of mechanical emasculation is clearly prohibitive. Methods for
spikelet was found to be 16—48fAd the wheat florets get procuring male sterility in plants may be divided into 2 groups
closed within 12—20 min. of flower opening with extreme on the basis of the role of the genotype. Systems involving
values being 11 and 66 min. (Percival 1921, Leighty and the plant’s genes include cytoplasmic male sterility, nuclear
Sando 1924, Singh and Singh 2004). The effect of male sterility and self-incompatibility. On the other hand,
morphological traits such as spike laxness and lemma flatnesshere is no direct genetic involvement in chemical
on degree of floret opening in wheat was studied by De Vrieshybridization or hand emasculation. Three methods for
(1971). Flowering continues throughout the day, with 2—6 obtaining male sterility have been proposed for wheat: these
days required for a spike to finish blooming. After the first utilise, respectively, cytoplasmic and nuclear genes, nuclear
round of blooming, unfertilized florets open again, exposing genes, or chemicals but CMS and CHA approaches are widely
the stigma for another 2—-3 days with the ovaries remainused in wheat as pollination control system. There are now
receptive for an additional 2—-3 days (Hoshikawa 1960). more than 70 different male sterile cytoplasm (Murai 2002,
Likewise, in male sterile plants the second round of flowering Zhanget al. 2001, Hattoriet al. 2002).
starts 36 hr after the first round and florets remain opened
for another 5 days (Molnar-Lareg al. 1980). Furthermore,  Cytoplasmic genetic male sterility system
within wheat cultivars, a large variation is reported for the  This system is commonly known as CMS system and
number of pollen grains produced per anther. Under optimalinvolves 3 types of parental lines namely, the male sterile
field conditions (28C, 60% RH), wheat pollen is viable for line (A-line), the maintainer line (B-line) and the fertility
approximately half-an-hour (De Vries 1971). All the viable restorer line (R-line). Hybrids are the resultant of A/R crosses.
pollen grains that have access to the stigma surface germinatglthough the CMS approach has advantages of complete
as soon as they come in contact with the stigma (Chandrasterility in female lines, absence of toxicity and chemical
and Bhatnagar 1974). Stigmas are receptive for 2 to 13 daysegistration costs but it requires much pre-breeding, long-
after anthesis, and are most receptive for the first 2 to 5 dayderm commitment of resources and labor and has slow
(De Vries 1971). Wheat pollen is relatively heavy compared process. Cytoplasmic genetic male sterility is visualized as

6]
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an essential genetic tool to hybrids in self-pollinated crops. atleast one gene is responsible for controlling fertility
Sources of cytoplasmic genetic male sterilkyhara restoration in wheat. On the other hand, &uwal (1991)
(1951) reported the cytoplasmically induced male sterility reported that 2 genes, responsible for fertility restoraih (
in wheat for the first time by substituting common wheat and Rf4) were located on chromosome 1A and 6B,
genome intAegilops caudataytoplasm. The possibility of  respectively. Ikeguchet al (1994) observed the location of
hybrid wheat became apparent only when Wilson and Rosdertility restoration gen®&®fvlon chromosome 1B.
(1962a) discovered another effective source of male sterility  Interspecific cytoplasmic male sterility and male fertility
in T. timopheevi Bison cross. Curtis and Johnston (1969) restoration systems in hexaploid wheat are conditioned by
also observede. caudataandAe. ovataas good sources of interaction involving dosage d®f genes (restoration of
cytoplasmic male sterility. A number of species from genera fertility) and Fi genes (fertility inhibiting) in polyploidy
Triticum and Aegilopswere reported as source of male nucleus and the cytoplasmic genes of the related alloplasmic
sterility but T. dicoccoidesvar. spontaneovillosumr. species (Dt al. 1991). The plant vigour restoring genés
zhukovskii, Ae. aucherii, Ae. ventricamadAe. kotschyivere also play important role. Function Bff, FiandVi were not
considered as the good sources of cytoplasmic genetic malenutually exclusive and same genes may have produced
sterility. T.timopheevivas observed to be major source of different genotypes in combination with different cytoplasm
male sterility in wheat by several workers (Apltaver@ta and wheat nuclear genes (Maan 1992a). More than 10
al. 1981, Ushiyamat al. 1996) and is now most widely used different Rf genes fronil. timopheevii, Secalespelt wheat,
cytoplasm in hybrid wheat production. emmer and wild emmer etc. relative species have been
Fertility restoration system: T. timopheewnd its discovered and used in breeding R-lines. Although fully self-
derivatives were also observed as potential source of fertilityfertile alloplasmic lines with homozygous Rf genes are easily
restoration system in wheat (Wilson 1972, Panayetoal obtained, most of the hybrids with the CMS lines are not
1986). Other sources of fertility restoration in wheat were fully fertile. To improve the male fertility restoration of
‘Primpei’ (Oehler and Ingold 1966), ‘Lal Bahadur,’ ‘Ridley’ common wheat fofl. timopheeviicytoplasm, Chen (2003)
and ‘HD1944’ (Karim and Singh 1984) and related hexaploid proposed the new model of A-line/R* -line// R-line in the
speciesT. dicoccoidesrar. spontaneovillosuniPanayotov production of hybrid wheat.

et al 1986) andT.speltavar. duhamelianumKihara and Effect of cytoplasmdDifferent sources of male sterility
Tsunewaki 1964). system carry their own negative effects on growth and
Genetics of male sterility - fertility systermwo productivity of wheat. The cytoplasm from timopheevii
incomplete dominant genes with epistatic action were notedhas been found to exhibit tendency towards pistiloidy and
to control fertility-sterility system in wheat. A genes2for meiotic instability, reduced dry matter weight, kernel

male sterility was observed on short arm of chromosome 4Dshriveling, low seed germinability, higher anther extrusion,
by Liu and Yang (1994). Liet al. (1996) reported that the increased tiller production and ear length, decreased grain
male sterility was controlled by double recessive nuclear typeweight/ear and reduced grain filling, ear sprouting, etc. (Maan
action and suggested involvement of up to 2 genes, designatetio92b, Chen and Zhang 1994).TAegilopescytoplasms
asfmslandfms2for male sterility. Single recessive gene were also found to express delayed heading, reduced plant
was also found responsible for male sterility (Chhuneja andheight, longer ears, more productive tillers/plants and
Minocha 1993). Fertility restoration in wheat has been shrivelled grains when crossed to maintainer/restorer line
reported to be under the control of monogenic, digenic asowing to late maturity. Zhang and Yang (1989) found that
well as polygenic control. The complexity of the genetics of Ae. ventricoseacytoplasm gave rise to stable sterility and
restoration is evident from the fact that restorer genes arenormal seed plumpness of male sterile &nd s and did
carried on many chromosomes in wheat (Sage 1976). Thesaot result in harmful maternal effects.

include chromosomes 1, 2, 5, 6 and 7. Although all the 3  Breeding scheme for, fhybrids using CMSThe CMS
mode of inheritance (monogenic, digenic and polygenic) wassystem of hybrid seed production requires 3 lines to produce
observed for fertility restoration, 3 genes located on single cross hybrid, 2 to provide a female parent and 1 for
chromosome 1A, 6B and 7D af timopheeviwere found the male (Wilson 1984). On the female side, after a genotype
responsible for complete (Wilson 1972). Chromosome 1B has been selected for combining ability, the first requirement
of Chinese Spring was also identified as carrier of fertility will be to transfer it to a sterilising cytoplasm. In most species,
restoration gene (Tsujimoto and Tsunewaki 1984). El-Kadi CMS is incorporated into a line of the female parent by
et al. (1983) observed 2-3 major genes in R line for fertility backcrossing using the line with the male sterile cytoplasm
restoration while 2 dominant (Gotsoea al. 1987) and 2  as the recurrent parent and the normal, male fertile line, as
additive genes (Wrobel 1989) were found responsible forthe donor parent (Newton 1988). The CMS line is, by
fertility restoration. Multiple recessive genes with minor convention often designated the ‘A line and requires 5-10
effects were responsible for control of fertility restoration in backcrosses to produce it (Zeven 1967, Tsuneetaki1980,
wheat (Muraiet al. 1995). Maet al (1991) observed that Bingham and Lupton 1987). A line carrying the same nuclear
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genotype in a fertile cytoplasm, usually frdmaestivumis etherel was observed along with reduction in plant height
used for pollinating the A line for maintenance purposes. due to reduced internode length, plant development, yield
This line is known as the ‘B’ line. The preservation of CMS and increased number of fertile tillers (Rathgell. 1982).
relies on the non-transmission of the cytoplasm by the pollenZhaoet al (1993) sprayed wheat crop with EK or ES (main
of the male. The male parent, in addition to being selectedcomponent ethaphon) at 2 000—-10 000 ppm concentration
for combining ability, must normally carry genes to restore and obtained maximum male sterility at 6000 ppm ES and
fertility to the K hybrid. Restorer genes are incorporated 7000 ppm EK. The female sterility and plant damage by
into the male parent by means of crossing programme andnaleic hydrazide was also observed (Porter and Weise 1961).
are given the designatioRf’ and it is customary to denote A comparative study was made to study the effect of etherel
the restorer as the ‘R’ line. In wheat, the B and R lines areand Maleic hydrazide (MH) and it was observed that the
both maintained as normal inbred lines, without difficulty, etherel was more effective towards reduction in seed set than
using conventional seed production arrangements. Themaleic hydrazide (Singét al. 1998). Other chemicals found

restorer locus or loci will be heterozygous in thérid. effective in inducing pollen sterility are, KMS 1 (Zhao and
The basic system for producing anptybrid by means of ~ Huang 1983), WL 84811 (Huargf al. 1988), LY 195259
CMS is through crossing of A line with R line. (Tschaboldet al. 1988) and CH 9701 (Mahaj&h al 1997).
The shell compound WL 84811 and the Monsanto CHA
Chemically induced male sterility ‘GENESIS’ are well known current generation of CHAs for

The limitations of cytoplasmic male sterility system, viz inducing male sterility. The appropriate stage for higher
unstable nature, undesirable linkages and need for use oéfficacy of CHA was reported at spike length of 7-8 mm
maintainers have prompted breeders to develop simple andMahajaret al. 1997), early stem extension stage (Savchenko
more efficient methods to create male sterility by other meanset al. 1989), and early boot stage (Siregtal.2006). Further,
like use of chemicals, mutagens for induction of male sterility. the late-sown crop was found more responsive to CHA than
Male sterility induced by chemical hybridizing agents is normal-sown crop (Singtet al. 2006). The hybrid
relatively more convenient to use (Moore 1950) because theralevelopment procesgia CHA route involves the induction
is no need to maintain it, does not require any pre-breedingof male sterility in female lines through chemical spray at
fast and relatively easy to implement and many and virtually appropriate stage and the pollination for seed set.
any combination can be explored. Besides, it has
disadvantages of very expensive to develop and register(senetic male sterility
highly crop growth stage-dependent and weather-dependent, A number of studies have been conducted for utilization
often non-complete sterility in female and somewhat of cytoplasmic male sterility system for hybrid production
phytotoxic effects. Compared with CMS systems, an effective in wheat but some practical difficulties were proved in hybrid
CHA allows the production of large numbers of parental wheat breeding programmes using T-type cytoplasm induced
combinations and permits the evaluation of a number of male sterility. Firstly, the level of hybrid vigour was affected
inbreds for combining ability and/or breeding value. This by the alienT. timopheeviZzhuk. Cytoplasm and secondly,
substantially reduces the time required for hybrid the restoration of male sterility in thg Was genetically
development. Attributes of an ideal CHA have been suggestecdcomplex, incomplete and affected by genetic background
as selective induction of only male sterility with no effect on (Kaul 1988, Racet al. 1990). A new pollination control
female fertility, production of readily apparent male sterile system for producing hybrid wheat seeds by the interaction
lines, no phytotoxic effect on the treated parent, effective onbetween a genetic male sterility (GMS) gene and an added
all genotypes of a species in a wide range of environmentsalien chromosome from a related species was proposed
systemic activity or persistence to sterilize early and late (Trupp 1971). A number of genes have been identified which
tillers or plants in the field population, flexibility in time of prevent the production of pollen capable of fertilization.
application to overcome adverse weather effects and to permiGenes controlling nuclear male sterility fall into 2 categories:
treatment of many hectares, considerable dosage flexibilitythose showing dominance or near dominance for sterility and
to permit a safety margin for application, achieve sterility those which are recessive. Fertility in plants is usually
with a single treatment, does not adversely affgcsded encoded by dominant genes. Mutations of a single gene are
quality, or F seedling or plant vigour, effective on several the probable cause of nuclear / genic male sterility in plants.
genera, economical to synthesize and practical to apply and’hese may cause an alteration of a gene to the recessive state
safe and non-toxic to the environment (Virmani and Edwardsleading to loss of function and sterility. Usually recessive
1983, Pickett 1993). genes for male sterility are highly desirable because they

More than 40 chemicals have been patented as potentialisually facilitate identification of homozygous sterile
CHAs world over out of which etherel (Law and Stoskopf progenies for Fproduction.

1973) and maleic hydrazide (Chopraal. 1960) are most There have been many reports of genetic male sterilty
commonly used. Complete male sterility by spraying of (GMS) in wheat but only 5 GMS loci, 2 recessimes(and
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msH and 3 dominanti\|s2, Ms3andMs4) have been located plant trait, differentiating between male sterile plants without
in wheat chromosomes so fansland ms5,the recessive  the marker and the male fertile plants having the marker trait
genes located to chromosome arm 4BS (Eeidal. 1991) will take place at a post heading plant developmental stage
and 3AL respectively. The locuss1lhas 6 designated mutant in the field. So it is not a practical system, as it is difficult to
alleles (nsla, mslb, mslc, msld, mahdmslj, whereas rogue out the male fertile plants in the short time between
locusms5has 1 mutant allele. Thenfs1lmutants were named heading and pollen shedding. A more efficient marker

Pugsley’'s -msla(Suneson 1962), Probusmslb(Fossati character associated with an alien chromosome is needed
and Ingold 1970), Cornerstonenslc(Driscoll 1977); FS2 for logically modifying the XYZ system.
- msld FS3 -msleand FS24 mslf(Sasakumet al. 1978, The 'VE’ systemThe line ‘VE’ was obtained from a cross

Klindworth et al. 2002). Theans5mutant occurs in the wheat of T.vulgareand Elytrigia elongata,the designation ‘VE’
line ‘FS 20’ (Sasakumat al1978, Klindworthet al 2002). being derived from the first letters of the specific names of
Two of these mutants were produced by ionizing radiation the parents. When the line was grown in populations
(cornerstone and probus) and are presumed to result fronheterozygous for the dominantly controlled male sterility,
terminal deletions of chromosome arm 4BS. However, the progeny is approximately 75% sterile (Shaowen and Shan
Pugsley’s mutant was a spontaneous mutant identified in an1980). This is used for bulk maintenance of the livben
F; progeny of a cross ‘Kenya farmer’/‘Bearded Javelin 48" male sterile seed is required, the segregants having normal
by Pugsley and Oram (1959) in Australia and likely to have fertility are first rogued from the population. The remaining
an intact 4BS arm. Male sterility was transferred from this plants, although largely sterile, produce enough pollen to
line to ‘Chancellor’ by Briggle (1970) has compatible genetic allow selfing (Driscoll 1986). However, as a consequence of
background for mst expression governed by this gene. Thencomplete male sterility in the female parent seed, it is likely
other 4 mutants, FS2, FS 3, FS 20 and FS 24 were chemicallyhat the genetic purity of the hybrid produced will be rather
(EMS) induced (Franckowiadt al. 1976) and are therefore, low.
likely have intact 4BS arm. Three dominant male sterile genes
Ms2, Ms3and Ms4 werelocated to chromosome arm 4DS, Other genes conferring male sterility
5AS and 4DS respectively (Deng and Gao 1980, Bing-Hua S 738:Athwal et al (1967) reported a specific type of
and Jing-Yang 1986, Maast al 1987, Maan and Kianian male sterility caused by the interaction of 3 recessive genes
2001). having an additive effect occurred i3 population of a
Systems of genetic male sterility in whelte obstacle  composite cross received from Mexico. The degree of male
to the use of NMS systems is maintenance of the male sterilesterility depends upon ms gene number: the lesser the number,
parent. Normally, this is achieved within a heterozygous the lesser is the expression of male sterility. Thus, the
population (Hermsen 1965) but this conflict with the genotypes having 1, 2,sgenes exhibit 36—-49, 47-68 and
requirement that the female parent must not segregate fo73—-97% male sterility, respectively. This expression was
fertility in the hybrid seed production field. In principle, this further influenced by environment and by modifying genes.
applies for all species in which male sterile seed is produced UC 9109-9:1t was identified in the progeny of dwarf x
by GMS; the problem is particularly serious for wheat normal height cross in the USA and thought to be of mutant
because low multiplication rates make hand roguing of fertile origin (Jan and Qualset 1977). Three recessive genes
segregants uneconomic and unsatisfactory. Maintenanceontrolled this source. It resulted in a range of expression of
requirements have, therefore, been the main consideratiomale sterility which varied from very low levels of seed set
in the proposed systems for NMS production in wheat. when selfed to the transformation of anthers to pistil-like
The ‘XYZ' systemThis system was designed to allow structures.
maintenance of a GMS line in which none of the 42 normal  LZ mutant:A new wheat GMS mutant LZ was discovered
chromosomes carried a factor for fertility. Fertility to produce in Lanzhou in Gansu province of China (Zhetual 2006).
the female parent seed would be obtained from another lineThey successfully utilized the genetic male sterile mutant
identical except that it carried a chromosome addition LZ in the 4E-ms system of hybrid wheat production and
encoding fertility. The XYZ system of producing hybrid concluded that the mutant LZ has common wheat cytoplasm
wheat (Driscoll 1972, 1985) relies on the addition of and carries a stably inherited monogenic recessive gene
chromosome 5R derived fro8ecale cerealk. to the male- namedmslg.
sterile Cornerstone mutant (Driscoll 1977). The necessary Advantages and disadvantages of genetic male sterility:
fertility for maintaining the line would come from a Wilson (1984) noted that despite very full investigations,
corresponding fertility factor on a homoeologous alien GMS had not been utilized commercially for cereal crops.
chromosome addition line. A requirement of the XYZ system The basic requirement for the GMS system is the existence
is that the alien chromosome should not pair with any from of genes encoding male sterility. The drawback with most
the normal com-plement. Since the dominant marker systems is large-scale production of uniformly sterile seed.
character—hairy peduncle associated with 5R—is an adultGMS, however, offers certain potential benefits including

o]
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the absence of the need for special restorer varieties angRerkasem and Jamjod 1997) and some other micronutrients
reasonable freedom from the damaging side-effects apparertre reported to induce male sterility in wheat. High
in many forms of CMS. Most conventional varieties of wheat phenotypic variation has been reported in sensitivity to the
may be used for this purpose, making it possible to selectdeficiency of these micronutrients. reported that pollen
male hybrid parents from a wide range of varieties. In sterility induced by copper deficiency in barley and wheat
addition, GMS may also be used in recurrent selectionwas found related to tapetum dysfunctioning characterized
schemes (Raet al. 1990). The disadvantage of GMS wheat by cell hypertrophy that inhibits grain production (Jeveel|
was the maintenance the male sterile line. In general, thisal. 1988, Azouaou and Souvre1993). Rerkasem and Jamjod
requires production of a population heterozygous to at the(1997) suggested the boron method of hybridization in wheat,
locus controlling fertility. The fertile segregants must then in which boron deficiency was used as a selective medium
be removed from the hybrid seed production field prior to or fertility and male sterile female parents and fertile male
flowering. Although a marker gene linking to a conspicuous parents were provided by genotypic variation in the response
morphological character to fertility could, in technical terms, to low boron content. Maintenance of female parents can be
allow removal of the male fertile plants, in practice, the scale done simply in soils with sufficient boron content, unlike

of operations would preclude this approach. genetic male sterility, which can be maintained only in
heterozygous populations. The chances for successful
Environment sensitive male sterility development of the method, however, could be strengthened

The photoperiod, temperature sensitivity and nutrient by a better understanding of the physiological, genetic, and
deficiencies are also inducing the male sterility under somemolecular bases for genotypic variation in response to low
specific conditionsPhotoperiod-sensitive cytoplasmic male boron content.
sterility (PCMS) caused by an interaction betwéegilops
crassacytoplasm and. aestivuncv. Norin 26 nucleus was COMMERCIAL HYBRID SEED PRODUCTION
first reported by Murai and Tsunewaki (1993). Alloplasmic The most important requirements of cross-fertilization and
‘Norin 26’ shows almost complete male sterility under long- hybrid seed production are openness of flowers at peak
day conditions of 15 hr or longer, but male fertility under flowering period, stigma receptivity to accept the pollen from
short-day conditions of 14.5 hr or less. The PCMS is male, pollen release from anthers outside the flower by good
maintained and multiplied by self-pollination under short- anther extrusion, presence of slight wind to carry the heavy
day conditions and hybrid seeds can be produced throughoupollen from male to female plants and pollen viability till
crossing of a PCMS line with a pollen parent under long- fertilization. Low seed multiplication rate and in-efficient
day conditions. In contrast to the CMS system, this systemcross-fertilization are the two main constraints to hybrid seed
requires only a PCMS line and a pollen parent (restorer line).production in wheat. In the hybrid seed production field, it
Two kinds of fertility restoration systems against the PCMS is necessary to maintain careful separation of male and female
are known in which, one is involved with a multiple fertility- parents to check contamination of hybrid seed with parental
restoring Rf) genes in wheat cultivar ‘Norin 61’ located on lines and unwanted hybrids. In view of the poor transportation
(at least) chromosomes 4A, 1D, 3D and 5D, whereas theof pollen, the distance of separation of parents must, however,
other is controlled by a single dominant major Rf gdd#, be the minimum consistent with the cost-effective use of farm
located on the long arm of chromosome 7B in the wheatmachinery. Where a CHA is used, it is, of course, necessary
cultivar “Chinese spring with atleast 20 modifiers (Murai to perform an accurate application of the chemical without
and Tsunewaki 1994). leaving the female parent male fertile or treating the male

Jan (1974) reported thermo-sensitivity in wheat for parent. Amongst the more important characteristics
producing genic male sterility. Certain wheat varieties carry benefiting hybrid seed production in wheat, a consistent
genes, which render male fertility sensitive to environmental climate with warm and sunny conditions without excessive
conditions such as reduced temperature (@iaal 1986). rainfall is needed. However, excessive heat may be harmful.
In regions having consistent climates, it might be possible tolf production is to be carried out away from the area of use,
utilize such effects for production of Rybrid seed for use  parental varieties will have to be selected to synchronize in
in crop production in different environment. A genic male the production environment. It is also apparent that the
sterility system was developed in China, especially in regardenvironment within an area can, to a degree, be optimized
to a temperature-sensitive male sterility system (reviewedfor wind pollination by choice of a field exposed to wind
in Sunet al.2001). This system is a 2-line system without a and by aligning the beds in such a way that the prevailing
maintainer. Cytoplasmic-genic male sterility in wheat with wind can move pollen from the male parent to the female.
Ae.umbellulateor Secale cerealeytoplasm was also found Investigations concerning female : male ratio for hybrid
stable in autumn and unstable in spring when grown in theseed production of wheat have demonstrated yield advantage
glasshouse (Maan 1973) indicating photo-thermo sensitivity. at variable ratios. Wilson (1968) reported 70% seed set in 1:

Deficiencies of copper (Agarwalket al.1980), boron 1 ratio of the sterile and pollinator parents but suggested the
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possibility of profitable management of 2: 1 ratio. Maximum INDIAN EFFORTS ON HYBRIDWHEAT

yield at 1: 1 ratio of male sterile / pollinator parent, followed DEVELOPMENT

by 2: 1 and 3: 1 ratio in production / ha basis was observed

by Miller and Lucken (1976). However, female-male row In 1995, Directorate of Wheat Research, Karnal addressed

ratio of 2: 1 or 3: 1 was also reported for getting maximum the hybrid wheat development through CMS and CHA
seed set (Singh and Singh 2006). Araki (1990) observed O-approach in network mode. Through CMS approach,
80% grain set in male sterile line and reported higher seedcytoplasmic male sterile lines were developed by using
setting when male sterile line headed 5-10 days before thd.timopheevi, T. araraticum, Ae. caudatadAe. Speltoides
restorer lines. He also observed a close relation of seed seis source parents. No apparent adverse effects on morphology
with extent of synchrony in heading of maternal and pollen by T. araraticumandAe. speltoidesiave been noticed. Two
parent. A direct effect of cross-fertilization on seed yield and exotic genetic stocks registered as ‘PWR 4099 and ‘PWR
the cost of hybrid seed were also reported. The yield of hybrid4101’ indicated complete fertility restorationlintimopheevi

seed can be computed as under for knowing the commerciabased CMS lines. Although there is no significant result for

feasibility. heterosis for yield in totality, few hybrids showed heterosis

Yield of hybrid seed (ff = a (b/100) (c/100) for yield components, viz spikelet number, spike length and
Where, a is normal yield of wheat (tonnes/ha), b is area oftillers/plant. Through CHA approach, chemicals were
female parent (%) and c is seed set (%). identified that induced male sterility when sprayed at 10-15

mm of spike length at 50—60 days after germination in most
HYBRID WHEAT RESEARCH AT CIMMYT of the genotypes (Mahajaat al. 1997). Over 1 500 single
The work on development of hybrid wheat was started in cross hybrids developed through CHA were evaluated, of
1962 at global level in many countries. Ing. Riccardo which 6 hybrids were identified depicting standard heterosis
Rodriguez initiated the research efforts at CIMMYT in 1962. over the best check and superior quality parameters. After
The elite CIMMYT lines were transferred withtimopheevi thorough experimentation, 2 : 3 row ratio of male and female
cytoplasm, the fertility restorer (Rf) genetic stocks were was found most suitable for higher seed production. The
developed and the experimental hybrids were produced angrofuse growth habit of ‘oat’ is used as space isolation to
evaluated but the advent of semi-dwarf high-yielding wheat separate the various combinations of hybrid plots to avoid
varieties, the emphasis got further strengthened only tocontamination from non-parental male genotypes. The
popularization and genetic improvement of pureline varieties supplementary pollination through rope pulling during the
and as a result the research efforts on hybrid wheat gotpeak hours of flowering in both morning and afternoon was
distracted. The work was discontinued as no significant suggested for enhanced outcrossing. An ‘Improved DWR
results of heterosis were observed for commercial CHA spray system’was also fabricated for large-scale hybrid
exploitation. The research efforts were readdressed atseed production which has précised delivery of CHA with
CIMMYT during 1997-2002 in collaboration with the coverage rate of 0.4 ha / hr. Besides, a seed sowing drill was
Monsanto Co. to develop a practical hybrid wheat production also fabricated for simultaneous sowing of male and female
scheme in Northern Mexico, based on the GENESIS (CHA) parents for hybrid seed production.
technology and to identify spring hybrid bread wheat with  Bottlenecks in researchfhe insufficient levels of
superior yield potential, leaf-rust resistance and acceptableheterosis, low seed multiplication rate and complexity of the
quality, under optimal conditions. In these efforts, the doseshybridization systems were explored as major limiting factors
and crop stage were optimized for complete male sterility, for hybrid wheat development. The self-pollinated nature of
the female sterility was monitored and adequate levels ofwheat with occasional outcrossing of usually less than 1%
male-sterility were achieved with GENESIS on experimental makes the selection for floral characters which enable
scale. The weather survey was made to identify suitablesufficient cross fertilization like more open flowering habit,
locations in Mexico and pilot seed production experiments duration of flower opening, improved anther extrusion in
were conducted at various locations. In the studies, thethe male parent and stigma receptivity in the female parent
acceptable female sterility levels were observed along withmore crucial for successful development of hybrids. These
low seed-set in general, commercially unviable and variabletraits need to be investigated properly to identify the parents
results with locations. These findings concluded that the that can be put under conversion to male sterility system and
heterosis is present at moderate to low levels. The goodertility restoration. The discovery of an effective cytoplasmic
combining male and female backgrounds were identified. In male sterility and pollen fertility restoration systems in wheat
addition, the heterotic pattern in CIMMYT lines was usingAegilops caudataytoplasm opened up new avenues
identified and the whole germplasm was divided into 2 for commercial hybrid seed production but the stability of
distinct heterotic groups. After these, the work on CHA-based male sterility across the locations is another bottleneck in
hybrids or on hybrid development was discontinued at the direction of development of hybrids which restricts the
CIMMYT. hybrid lines to the location specificity. timopheeviseems
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to be the most suitable one for commercial production of system, supply and cost of labour for emasculation / other
hybrid seed. The inclusion of yield potential in the bread requirements for hybridization, yield of the crop in the
wheat is also an important issue. As wheat in naturalfarmer’s field, commercial value of the crop per unit of land
polyploid (allohexaploid), the transfer of donor traits from area, seeding rate of the crop, seed yield in the seed
related species takes in more negative traits than the positivgroduction field, extra yield to be expected from heterosis,
components. This needs strengthening of the pre-breedingmplications of hybrid uniformity, the most important traits
activities for improving parental lines. The economics of to improve in the crop and their genetics, the ease of
hybrid seed production is of major concern for successful demonstrating improvements in new hybrids and availability
hybrid technology. The contributing factors such as the plantof inbred parents and other breeding materials in either public
population, male and female row ratios, plant spacings andor private institutions.
input managements should be optimized for getting  Wheat hybrids can yield up to 30% more than their parents,
maximum hybrid seed at lower costs. but hybrids with heterosis at these levels usually are the
Impact of researchBased on the results and experiences product of crosses between different classes of wheat, such
in Indian hybrid programme, it was concluded that out of as a cross of hard red winter wheat by soft red winter wheat.
two pollination control systems (CHA & CMS), the Commercially useful wheat hybrids must be made within a
cytoplasmic genetic male sterility system, though class to maintain milling and baking quality. Crosses within
cumbersome, provides useful, economic (Wilson and Driscolla quality class typically have less heterosis, only about 5-
1983) and eco-friendly approach for hybrid seed production.15% more than their parents. The lower amount of heterosis
The CHA approach indicated certain inherent problems may be because of relationship among members of a
beyond control and, therefore, not found practically feasible relatively closed gene pool. The experiments indicated that
to produce hybrid seed. Besides, the CHA system wasthe heterosis level should be minimum of 20% over the best
effective to attempt large number of hybrid combinations of check of the area for its commercial viability. As wheat is a
parental lines (Le Gouist al. 2002, Kindred and Gooding self-pollinated crop, it has perfect florets, limited supplies
2005) and preliminary testing of these hybrids on multi- of pollen, and a relatively brief period of stigma receptivity,
locations. The multi-locations and multi-year data revealed the hand emasculation is impractical for commercial
that only few hybrids performed well. The investigations on production of hybrid seed, but cytoplasmic male sterility
floral traits have enabled to identify the genotypes that haveallows production of hybrid wheat seed on a field scale.
floral traits for enhanced outcrossing and these lines are now.imited pollen production by male lines as compared to
used for parental diversification in the form of CMS and maize, for example means that the ratio of male rows to
restorer lines in network mode research programmes. Thdemale rows must be relatively high, and seed vyield /ha is
heterotic combinations have been identified and the parentseduced correspondingly. If a hybrid has only a small yield
of these superior hybrids might be used as basic material fomdvantage over the best pureline cultivars, the expected gain
CMS line development and restorer conversion. The in the farmer’s income from increased vyield of the hybrid
timopheeviibbased CMS system was found most appropriate could be less than the cost of the hybrid seed, hence such a

since the fertility restoration was highly satisfactory. hybrid would be unacceptable, despite its yield advantage.
Breeders had to develop entirely new male lines, by inserting
Future strategies of hybrid wheat research nuclear genes for fertility restoration into non-restorer

For a successful breeding programme and commerciallygenotypes. Restorer lines usually were made by introgressing
viable hybrid seed production, 3 components are consideredlominant fertility restorer genes from widely divergent
as basic criteria. These are the customer satisfaction for alpermplasm into elite wheat lines. Typically, the strongest and
important traits in hybrids, the seed cost for customer andmost useful restorer genes came from different species,
the seed producer. The price of hybrid seed must be lowsometimes weedy or wild species. This introduced problems
enough to enable the customer to make substantial profitof linkage to undesirable traits from the alien species.
from annually recurring investments in expensive hybrid Breeders devoted years of time and energy to backcrossing
seed. A rule of thumb is that a first time use of hybrid seedwith selection for strong fertility restoration, and, as a
should enable the farmer to earn an extra profit equal to attonsequence, spent less time on breeding for increased yield
least three times the added cost of the seed. On the otheand general performance. Also the public wheat breeding
hand, the price of hybrid seed must be high enough to enabl@rogrammes provides very little input to hybrid wheat
the seed producer to make substantial profits from its breeding in terms of investment. This led to under-investment
investments in research, production, and sales. To satisfyin development of germplasm and breeding methods
these primary criteria for success in the hybrid seed businesgparticularly for restorer males) in the important start-up
the organizations involved in hybrid development programme period.
must integrate a host of variables such as the pollinating Interest in hybrid wheat is still present, particularly in
system of the crop, options for manipulation of the pollinating regions where wheat yields and commercial value of the crop
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are relatively high (Edwards 1997). However, the hybrids REFERENCES

are planted at very low seeding rates, thus keeping seed cost

in line with expected returns. Research is in progress inAllan R E. 1973. Yields of wheat hybrids of theticum timopheevi
several organizations on new ways to produce hybrid wheat "ucleo-cytoplasmic systemin) Proceedings of the 4th
seed, using new sterility systems, some of which are International Wheat Genetics Symposjpm311-7, Columbia,

introd d int heat Vi tic t f fi Th | Missouri, USA.
Introduced Into wheat via genetic transtormation. The goal oayi 4. 1990. Studies on the practical use of hybrid wheat using

is to build systems that are reliable, easy to manipulate, and - cyiopjasmic male sterilityBulletin of the Kyushu National
that interfere as little as poss_lble_wnh routine Wh_eat t_)reedlng Agricultural Experiment Statio@6 (2): 115-65.

programmes aimed at making improvements in yield and Agarwala S C, Sharma P N, Chatterjee C and Sharma C P. 1980.
general performance. These show that breeders still believe Copper deficiency induced changes in wheat anthers.
that hybrid wheat can succeed on large scale and perhaps Proceedings of Indian National Science Academy. SeBfion
more importantly they show that there are numerous ways 172-6. _ _

to produce the hybrids and then to manage them for profit inApItaverova M, Stehno Z and Dotlacil L. 1981. Cytoplasmic male
the farmers’ fields sterility in wheatVedeck’e Prace Vyzkumnho Ustavu Rostlinne

. . Wroby v Praze - Ruzy@il: 29-52.
As the Directorate of Wheat Research is nodal centre forAthwal D S, Phull P S and Minocha J L. 1967. Genetic male sterility

wheat research and coordination in the country, it addressed wheat.Euphyti-cal6: 354—60.

the hybrid development programme through CMS system inazouaou Z and Souvre A. 1993. Effects of copper deficiency on
network mode with cooperating centres in 4 major wheat pollen fertility and nucleic acids in durum wheat antSexual
zones, i e north-western plains, north-eastern plains, central Plant Reproductiors: 199-204.

and peninsular zones. As most of the available CMS linesBeri S M and Anand S C. 1971. Factors affecting pollen-shedding
are in exotic background, there is need to diversify them in __ capacity in wheatuphytica20: 327-32. o
indigenous background for exploiting better adaptability of Blngha_lm J and Lupton E G H. 1987. Production of new varieties:
superior agronomic backgrounds. Similarly, the fertility an integrated research approach to plant breedmg\\heat

toration i . fant i hich ds identificati Breeding, Its Scientific Basipp 487-538, Ed.: Lupton E G H
restoration is an important issue which needs identification (Ed.), Chapman and Hall, London and New York.

of fertility restorer lines and their diversification. The Bing-Hua L and Jing-Yang D. 1986. A dominant gene for male
identification of heterotic groups for diversification sterility in wheatPlant Breedingd7: 204-9.

programme is pre-requisite for selection of diverse parents.Borghi B and Perenzin M. 1994. Diallel analysis to predict heterosis
As the level of heterosis is hot commercially viable in most  and combining ability for grain yield, yield components and
of the combinations, the future work needs for intra-pool  bread making quality in bread whedtificum aestivunL.).
improvement of male and female parental lines separately ~Theoretical and Applied Genetié8 (7-8): 975-81.

through pre-breeding approach so that the distinct heterotic®"199/e LW. 1963. Heterosis in wheat - A reviedrop Science:

. . . - 07-12.
_r;zols mayhb$ obtained f(?lr_ re?IIZIrlg htlgh hg[erOSIS ler\]/elst'Briggle LW. 1970. A recessive gene for male sterility in hexaploid
e search for open pollinating traits in diverse whea wheat.Crop Sciencd0: 693-6.

germplasm lines and their exploitation and the changra s and Bhatnagar S P. 1974. Reproductive biology of
standardization of the hybrid seed production technology for  Tritium. I1. Pollen germination, pollen tube growth, and its entry

economic seed production are the areas of future efforts in into the ovulePhytomorphology4: 211-7.

the direction of development of a successful hybrid wheatChelak V R. 1989. Type of flowering and mode of pollination/
technology. In nutshell, the future research strategy for fertilization in wheat Triticum aestivumL.). Botanicheskie
hybrid wheat development programme should consider  !ssledovaniya: 11-30. N _

the issues of identification of heterotic gene pools, Chen Q F. 2003. Improving male fertility restoration of common

creation of novel genetic variability for yield component ngfi-rm'cum timopheevicytoplasm.Plant Breeding 122

traits fr(_)m sgconda_ry and tertla_r)_/ gene pool_s and its ~pqp, Q F and Zhang Q Q. 1994. Improvement of Q-type
evaluation, improving the fertility restoration by cytoplasmic male- sterile line and their restoSared1: 3-5.
accumulation of Rf genes, use of variability available in chhabra A K and Sethi S K. 1991. Inheritance of cleistogamic
dwarfing genes for parental diversity, biotechnological tools  flowering in durum wheatTtiticum durun). Euphytica55 (2):

for molecular interventions related to fertility restoration, 147-50.

search for heterosis in diverse gene pools, fixation of heterosighhuneja P and Minocha J L. 1993. Induction of male sterility
through apomixis, understanding of floral biology and mutations in three_cultivars ofriticum aestivun(L.). (i_n)
promotion of active interaction between public and private  Heterosis Breeding in Crop PIaTnts: Theory and Applicatigm,
organizations. Keeping in view the above, a network 130-1, Short communications: Symposium Ludhiana, 23-24,

q | t of wheat hvbrids h b February 1993, Verma, M M, Virk D S and Chahal G s (Eds),
programme on development of wheat nybrids has DEeN oo, \mprovement Society of India, Ludhiana.

initiated with the breeding centres in north-western plains chopra v L, Jain S K and Swaminathan M S. 1960. Studies on
and peninsular zone to address the high fertility conditions  chemical induction of pollen sterility in some crop plahtsian

as well as dry areas. Journal of Genetics and Plant Breedi2@ 188-93.



1024 SINGHET AL. [Indian Journal of Agricultural Sciences0 (12)

Chowdhary M A, Mahmood N and Khaliq I. 1994. Pollen Huang T C, Wang M L, Zhang A M and Zang Z Q. 1988. Studies

production studies in common bread whe&atchis11(1/2): 68— on the male sterility in wheafl ( aestivurj induced by new
72. gametocide, WL8481WActa Agronomica Sinica4 (2): 55-62.
Curtis B C and Johnston D R.1969. Hybrid wheztientific Hucl P. 1996. Out crossing rates for 10 Canadian spring wheat
American220 (5): 21-9. cultivars.Canadian Journal of Plant Scien@é (3) : 423-7.
De Vries AP H. 1971. Flowering biology of wheat, particularly in Ikeguchi S, Hasegawa A, Oyamada Y, Toriyama K and Tsunewaki
view of hybrid seed production — a reviesuphytica20: 152— K. 1994. Basic studies on hybrid wheat breeding utilizing
70. Aegilops kotschycytoplasm. i) Proceedings of the Japan-

De Vries AP H. 1974. Some aspects of cross-pollination in wheat  Russia Workshop Sapporo on Low Temperature Physiology and
(T. aestivunL.) 3. Anther length and number of pollen grains Breeding of Northern Cropgpp 77-83, held during January
per antherEuphytica23: 11-9. 25-28, 1994. Hokkaido National Agricultural Experiment

Deng J Y and Gao Z L. 1980. Discovery and identification of a Station, Sapporo, Japan.
dominant male sterile gene in wheAtta Agronomica Sinica  Jan C C. 1974. ‘Genetic male sterility in wheliticum aestivum

6 (2): 84-98. L): expression, stability, inheritance and practical use.” PhD
Driscoll C J. 1972. XYZ system of producing hybrid wheziop thesis, University of California, Davis.
Sciencel2: 516-7. Jan C C. and Qualset C O. 1977. Genetic male sterility in wheat
Driscoll C J. 1977. Registration of Cornerstone male-sterile wheat  (Triticum aestivuni.): reproductive characteristics and possible
germplasmCrop Sciencel7: 190. use in hybrid wheat breedinfilgardia 45: 153—-61.
Driscoll C J. 1985. Modified XYZ system of producing hybrid Jewell A W, Murray B G and Alloway. 1988. Light and electron
wheat.Crop Science25: 115-6. microscopic studies on pollen development in barley grown
Driscoll C J. 1986. Nuclear male sterility systems in seed production  under copper sufficient and deficient conditioR$ant Cell
of hybrid varietiesCRC Critical Reviews in Plant Scienc&s Environmentll: 273-81.
227-56. Joppa L R, Mc Neal | H and Berg M A. 1968. Pollen production
Du H L, Maan S S and Hammond J J. 1991. Genetic analysis of and pollen shedding of hard red sprifgiticum aestivuni.
male-fertility restoration in wheat. Ill: Effects of aneuploidy. em. Thell.) and durumT({ durumDesf.) wheatsCrop Science
Crop Science1 (2): 319-22. 8: 487-90.

Edwards | B. 1997. Personal communication. Pioneer Hi-Bred Karim M A and Singh M P. 1984. Studies on fertility restoration in
International, Inc., Johnston, IA, 50131 (USA). July 29, 1997. male sterile wheats derived froAegilops-comosaytoplasm.

Edwards | B. 2001. Hybrid wheain) The World Wheat Book, A Wheat Information Service8: 9-11.
History of Wheat Breedingp 1017-45, Bonjean AP and Angus Kaul M L H. 1988. Male sterility in higher plantslonographs on
WJ (Eds), Lavoisier. Inc. Paris. Theoretical and Applied Geneti¢®. Springer-Verlag, Berlin.
El-Kadi D A, Hindi L H A, Gomma A A and Ghazal H M. 1983. Kherde M K, Atkins | M, Merkle O G and Porter K B. 1967. Cross
Analysis of male sterility in nine wheat hybrids with pollination studies with male sterile wheats of three cytoplasms,
timopheeviicytoplasm.Egyptian Journal of Genetics and seed size onflants, and seed and anther size of 45 pollinators.
Cytology12 (1): 1-15. Crop Scienced’: 389-94.
Evans L T, Bingham J and Roskams M A. 1972. The pattern of Kihara H. 1951. Substitution of nucleus and its effects on genome
grain set within ears of wheatustralian Journal of Biological manifestationsCytologia 16: 177-93.
Science®5: 1-8. Kindred D R and Gooding M J. 2005. Heterosis for yield and its
Fossati A and Ingold M. 1970. A male sterile mutanTiiticum physiological determinants in whe&uphytical42 149-59.
aestivum. Wheat Informa-tion Servige 8-10. Kirby E J M and Appleyard M. 1987. Development and structure
Franckowiak J D, Maan S S and Williams N D. 1976. A proposal of the wheat plantirf) Wheat Breeding, Its Scientific Basip
for hybrid wheat utilizingAegilopes squarros&. cytoplasm. 287-311, Lupton E G H (Ed.), Chapman and Hall, London and
Crop Sciencd6: 725-8. New York.
Freeman G F. 1919. Heredity of quantitative characters in wheat.Klindworth D L, Williams N D and Maan S S. 2002. Chromosomal
Genetics4: 1-9. location of genetic male sterility genes in four mutants of

Gotsova D K, Panayatov | and Gotsov K. 1987. Male fertility hexaploid wheatCrop Sciencel2: 1447-50.
restoration against various alien cytoplasms Il. Genetical Koemel J E Jr, Guenzi A C and Carver B F. 2004. Hybrid and

analysis of R—1712AVheat Information Service (Kyot6é: pureline hard winter wheat yield and stabili§op Science
1-5. 44: 107-13.

Hattori N, Kitagawa K, Takumi S and Namamura C. 2002. Komaki M K and Tsunewaki K. 1981. Genetical studies on the
Mitochondrial DNA Hetroplasmy in Wheat, Aegilops and their difference of anther length among common wheat cultivars,
nucleus-cytoplasm hybridzenetics160. 1619-30. Euphytica30: 45-53.

Hermsen J G Th. 1965. Towards a more efficient utilization of Kumar Shreekant and Ganguli D K. 1993. Heterosis and inbreeding
genic male sterility in breed-ing hybrid barley and wheat. depression in bread wheain) Heterosis Breeding in Crop
Euphytical4: 221-4. Plants: Theory and Applicatign pp 62-3, Short

Hoshikawa K. 1960. Studies on the reopened floret in wheat. = communications: Symposium Ludhiana, 23-24 February 1993,
Proceedings of Crop Science Society of Ja&n103—6. Verma, M M, Virk D S and Chahal G s (Eds), Crop Improvement

Hsu P and Walton P D. 1970. The inheritance of morphological  Society of India, Ludhiana.
and agronomic characters in spring whé&atphytical9: 54— Law J and Stoskopf N C. 1973. Further observations on ethephon
60. (etherel) as a tool for developing hybrid cere&@anadian



December 2010] PERSPECTIVE AND PROSPECTS OF HYBRIBEAT RESEARCH 1025

Journal of Plant Scienc&3: 765-6. cytoplasmic male sterilityPlant Breedingl14 (3): 205-9.
Le Gouis J, Beghin D and Heumez E. 2002. Diallel analysis of Newton K J. 1988. Plant mitochondrial genomes: organisation,
winter wheat at two nitrogen levelSrop Sciencé2: 1129-34. expression and variatiomnnual Review of Plant Physiology
Leighty C E and Sando W J. 1924. The blooming of wheat flowers.  and Plant Molecular Biologyg9: 503-32.
Journal of Agricultural Research7: 231-44. Oehler E and Ingold M. 1966. New cases of male sterility and new
Lelley J. 1966. Observation on the biology of fertilization with restorer source im.aestivum Wheat Information Service
regard to seed production in hybrid wheat. (In Gernie) (Kyoto) 22: 1-3.
Zuchter36: 314-7. Oury F X, Brabant P, Pluchard P, Berard P and Rousset M. 1990.
Liu B H and Yang L. 1994. Dwarfing sterile wheat and its use in Multi-location analysis of wheat hybrids: Levels of heterosis
breeding for dwarfnes&cientia Agriculture Sinic27 (5): 17— and yield calculationAgronomielO (9): 735-48.
21. Panayotov |, Gotsova D K and Gotsov K. 1986. Male fertility
Liu Bing Hua, Wang Shan Hong and Yang Li. 1996. The discovery  restoration against alien cytoplasm. I. Comparison between the
and identification of new material of nuclear male sterility in restoration abilities of three groups of linggheat Information
common wheatHereditas(Beijing) 18 (6): 9-11. Service63: 7-10.
Ma Z Q, Zhao Y H and Liu D J. 1991. Incorporation of restoring Percival J. 1921The Wheat Plant—A monographp 463,
gene ofAegilops umbellulatinto wheatGenome34 (5): 727— Duchworth & Co., London.
32. Perenzin M, Corbellini M and Accerbi M. 1998. Bread wheat: F1
Maan S S. 1973. Cytoplasmic male sterility and male fertility hybrid performance and parental diversity estimates using
restoration system in wheaEUCARPIA Meetingcereal molecular markersEuphytical00 273-9.
section) Institute of Plant Breeding, Bari, It&: 14-8. Pickett AA. 1993. Hybrid wheat: results and problefdvances
Maan S S. 1992a. Genetic analysis for male fertility restoration in  in Plant Breeding, Suppl. Plant Breedirig: 1-259.
wheat. V. anomalous results of monosomics analysiep Pickett AA and Galwey N W. 1997. A further evaluation of hybrid
Science32: 1428-35. wheat.Plant Cultivars and Seed<): 15-32.
Maan S S. 1992b. Genetics analysis of male fertility restoration in Pinthus M | and Millet E. 1978. Interactions among number of
wheat VI.A defective — seed ger@rop Scienc&2: 1408-13. spikelets, number of grains and grain weight in the spikes of

Maan S S, Carlson K M, Williams N D and Yang T. 1987. wheat(Triticum aestivunL.). Annals of Botanyt2: 839—48.
Chromosomal arm location and gene centromere distance of aPorter K B and Weise A F. 1961. Evaluation of certain chemicals

dominant gene for male sterility in whe&@rop Science7: as selective gametocides for wheatp Sciencd.: 381-2.

494-500. Pugsley AT and Oram R N. 1959. Genic male sterility in wheat.
Maan S S and Kianian S F. 2001. Third dominant male sterility ~ Australian Plant Breeding and Genetics Newslette4.

gene in common whealheat Information Servigg&yoto) 93: Qian C M, Xu A and Uiang G H. 1986. Effects of low temperatures

27-31. and genotypes on pollen development in wh€aip Science

Mahajan Vinay, Singh Kuldeep and Kelkar R G. 1997. On the 26: 43-6.
possibility of using CHA route in developing wheat hybrids. Rao M K, Uma Devi K and Arundhati A. 1990. Applications of
(in) Abstract of International Group Meeting on Wheat Research ~ genic male sterility in plant breedinglant Breedingl05: 1—

Needs beyond 200D, pp 41-2, DWR, Karnal. 25.

Martin T J. 1990. Outcrossing in twelve hard red winter wheat Rathgeb P W, Parodi P P C and Nebreda M | M. 1982. The induction
cultivars.Crop Scienc&0: 59—-62. of male sterility with chemical gametocides in whéatticum

Mc Daniel R G and Sarkissian | V. 1966. Heterosis: aestivumL.) Ciencia e Investigacion Agrari@ (3): 127-42.
complementation by mitochondri&ciencel52 1640-2. Rerkasem B and Jamjod S. 1997. Boron deficiency induced ear

Miller JF and Lucken K A. 1976. Hybrid wheat seed production sterility in wheat T. aestivurrL.) and its implication for plant
methods for North Dakot&rop Sciiencel6: 217-21. breeding.Euphytica96: 257—-62.

Molnar- Lang M, Barnabas B and Rajki E. 1980. Changes in the Rodriguez R, Quinones M A, Borlaug N E and Narvaez |. 1967.
shape, volume weight and the tissue structure of the pistil in  Hybrid wheats: their development and food potenRalsearch

the flowers of male sterile wheats during floweri@gereals Bulletin3. International Maize and Wheat Im-provement Center,
Research Comunicatiodt 371-9. Mexico.

Moore R H. 1950. Several effects of maleic hydrazide on plants. Sage G C M. 1976. Nucleo-cytoplasmic relationships in wheat.
Sciencell2 169-91. Advances in Agronon®8: 267-300.

Murai K. 2002. Comparison of two fertility restoration systems Sasakuma T, Maan S S and Williams N D. 1978. EMS-induced
against photoperiod-sensitive Cytoplasmic male sterility in male sterile mutants in euplasmic and alloplasmic common

wheat.Plant breedingl21: 363-5. wheat.Crop Science8: 850-53.

Murai K and Tsunewaki K. 1993. Photoperiod-sensitive Savchenko N I, Ivanov Yu N, Budovskii N D, Bratash A N and
cytoplasmic male sterility in wheat witAegilops crassa Taran M S. 1989. Male sterility in winter wheat plants as affected
cytoplasm.Euphytica67: 41-8. by etherelTsitologiya i Genetik&3 (3): 29-35.

Murai K and Tsunewaki K. 1994. Genetic analysis on the fertility ShaowenY and Shan R. 1980. Studies on the VE-type male sterility
restoration byTriticum aestivuncv. Chinese Spring against of wheat.Acta Genetica Sinic&: 26—35.
photoperiod-sensitive cytoplasmic male sterililgpanese Singh H, Sharma S N and Sain R S. 2004. Heterosis studies for
Journal of Genetic§9: 195-202. yield and its components in bread wheat over environments.

Murai K, Ogihara Y and Tsunewaki K. 1995. An EMS-induced Hereditas141 106-14.
wheat mutant restoring fertility against photoperiod-sensitive Singh K B and Kandola H S. 1969. Heterosis in whaatian



1026 SINGHET AL. [Indian Journal of Agricultural Sciences0 (12)

Journal of Genetics and Plant Breedigg (1): 53-61. Suneson C A. 1962. Use of Pugsley’s sterile wheat in cross breeding.
Singh K B and Singh J K. 1971. Potentialities of heterosis breeding  Crop Science: 534-5.
in wheat.Euphytica20: 586—-90. Sylvester-Bradley R and Scott R K. 1990. Physiology in the
Singh P N. 1992. Heritability studies in wheat under rainfed and  production and improvement of ceredl&CA Research Review
irrigated conditionsJournal of Applied Biology: 36-9. No. 18. Home-Grown Cereals Authority, London.
Singh S, Dhari R and Joshi A K. 1997. Expression of heterosis forTschabold E E, Heim D R, Beck J R, Wright F L, Rainey D P,
yield and yield traits in Indian wheat crosses under drill sown Terando N H and Schwer J F. 1988. LY195259. New chemical

condition, (n) Book of AbstractsThe Genetics and Exploitation hybridizing agent for wheaCrop Science8 (4): 583-8.
of Heterosis in Crops—An International Symposipm 336— Trupp C R. 1971. Genetic male sterility as a means of developing
7, CIMMYT Mexico, DF, Mexico. maintainer lines and restorer parents of hybrid wh€atp

Singh S K. 2003a. Heterotic response for yield and yield traits in ~ Sciencell: 460-1.
wheat crossesCrop Improvemen80 (1): 78-83. Tsujimoto J and Tsunewaki K. 1984. Chromosome location of

Singh S K. 2003b. Cluster analysis for heterosis in wiegicum fertility - restoring gene of a common wheat Chinese spring for
aestivum(L.) em Thell]. Indian Journal of Genetics and Plant the Aegilops muticaytoplasmWheat Information Servicss:
Breeding63 (3): 249-50. 4-8.

Singh S K. 2005. Character association and path coefficient analysisTsunewaki K, Endo T R, Kobayashi M, Mukai Y and Panayotov
for yield and floral characters in whedtificum aestivurmiL. 1.1980. Genetic Diversity of the Cytoplasm in Triticum and
em Thell).Crop Improvemen82 (2): 124-9. Aegilops.Japan Society for the Promotion of Science, Tokyo.

Singh S K. 2006. Evaluation of spring whe@titicum aestivum uddin M N, Ellison F W, O’'Brien L and Leltor B D H. 1992.
(L.) em Thell] germplasm for various floral characteristics. Heterosis in k hybrids derived from crosses of adapted
SAARC Journal of Agriculturé 167-77. Australian wheatsAustralian Journal of Agricultural Research,

Singh S K. 2007. Germplasm developed for high 1000-grain weight 43 (5): 907-19.
and other yield component trait®WR Newspp 7. January— USDA. 2010. Grain: World Markets and Trade, July 2010,

June, 2007. www.fas.usda.gov/psdonlingp 44, 51

Singh S K and Joshi AK. 2003. Variability and character association Ushiyama T, Toriyama K, Tsunewaki K, Nonaka S and Shimada T.
for various floral characters in whedtriticum aestivum(L.) 1996. Seed production ability of male sterile lines of common
em Thell.].Indian Journal of Genetics and Plant Breediég wheat induced by the interaction between an SV type cytoplasm
(2): 153-4. and a 1BL 1RS chromosomBreeding Sciencé6 (3): 303-6.

Singh S K, Joshi A K and Arun B. 2007. Comparative evaluation Virmani S S and Edwards | B. 1983. Current status and future
of exotic and adapted germplasm of spring wheat for floral prospects for breeding hybrid rice and whesdvances in
characteristics in the Indo-Ganetic Plains of Ind?ant Agronomy36: 145-214.

Breedingl26: 559-64. Wilson J A. 1968. Problems in hybrid wheat breadiyphytica

Singh S K and Singh R M. 2001. Variability and character 14 (Suppl. 1): 13-33.
association among floral traits and yield in bread whgaidum Wilson J A. 1972Hybrid Wheat Breeding. Rice Breedjmp 593—

aestivum(L.) em Thell]. Indian Journal of Plant Genetic 602. International Rice Research Station, Manila, Philippines.

Resouces14 (2): 199-201. Wilson J A. 1984. Hybrid wheat breeding and commercial seed
Singh S K and Singh R M. 2004. Floral biology and character  developmentPlant Breeding Review& 303-19.

association studies in whe&arm Science Journdl3 (1): 21— Wilson J A and Ross W M. 1962. Male sterility interaction of the

3 Triticum timopheevi cytoplasm. Wheat Information

Singh S K and Singh R M. 2006. Determination of optimum row Service(Kyotp14: 29-30 .
ratio for hybrid seed production in whea@nnual Wheat Wilson JAand Ross W M. 1962a. Cross breeding in wiigdcum
Newsletter52: 56—7. aestivumL. Il. Hybrid seed set on a cytoplasmic male-sterile

Singh S K, Singh R M and Joshi A K. 1998. Effect of chemical winter wheat composite subjected to cross-polli-nat@mop
hybridizing agents (Etherel and Maleic hydrazide) on wheat  Science2: 415-7.
(Triticum aestivungL.) em. Thell.) (n) Proceedings of the 85th ~ Wilson P and Driscoll C J. 1983. Hybrid wheagt) (Monographs
Session of the Indian Science Congrggs 59. Section of on Theoretical and Applied Genetidl 6, Heterosis pp 94—
agricultural sciences, Osmania University, Hyderabad. 123. Frankel R (Ed) Springer-Verlag, Berlin.

Singh S K, Singh R M, Joshi A K and Dhari R. 2006. Effect of Wrobel A. 1989. Genetic investigation of fertility restoration in
etherel on seed setting, outcrossing, pollen sterility and yield  male - sterile forms of wheatodowla Roslin Aklimatyzacja i

traits in wheatTriticum aestivungL.) Em Thell].Annual Wheat Nasiennictwo29 (3-4): 13-26.

Newsletter52: 51-6. Yu Z W, Van Sandford D A and Egli D B. 1988. The effect of
Stroike J E. 1987. Technical and economic aspects of hybrid wheat population density on floret initiation, development and abortion

seed productionir() Hybrid Seed Production of Selected Cereal, in winter wheatAnnals of Botany2: 295-302.

Oil and Vegetable Crop&AO Plant Protection and Production  Zehr B E, Ratnalikar V P, Reddy L M M and Pandey L V. 1997.
Paper 82, pp 177-85, Food and Agriculture Organisation of the  Strategies for utilizing heterosis in wheat, rice and oilseed

United Nations, Rome. Brassica in India.iif) The Genetics and Exploitation of Heterosis
Sun B, Zhang A and Bonjean A P. 2001. Chinese wheat pgol ( in Crops pp 232-3 (Abstr B28), 17-22 August 1997, Mexico

The World Wheat Book, A History of Wheat Breedpm667— City, Mexico.

701. Bonjean A P and Angus W J (Eds). Lavoisier Publishing Zeven A C. 1967. Transfer and ‘inactivation of male sterility and

Inc, Paris. sources of restorer genes in whéaiphytical6: 183-9.



December 2010] PERSPECTIVE AND PROSPECTS OF HYBRIBEAT RESEARCH 1027

Zhang A M, Nie X L, Liu D C and Guo X L. 2001. Advances of chemical hybridizing agents, EK and BS&heat Information

hybrid wheat breeding in chinaCereal Research Service77: 29-32.

Communicatior29: 343-50. Zhao Z X and Huang C N. 1983. Physiological effects of KMS-1
Zhang G S and Yang T Z. 1989. A preliminary study on male- in inducing male sterility in wheatPlant Physiology

sterile lines of wheat witlegilops ventricosaA. kotschyand Communicatiorb: 27-30.

A. variabilis cytoplasmsActa Agronomie Sinica5 (1): 1-10. Zhou K J, Wang S H, Feng Y Q, Liu Z X and Wang G X. 2006. The
Zhao F, Li H, Bai Z, Guo Z and Sun L. 1993. Studies on the male  4E-ms system of producing hybrid whe&rop Sciencel6:
sterility in wheat Triticum aestivuni.) induced by two new 250-5.



