CYTOGENETIC AND GENETIC APPROACHES TO INDUCE MALE STERILITY


Flowering represents the end result of many gene controlled physiological processes, biochemical sequences and morphological events.  The principle functions of a flower are microspore and megaspore formation, pollen release and reception, guided male and female gametophytes development, gametic union and seed formation.  All these constitute time sequence programmed gene controlled functions.  Breakdown of any one of these functions occurs due to mutation of the genes controlling them (Kaul and Murthy, 1985).  One such event causes male sex abortion and leads to the evolution of new sex types – mostly the male steriles. Of the two sterility types, male sterility is more prevalent and is a stable genetic system than female sterility.  In male sterility, pollen is either not formed or if formed it is non viable inspite of the female gametophytes being fertile or viable or if viable, incapable of effective fertilization under normal conditions.

There are different stages in which the male sterility  expression occurs

1.    complete absence of high deficiency of male individual in a dioecious strain

2. absence, atrophy or mis or mal formation of male organs in a normal bisexual plant

3.    failure to develop normal sporogeneous tissue

4.    anomalies in microsporogenesis yielding imperfect, inviable, deformed or aborted pollen

5.    inviability of pollen to mature or its inability to germinate on compatible stigma

6.    viable pollen formed but anthers non dehiscent

7.    barriers other than incompatibility preventing pollen from reaching stigma or ovule

Phenotypic behaviour of male sterility


Irrespective of the genetic make up and nuclear and / or cytoplasmic gene constitution, male steriles exhibit certain specific phenotypic characteristics, especially in anther form and 
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for function, that readily differentiate them from the male fertile (mfts).  In about 90% of male steriles, male sterility expression is firmly fixed but in the remaining 10% expression is diffuse and variable.  The sterility is caused by alterations in differentiation and development of the androecium so that no viable pollen is produced. The majority of the species having this anomaly are diploids , few are tetraploids and only two are hexaploids. The action of the ms gene is highly diverse, ranging from complete absence to the promotion of maldeveloped androecium. This is mostly happens in the early formed or late formed flowers of some barley, maize, tomato and pea mutants.

Genetic behaviour of male sterility


Based  on inheritance pattern and interaction of nuclear and cytoplasmic genes, male sterility is classified into genic and gene-cytoplasmic (popularly known as cytoplasmic) types.

Genic male sterility


Also known as nuclear male sterility, this sterility is controlled by nuclear genes  whose action and expression are not influenced by the plasmon or cytoplasmic genes.  Therefore, inheritance pattern and expression exhibit no reciprocal differences, low environmental impact or nominal genomic influence.  Hence, sterility is stable, reliable and replicable.  Predominantly, single recessive mendalian genes control this type of sterility, though two to three recessive genes or control by one to two dominant genes is also known.

Gene-cytoplasmic male sterility


Also known as cytoplasmic male sterility (CMS or CGMS) this nuclear cytoplasmic controlled male sterility results from the interaction of certain specific nuclear genes.  Hence cytoplasmic male sterility results from the simultaneous action of a two gene system, one operating in the nucleus (fr genes) and the other operating in the cytoplasm (c genes).  This two gene action is either fully co-operative, highly complementary (Kaul, 1988) or strongly disharmonious, but is very specific and precise in impairing male fertility.

Cytoplasmic male sterility


Ideally and in fact, pure cytoplasmic male sterility is controlled solely by the specific cytoplasm genes (S genes) whose action is not influenced by nuclear or other genes.  Therefore, as long as the cytoplasm of an individual has these specific genes, it is male sterile cytoplasm (S).  In the absence of these genes the cytoplasm is normal (N) or fertile (F).  Therefore, irrespective of the nuclear genes plants having the S cytoplasm are male sterile.  True cytoplasmic male steriles ideally should remain uninfluenced by nuclear genes but such stable and true cytoplasmic male steriles are unknown as fertility restorer genes and maintainer nuclear genes have been detected in all plants labeled.

Time and Target of male sterile (ms) gene action


Normally microsporogenesis cells undergo a series of changes during their differentiation  from the meristematic tissue to the formation of PMC, tetrads and finally pollen grains.  The developmental events leading to male sex differentiation, development and function until pollen release have been precisely timed, fully choreographed and intensively studied.  These and other molecular genetic investigations have revealed the existence of male sex – specific genes which control, co-ordinate and ultimately determine the development, differentiation and function of the male sex organs, the androecia in higher plants (Kaul, 1996).  The genes specific for anther development and differentiation have been characterized and isolated (Mc Cormick, 1993)



A relative proportion of breakdown stages during premeiosis, prophase I and postmeiosis is nearly similar in dicots and monocots but is considerably greater in dicots at the tetrad stage. The maximum number of ms genes act at the beginning of meiosis or at the end of meiosis stages and the maximum the anther dehiscence and pollen liberation stages. 

Table 1.Action and consequences of male sterility genes on androecial development 

	Sl.No
	Time
	Developmental consequences

	1.
	Staminal initiation
	Stamens rudimentary, undifferentiated forming minute cellular protuberances or projection-like structures

	2.
	Staminal development and differentiation
	Stamens deformed or malformed.  Anther sacs rudimentary and misformed.  Archesporial tissue not differentiated, instead a lump of unorganized mass of cells is formed



	3.
	Anther-sac development and archesporial differentiation
	The anther sacs are developed archesporial tissue misdifferentiated comprising undifferentiated cellular mass, each microsporangium has 1-6 abnormal thecae enclosing a mass of maldifferentiated nonfunctional cells

	4.
	Microporangial differentiation and development
	Anther sacs well formed, microsporangia misdifferentiated.  Each microsporangium has 1-6 abnormal thecae enclosing a mass of maldifferentiated nonfunctional cells

	5.
	Pollen mother cell formation
	Anther sacs development and differentiated, but the pollen mother cells fail to separate out from each other and thus do not attain the required genetic autonomy to undergo meiosis.  Their chromatin and nucleoli contract, fragment and degenerate along with cytoplasmic contents

	6.
	Premeiosis
	The pollen mother cells separate out from each other, enlarge, become oval, No chromosomal despiralization occurs, DNA synthesis is drastically reduced and the unique melotic histone is not synthesized.  The PMCs fail to undergo meiosis and degenerate subsequently

	7.
	Meiotic entry
	PMCs separate out, enlarge, become rounded, synthesize DNA but not the meiotic histone chromatin compacts and fragments, PMCs degenerate

	8.
	Meiotic initiation (leptotene)
	DNA synthesis occurs, chromatin transforms into long, slender chromosomes which differentiate into eu-and heterochromatin, but soon fragment, nucleolus degenerates gradually

	9.
	Zygotene
	Complete to partial absence of homologous chromosomal pairing (de-synapsis, Kaul and Nirmala 1993), lateral components of nucleoprotein between the two chromatids of a chromosome do not form, the synaptinemal complex either absent or malformed, chromosomal fragmentation and cytoplasmic degeneration

	10.
	Pachytene
	Bivalents exhibit longitudinal differentiation into series of chromomeres, partial to complete synapsis, pachytene thread fragmentation, nucleolar breakdown followed by rapid cytoplasmic
degeneration

	11.
	Diplotene
	Nucleolus fragments and disappears followed by bivalent fragmentation and disintegration

	12.
	Diakinesis
	Bivalents exhibit extreme contraction and compaction, the nucleolus either fragments or degenerates

	13.
	Prophase 1 (any where during zygotene to diplotene)
	Zygotene threads or pachytene pairing erratic, or meiotic breakdown during diplotene-diakinesis, followed by PMCs degeneration

	14.
	Metaphase 1
	Bivalent congression, orientation           and distribution at Ml plate fail due either to faulty Ml spindle formation or absence of the spindle; bivalents form multiple groups, move erratically towards PMC periphery.  Either the meiosis continues abnormally or is abruptly arrested

	15.
	Metaphase II
	Male meiosis until Mll is normal but due to faulty spindle formation, the centromere of the chromosomes does not orient to the spindle, the chromosomes remain scattered.  Further meiosis is either arrested or continues abnormally to produce aborted microspores

	16.
	Anaphase II
	The chromosomal distribution due to spindle malfunction is abnormal, erratic and unequal.  This results in the formation of micro-and macro nuclei and consequently to macro-and microspore formation, all of which are completely nonfunctional

	17.
	Mid meiosis (any where between Ml and All)
	Ml spindle malformation or misfunction or sluggish, erratic and abnormal chromosome movement to the poles, second division stages also erratic leading to nonviable microspores formation

	18.
	Interkinesis
	Despiralization, uncoiling and hydration of chromosomes, further meiosis II arrested, followed by PMC dgeneration

	19.
	Tetrad formation
	Tetrads unable either to develop, separate and produce callose or to be released from PMCs and finally degenerate within the PMcs



Male fertility genes are anther specific and their mutation leads to male sterility is evidenced by molecular genetic studies of anther, pollen and male gametophytic development in genic male steriles and their fertile counterparts (Kaul, 1988, 1996).  The anther-specific genes are expressed during microsporogenesis and microgametogenesis and produce a large number of anther prevalent transcripts (Gold berg et al., 1993, MC Cormick,1993; Kaul 1996).  In general, the male sterile anthesis exhibit reduced carbohydrate, protein and nucleic acid contents and enzyme activities and  influenced by genotypic back ground, time and mode of male sterility gene action, genome-cytoplasm  combination and genotype-environment interactions.  Since the balance of free amino acids in anthers is related to both the synthesis and breakdown of amino acids and to their translocation into and out of the anther sac, alterations in the amino acid profiles in male sterile anthers may reflect their varying anabolic or catabolic processes.

Use of aneuploids in male sterility


Aneuploids provides possibilities to obtain pure g-mst stands for use in commercial seed production.

XYZ system of producing hybrid wheat


In absence of spontaneous mutants for male sterility in wheat, such mutants can be induced by irradiating suitable nullisomics. Five nullisomics namely 4A, 4B, 5A, 5B and 5D in wheat have been identified and effectively utilized in producing hybrid wheat lines derived from these nullisomics (Driscoll, 1972).  The Z is a homozygous male sterile line and breeding true for sterility, while Y is another line possessing a homologously related alien (rye) chromosome, 5R bearing the male fertile (Ms)factor linked with a distinctive marker gene.  Therefore it  is heterozygous for male sterility.  On selfing, it producers 
Y and Z lines in 1:3 ratio.  The line X possess 22 pairs of chromosomes – 21 pairs of normal chromosomes of wheat plus one pair pf alien (rye) chromosomes (5R).  It is a true breeding male fertile.

Initially the ‘Z’ seeds in small measures (1/4 of the progenies) are obtained from selfing the Y line.  The Z plants (male sterile) are then pollinated with Y plants which are detected by the marker gene and thus rogued out after pollination. The Z plants produce only Z seeds.  A part of this Z seeds on pollination with Y produces Y seeds. These Y seeds and the remainder of Z seeds produce Y and Z stands respectively.  Now, the pollination of Z stand by Y stand gives enough Z seeds which can be multiplied further by repeating the cycle.  The Z seeds are employed naturally as female base (male sterile) in hybrid seed production.  The pollen parent is a normal fertile wheat variety (MsMs).  Thus the XYZ method of Driscoll can be employed for producing hybrid seeds until suitable mechanisms of male sterility, fertility restoration and cross pollination are evolved. Its use as a supplement to hybrid development based on male sterility may also be rewarding.
Steps in production of hybrid wheat using XYZ genetic male sterility (Driscoll 1972)
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Balanced Tertiary Trisomics (BTT) for hybrid seed production

Ramage (1965) suggested a method for the use of tertiary trisomics to supply a male sterile source to be used as female parent for hybrid seed production. It provides an alternative method for the continuous availability of male sterile line to be used as female parent for commercial hybrid seed production. A balanced tertiary trisomic, as the name indicates, is so designated that despite itself being heterozygous (aaA with dominant allele on interchanged chromosomes ) its trisomic progeny obtained on selfing is genetically similar to the parent. These trisomics will produce three kinds of functional female gametes and only one type of functional male gametes (because extra chromosome is rarely transmitted through the pollen ). These will thus produce following three kinds of plants in the progeny of a selfed balanced tertiary trisomic: (i) 70 % (range 60-90 %) homozygous recessive diploids (ii) 1.0% homozygous recessive primary trisomics and (iii) 30 % heterozygous (aaA) balanced tertiary trisomics (BTT).

 
In the above scheme, if a gene (ms) for male sterility is used, which is closely linked to interchange breakpoint, the diploid plants in the progeny of BTT will be all male sterile, and BTT will be male fertile (due to dominant allele Ms). The BTT should also carry an additional dominant marker on the tertiary chromosome which will allow identification of diploid plants in a mixture of diploids and balanced tertiary trisomics. One such marker could be red plant colour which will permit identification at seedling stage. Another marker could be plant height, that will allow harvesting of diploids and balanced tertiary trisomics separately using mechanical harvesting at different heights. A system of using two genes imparting resistance and susceptibility to two different phytocides  has also been suggested.


 Thus as discussed above, the basic BTT system used in producing female parent of a hybrid consists of the following three characteristics : (i) an extra interchanged chromosome, (ii) a nuclear gene for male sterility located very close to the break point  and (iii) one or more marker genes to be used as informational genes. The extra chromosome should not be transmitted through the pollen, but only through the eggs. The genotype of the BTT and the extra chromosome associated with it should be such that the BTT should be vigorous, and competitive and should also produce abundant pollen for effective wind or insect pollination. The nuclear gene for male sterility should be expressed in all environments and  for this purpose, large collections of suitable male sterility genes are available now in barley, with atleast one of them on each of the seven chromosomes. Several marker informational genes are also available. 


 When the balanced tertiary trisomics, each with a male sterility allele and a marker informational gene, are available in a desirable genotype to be used as female parent, two types of fields are used for commercial seed production (i) a trisomc seed production field, where the seed harvested from trisomic plants will consist of trisomics and diploids, and (ii) a hybrid seed production field, in which female rows will be sown using a part of the seed harvested from the trisomic seed production field and male rows will be sown  with the seed of a desirable inbred line having good combining ability with the female male sterile line

A variety Hembar’ has been evolved by BTT method and released for commercial cultivation in Arizona. Hembar and other such hybrids  released hitherto in barley have been produced by the BTT method using Ramage’s female stock 63-j-18-17 containing  the T2 7d segmental interchange induced by X- rays in Bonus barley and balanced with ms 2 on chromosome 2. 
Alien addition lines

Besides primary trisomics, a complete series of monosomic alien addition lines (MAALS) have been produced in rice.  Of these, MAALs, each has a complete chromosome complement of O. sativa and a single chromosome of O. officinalis.  The MAALs were produced from crosses of O. sativa and O. officinalis.  The F1s were complete  male sterile.  A few first backcross progenies (BC1) were obtained which were triploid and also male sterile.  The crosses between O. sativa and O. officinalis can also be used to explore the possibility of transferring useful traits such as resistance to brown plant hopper (BPH) from the latter to the former  (Jena and Khush, 1986).

Male sterility and fertility restoration in transgenic plants


In  Brassica napus transgenic plants with male sterility and fertility restoration were developed. This should facilitate production of hybrid seed without emasculation and controlled pollination as often in maize.


In 1992, C. Mariani and others from Belgium, successfully used a gene construct having an anther specific promoter (from TA 29 gene of tobacco) and bacterial coding sequence for a ribonuclease (barnase gene from Bacillus amyloliquefaciens) for production of   transgenic plants in B. napus.  The product of barstar gene is a ribonuclease-inhibitor.  It forms a complex with ribonuclease-inhibitor.  It forms a complex with ribonuclease and neutralizes its cytotoxic properties.    In Bacillus, the ribonuclease is active extra cellularly and the bacterium itself is protected by a ribonuclease inhibitor  protein coded by barstar gene.  When transgenic male sterile plants (with barnase gene) were crossed with transgenic male fertile plants (with barstar gene), the F1 plants expressed both genes so that male fertility was restored due to suppression of cytotoxic ribonuclease activity in the anther by the formation of cell specific R Nase/R Nase-inhibitor complexes.  This system of  transgenic plants should facilitate hybrid seed production in crop plants in general.

Modified glucanase gene for MST


MST induction by tapetal specific expression of a modified glucanase gene was reported by Worrall et al., 1992; Mistiming of callose wall degradation was supposed to be a primary cause of male sterility in several CMS petunia lines.


Worrall et al.,(1992) used synthetic oligo nucleotides complementary to the sequence of a pathogenesis related (PR) vacuolar (1,3 glucanase of tobacco to amplify a modified glucanase gene including the sequence for the N-terminal signal peptide but lacking those for CTPP, the glycosylated C-terminal peptide.  CTPP was thought to contain vacuolar targetting information, its absence in the modified glucanase should lead to the secretion of the enzyme from the tapetum to the anther locule containing the sporogenic cells which undergo meiosis.  The modified glucanase gene was fused to a double caMV 35S promoter forming the 35s PR chimaeric gene and to the tapetum specific promoters of the Arabidopsis A3 and A9 genes, forming A3 PR and A9 PR constructs.  The male sterility in transgenic plants has been correlated to the increase in volume and vacuolation of the tapetal layer and the lack of a callose wall in the microspores of sterile anthers.  The first observable difference between fertile and sterile anthers occurred during prophase when the thick callose wall that previously surrounded the meiocytes disappeared in the transformed material. In wild tetrads, callose was deposited between the plasma membrane and the cell was producing clear boundaries that separate the microspores.  In the absence of the callose wall an abnormal microspore wall is formed and microspores burst shortly after their release from tetrad like structures.

Male sterility by antisense inhibition


Van der Meer et al (1992) induced MST by antisense inhibition of flavanoid biosynthesis. Chs A ia a flavanoid gene present in petunia. Chs A sequence were used to construct an antisense gene that were fused either with CaMV 35 S promoter or with the homologous Chs promoters. Insertion of an anther box (homologous sequence present in flavanoid specific genes active in immature tissue) in the CaMV 35 S promoter driving

antisense ChS expression  caused inhibition of flavanoid biosynthesis in anthers of transformants and thus led to male sterility.


Other approaches for inducing male sterility through genic manipulations include modification of location and mode of chemical hybridizing agents (O’ keefe et al., 1994, induction of male sterility by in vitro culturing and creation of CMS by protoplast fusion. Induction of CMS by in vitro culture was reported in N. sylvestris. Two CMS plants CMS I and CMS II were obtained by protoplast culture without somatic hybridization. CMS I and CMS II mutants showed variant mt. DNA restriction patterns and modified in organelle mt protein synthesis profiles compared to the control lines. Somatic hybrids from Nicotiana, Petunia, Brassica and Oryza  genera had exhibited CMS trait. Analysis of CMS cultivars and their hybrids supported the hypothesis that CMS phenotypes are the result of incompatible  interactions between  the nucleus and several mitochondrial genes.


Of the several genetically engineered systems for inducing male sterility the barnase barstar system of plant genetic system has performed well in maize and oilseed rape and should  be in wide commercial use before the end of this decade.
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