EXPLOITATION OF HETEROSIS IN SORGHUM

Introduction 

The discovery of cytoplasmic genetic male sterility in sorghum (Stephens and Holland, 1954) and its subsequent development for hybrid seed production made possible the mass production of F1 hybrids and basic revolution in sorghum cultivation.  Hybrid sorghum is a good example of what can be done with a crop when available information from research is used intelligently (Quinby, 1974).  In sorghum milo cytoplasm remains the principle mean of inducing male sterility for hybrid seed production.  All commercial hybrids of sorghum developed to date are based on milo kafir system.  In recent years, cytoplasmic uniformity has been recognized as a potential danger to the stability of crop production.  Lack of genetic diversity is a major bottle neck in developing better hybrids.  The milo kafir system exhibits very low genotype x environmental interactions.  Hence  sorghum hybrids with necessary diversity to withstand biological and environmental hazards must be produced.  


Diversity of male sterile cytoplasm in Sorghum

The use of milo cytoplasm restricts the nuclear diversity.  In recent years, cytoplasmic uniformity has been recognized as a potential danger to stability of crop production.  So alternate cytoplasmic systems are needed to avoid disease and environmental hazards, and to add nuclear diversity by using new parental combinations (Borikar et al., 1987).

Several alternative cytoplasm have been reported in Sorghum from USA and India, and work has been reviewed by Rao et al., (1984) and Worsteel et al., (1984).  Study of the genetic relationship between diverse cytoplasmic system is important to understand sterility, fertility response of each cytoplasm with breeding lines and it enables the use of alternative cytoplasm


Types of Male Sterility in Sorghum
 

Two types of male sterility are known in Sorghum :  

i. Genetic Male Sterility (GMS) and

ii. Cytoplasmic-Genetic Male Sterility (CGMS). 

Genetic Male Sterility

Genetic male sterility is generally caused by a single recessive gene.  Plants possessing two recessive alleles (homozygous) exhibit male sterility, while plants possessing two dominant alleles or one dominant and recessive allele each (heterozygous) exhibit male fertility.  Male-sterile stock can be obtained by crossing male-sterile plants with heterozygous fertile plants.  Half of the progeny from such crosses are male sterile and half are male fertile (heterozygous).  There are several single genes that cause male sterility in Sorghum (Doggett, 1988). Male sterility caused by ms3, ms7, and al genes has been used in breeding  random mating  populations or composites.  However, it is difficult and uneconomical to use genetic male sterility systems for large-scale production of hybrid seed because genetic male-sterile plants are available only among segregating populations.  If such male-sterile plants and heterozygous fertile plants could be identified before flowering stage ( by a closely linked gene or some pleiotropic effect of the male-sterile gene), the task of producing hybrid seed in bulk quantities would be easy.  Instead, commercial sorghum hybrid seed is produced by exploiting the phenomenon of  cytoplasmic-genetic male sterility.

Cytoplasmic-Genetic Male Sterility


Male sterility caused by an interaction of sterility-inducing factors in the nucleus is called Cytoplasmic – Genetic Male Sterility.  In sorghum, one such system was discovered by Stephens and Hallond (1954) in progenies of crosses between two cultivars, Milo and Kafir, which were themselves fully fertile.    The F2 generation of the cross Milo (♀) x    Kafir (♂) exhibited  some male-sterile plants (25%) whereas the progenies of reciprocal cross, Kafir (♀) x Milo (♂), were  all fertile.  Male sterility was expressed only when Milo was used as a female parent thereby indicating the importance of the Milo cytoplasm (Fig.1).  The male –sterile segregants from the Milo x Kafir cross produced male sterile hybrids when crossed with the Kafir parent and fully fertile hybrids when crossed with the Milo parent.  Thus it was recognized that Kafir could be used as a maintainer of this source of cytoplasmic-genetic male sterility.  During the fertilization process,  the embryo is formed by a union of the ovum, which contains the cytoplasm and the egg nucleus(nuclear factors from the female parent), and the sperm, which contributes only nuclear factor of the male parent.  It was therefore concluded that the Milo parent had a male sterility-inducing cytoplasm and dominant genes for pollen fertility whereas the Kafir parent contained a normal (fertile) cytoplasm but recessive (male-sterile) genes.  All progenies of the Milo x Kafir cross contained Milo cytoplasm, but those that also inherited homozygous recessive genes from the Kafir parent were male sterile.  Male sterility was thus demonstrated to the result of interaction of the Milo cytoplasm and recessive Kafir genes.

Development of Combine Kafir 60 A


Six successive backcrosses of male-sterile plants in a Milo x Combine Kafir (another dwarf version of  Kafir, CK 60) lines, with the Combined kafir as a recurrent parent, resulted in a gradual introgression of the entire genome of Combine kafir into the cytoplasmic  background of the Milo cultivar.(Fig.1)  This resulted in two morphologically similar versions of the Combine Kafir (CK 60) parent a male –sterile Combined Kafir (CK 60) and a male-fertile Combined Kafir (CK 60).  Both lines appeared similar to each other except that one produced sterile anthers while the other (the recurrent  parent in the backcross) produced fertile anthers and functional pollen.  The male –sterile line had Combined Kafir (CK 60) genes in the Milo cytoplasm, while the male-fertile line had Combine Kafir (CK 60) genes in its own (Kafir) cytoplasm.  These lines were designated CK 60 A and CK 60 B, respectively.  This nomenclature has been adopted generally to designate male-sterile or A-lines and their maintainer or B-lines.  Male –sterile CK 60A can be perpetuated  by pollinating with the  male-fertile CK 60 B, and seed thus obtained on CK 60A will reproduce CK 60A.  Therefore, the CK 60B line was called the ‘maintainer’ or ‘non-restorer’ line for CK 60A.  The maintainer line is self-fertile and thus can perpetuate itself normally.

 Sorghum cultivars when crossed to CK 60A could produce male-fertile F1 hybrids, which contained fertility restoration genes.  These are called restorer lines (R-lines) and are used for producing hybrid seed.  This enabled large scale production hybrid sorghum seed.  The development of  CK 60 A and CK 60 B is a landmark in the history of commercial sorghum hybrid seed production.  Several other male-sterile lines were later developed using Milo-Kafir cytoplasmic genetic male-sterility system.


As other cytoplasmic-genetic sterility systems were discovered later in sorghum, the Milo-Kafir system was classified as the A1 system. However, the new non milo cytoplasmic genetic sterility system are not yet in commercial use . (Schertz and Pring 1982)

Identification of Potential Hybrid parents (A-, B-, and R- lines)


Potential male and  female parents for hybrid seed production are identified by crossing inbred (homozygous and pure) lines from a pollen parent collection (which could consists of the world collection of germplasm, cultivars, breeding stocks in advanced generations, etc.,) to a male-sterile line ( the A-line) and observing their corresponding hybrid in small plots of an observation nursery.  A few plants of each cross are subjected to a bagging test i.e., covering a few panicles with a paper bag before anthesis, and observing seed set under the bag after a few weeks.  A normal bisexual fertile panicle would exhibit nearly 100 % seed whereas in crosses with A-lines, the following three types of hybrids are encountered (Fig.2).

1. Hybrids exhibiting absolutely no seed set, i.e. male sterility was maintained in these hybrids.  The corresponding pollen parent is classified as a nonrestorer-maintainer or B –line and could serve as a source of a new potential  A –line.

2. Hybrids exhibiting complete seed set under the bag, i.e. male fertility has been completely restored in these hybrids.  The corresponding pollen parent is classified as a potential male parent-restorer line or R-line and could be useful in producing hybrids.

3. Hybrids exhibiting partial seed set under the bag.  Such hybrids and their male parents are rejected from further studies because experience shows that it is difficult to extract stable R-lines or B –lines from such parents.

Experience with sorghum hybrids, as with other crops, has shown that the parental origin has  significant bearing on the extent of heterosis and productivity of the hybrid.  It is important to choose parents of diverse origin when making experimental hybrids.  In this context, utilization of diverse sources of germplasm and identification suitable male and female parents with complementary characters is important.  The productivity of parent in crosses with other parents is called ‘ combining ability’.  Average performance of an A- line or R-line in crosses with several other lines is called ‘general combining ability’, and  the deviation from performance predicted on the basis of general combining ability is called ‘specific combining ability’.  In sorghum, which is a predominantly self-pollinated crop general combining ability of the hybrid parents  has been widely recognized to be of greater value than specific combining  ability.

Development of New Male parents

Fertility restorer R-lines or male parents are generally identified in the manner described earlier.  However, if the available R-lines do not possess satisfactory combining ability or need improvement for certain agronomic characters, superior male parents can be bred by following conventional plant breeding procedures such as hybridization of chosen parents through emasculation, followed by pedigree breeding or recurrent selection in random-mating populations (Doggett ,1988). However, it is important to note that in any R-line improvement program, selected plants/lines should be ‘test crossed’ to a male-sterile line and fertility restoring capacity confirmed by observing their corresponding hybrids.  It is recommended that test crossing of new selections is carried out in early segregating generations.  This is necessary because ‘restorer genes’ can be lost during recombination and segregation of the hybridization program.  Selected R-line plants should be self-pollinated or inbred for four or five successive generations to achieve homozygosity, and their fertility restoring capacity improvement made in the R-lines can be tested by crossing them to a standard A-line and observing  their combining ability in comparison with known parents.  On experiment stations, R-lines are normally maintained under self-pollination .  If large quantities of R-line seed are required, then such lines are multiplied under isolated conditions.

Development of New male-sterile Lines

Pure (homozygous) lines that give rise to completely male-sterile hybrids when crossed to an established A-line can be used to breed new male sterile A-and B-lines.  These maintainer or B-lines possess recessive genes for fertility restoration but have a normal cytoplasm.  Such lines are evaluated for stress resistance and agronomic and other desirable characters in observation screening nurseries in comparison with recognized A- and – B line controls. Any newly identified B-line can be crossed to a recognized A-line; the resulting male –sterile hybrids is backcrossed continuously fox six or seven generation using the newly identified B-line is obtained.  Thereafter the B-line and corresponding A-line could be used for experimental hybrid production. Using this procedure, several germplasm line (homozygous or pure lines) found in the world collection were converted to male-sterile A-lines, e.g., IS 2219 A/B, IS 2077 A/B, and IS 10246 A/B.  Experience has shown that during the process of conversion, certain progenies of the A-line exhibit partial male sterility, and such progenies should be rejected from the backcrossing program.  Generally, A-and B –lines are maintained on experiment stations through controlled hand pollinations using bags.  When large quantities of these male-sterility lines are required they can also be multiplied under isolated conditions.

Another procedure used to develop improved male –sterile A- and B-lines from existing B-lines is to cross them in a hybridization program with lines possessing the desirable complementary characters (B-lines and resistant sources) in single, two-way, three-way, or multiple crosses using conventional emasculation and pollination techniques.  The resulting F1 hybrids are carried forward to the F2 generation and individual plants combining the desired characters (dwarf plant height, good exertion, long panicle, disease resistance, pest resistance, good grain color, etc.,) will be selected.  These chosen plants are carried forward to the F3 generation by ‘head-to-row’ sowing.  A similar head –to-row sowing of desired sergeants could also be practiced breeding programs.  In all these crossing schemes the selected head-to-row progenies are visually evaluated and those exhibiting minimal segregation for major plant traits such as plant height are marked.  Individual plant pollen from such selected F3 (S2 in composites) families is used to cross to individual male-sterile plants of an established A-line.  The resulting individual hybrids (test crosses) are evaluated by sowing the hybrid and corresponding individual male plant progeny (head row ) in adjacent plots.  Hybrids are subjected to a bagging test to determine which male progenies are exhibiting satisfactory maintainer reaction.  Hybrids exhibiting complete male sterility are crossed with pollen from their corresponding male parent (plant) progeny, again using selected individual plants.

Crossing at individual plant level is necessary in these early backcross generations because the male parent is still heterozygous and might be segregating for the recessive sterility gene as well as other unwanted characters.  The A-line, which is also segregating at this stage, has to be carefully observed because partial sterile and some fertile may appear.  A good male sterile should be stable over a range of environmental conditions including the hot season, and should possess plant and rudimentary anthers accompanied by long and highly receptive stigmas.  It is recommended that individual B plants and the corresponding progenies thus carried forward as selected pairs for a few more generations.  The best and most uniform A/B pair or pairs has to undergo at least six backcrosses before final selection.  At this stage, pollen from several plants of a male parent (B-line) can be bulked and used to pollinate any plant/plants in the corresponding male-sterile A-line.  This is possible because the B-line is expected to have reached homozygosity. The breeder has to judge the appropriate stage for bulk pollination after careful stage for bulk pollination after careful observation of individual plants in the B- and corresponding A-lines.  Newly developed A- and B- lines should be tested across a range of environmental conditions (especially temperature) and their stable before they are used in hybrid production.  Good seed set under open-pollinated conditions is an important selection criterion for male sterile lines.

Evaluation of Experimental Hybrids

Completely fertile hybrids promoted form the initial observation nursery to preliminary yield trials are called experimental hybrids.  Such hybrids are evaluated in one or more preliminary yield trials depending upon their number, along with local farmers’ cultivars and others improved controls, using appropriate statistical designs such as randomized complete block and /or lattice.  Hybrids are evaluated for a wide range of agronomic characters : reaction to disease, pests, and Striga,  abiotic stress factors such as drought and cold, and grain and stover quality. It is necessary to confirm good pollen fertility restoration in experimental hybrids at several locations because under farmers’ production conditions (unlike experiment station conditions), lack of sufficient pollen and partial fertility could negatively affect grain yield, particularly when night temperatures are <18o C.  Selected hybrids are promoted to advanced multilocational adaptation trials conduced over 2 or 3 years in the target ecological region to confirm their superior performance.  Two or three superior hybrids are chosen from these trials for seed production and on-farm trials.  Hybrids that prove acceptable to farmers and seed producers recommended and released for cultivation by the appropriate authorities after a careful examination of experimental results.

Table 1. Morphological Description of Sorghum Parental Lines 

A - Lines (Male sterile line) 

	Character
	CK 60 A
	2219 A
	2077 A
	296 A
	AKMS 

14 A
	104 A

	A. Morphological

	Plant colour
	Purple
	Tan
	Tan
	Tan
	Tan
	Purple

	Leaf colour
	Dark green
	green
	Light green
	Light green
	Pale green
	Dark green

	Leaf position
	Semi erect
	Semi erect
	Semi erect
	Dropping
	Dropping
	Erect

	Leaf midrib colour
	Dark green
	Dark green
	Dull green
	Colourless
	Dull green
	White

	Stem thickness
	Medium
	Medium
	Thick
	Thick
	Thick
	Medium

	Earhead exsertion
	Well exserted
	Well exserted
	Well exerted
	Wxserted boot leaf touching base of earhead
	Exserted peduncle
	Exserted boot leaf touching base of earhead

	Earhead compactness
	Semi-compact
	Semi-compact
	Semi-compact
	Semi-compact
	Semi-compact
	Semi-compact

	Earhead shape
	Elliptical
	Elliptical
	Elliptical
	Elliptical
	Elliptical
	Cylindrical

	Glume colour
	Blackish purple
	Straw
	Straw
	Straw
	Straw1/3 covered
	Brown with reddish base

	Seed colour
	White
	White
	White
	White
	White
	Creamy

	Seed size
	Medium
	Small
	Small
	Medium
	Medium
	Bold

	Seed shape
	
	
	
	
	
	

	Endosperm colour
	White
	White
	Yellow
	Yellow
	White
	Yellow

	Endosperm texture
	Starchy
	Corneous
	Corneous
	Corneous
	Corneous
	Corneous

	B. Agronomic

	Plant height (cm)
	120-130
	100-110
	130-140
	120-130
	145-150
	130

	Days to 50% flowering
	
	
	
	
	
	

	Kharif
	60-65
	58-62
	68-75
	65-75
	60-65
	-

	Rabi
	65-70
	65-70
	80-90
	75-78
	70-75
	79-81

	Photosensitivity
	Intensive
	Intensive
	Medium
	Medium
	Intensive
	Intensive

	Threshability
	Partly threshable
	Partly threshable
	Freely threshable
	Freely threshable
	Freely threshable
	Freely threshable

	Grain weathering reaction
	Average
	Good
	Good
	Good
	Good
	Good

	Plant Senescence
	Partial Senescence
	Non-Senescence
	Partial Senescence
	Partial Senescence
	Partial Senescence
	Partial Senescence


Table 2. Morphological Description of Sorghum Parental Lines 

R - Lines (Restorer Line) 

	Character
	IS 84
	CS 3541
	SB 1085
	MR 750
	RS 29
	AKR 150
	R 73

	A. Morphological 

	Plant colour
	Purple
	Tan
	Tan
	Tan
	Tan
	Tan
	Tan

	Leaf colour
	Dark green
	Light green
	Green
	Dark green
	Green
	Dark green
	Dark green

	Leaf position
	Dropping
	Semi erect
	Dropping
	Horizontal
	Dropping
	Drooping
	-

	Leaf midrib colour
	Dull green
	Dull green
	Yellowish
	Dull green 
	Dull green 
	Dull green leaf margin & sheath violet
	Dull green

	Stem thickness
	Medium
	Medium
	Thin
	Thin
	Medium
	Thick
	Thick

	Earhead exsertion
	Well exserted
	Exserted 
	Exserted 
	Well exserted 
	Well exserted 
	Exserted 
	Exserted 

	Earhead compactness
	Semi-loose
	Compact
	Compact
	Semi-compact
	Semi-compact
	Semi-compact
	Semi-compact

	Earhead shape
	Conical
	Oval
	Oval
	Oval
	Oval
	Conical
	Oblong

	Glume colour
	Straw
	Straw
	Straw
	Light pink
	Straw/Red
	Straw 1/3 red covered
	Straw reddish thinge

	Seed colour
	White
	White
	Creamy white
	Creamy white
	Creamy
	White
	Pearly white

	Seed shape
	Round plump
	Elliptical plump
	Round
	Elliptical fat
	Round
	Round
	Round

	Seed size
	Medium 
	Small
	Medium
	Medium
	Medium
	Medium
	Medium

	Endosperm colour
	Yellow
	White
	Light yellow
	Light yellow 
	Light yellow
	Light yellow
	Light yellow

	Endosperm texture
	Corneous
	Corneous
	Corneous
	Corneous
	Corneous
	Corneous
	Corneous

	B. Agronomic 

	Plant height (cm)
	130-140
	135-150
	70-190
	130-150
	150-180
	140-150
	165-170

	Days to 50% flowering
	
	
	
	
	
	
	

	Kharif
	60-65
	70-75
	70-80
	68-80
	73-78
	65-70
	70-75

	Rabi
	70-75
	65-70
	66-85
	62-74
	70-80
	70-75
	70-80

	Photosensitivity
	Medium

Sensitive
	Intensive
	Intensive
	Intensive
	Moderate sensitive
	Intensive
	Intensive

	Threshability
	Free threshing
	Free threshing
	Free threshing
	Free threshing
	Free threshing
	Free threshing
	Free threshing
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