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GENETIC ENGINEERING PLANTS FOR MALE STERILITY
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Heterosis is defined as the increase in vigor and productivity resulting from differences in parental gametes.  Controlled crosses between two distinct groups of parents, usually inbred lines, produce hybrid (F1) varieties.  Hybrid varieties of crop plants are used when the increased yield from heterosis will more than pay for their development and the extra cost of seed production.  Following the success of this technique for maize, the use of hybrid varieties has spread to other crops.  The key to the successful commercial production of hybrid seed is sufficient control of the pollination process. Self­pollination of the (female) seed line plants must be prevented. This can be achieved through various ways. Maize, for example, has distinctly separate male and female flowers, which makes the plant well suited to manual or mechanical emasculation. The tassels are removed from the seed plants before they are able to shed pollen. Another approach, employed in rice, sorghum, sunflower and millet, is the induction of male sterility in the seed line on the basis of sterilizing cytoplasm. This type of male sterility is conditioned by hereditary particles in the cytoplasm. 


Although CMS has been observed for all major crops or their crossable relatives, many CMS types have unfavourable characteristics that restrict their use in crops such as maize (which suffers from increased disease susceptibility, breakdown of sterility in certain environments or genetic backgrounds, and unreliable restoration), oilseed rape (which has undesirable characteristics linked with the restorer genes, or which suffers from a breakdown of sterility in certain environments), and wheat (in which the inheritance of restoration is inconsistent and complex). Alternative genetic methods for pollination control are particularly needed for these crops.  Nuclear-encoded male sterility (NMS) results from mutations in the nuclear genome.  NMS has not been used for pollination control because it is not possible to produce populations of 100% male-sterile plants by this method; the 
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greatest percentage of male-sterile plants (either dominant or recessive) that can be produced is 50% (dominant: female-MSms X male-msms ( 50% MSms : 50% msms; recessive: female-msms X male-MSms ( 50%MSms : 50%msms).

However, the development of recombinant DNA and plant transformation techniques has created new possibilities for engineering NMS.  Several genes and strategies for using these genes for pollination control have emerged since the first generically engineered NMS gene was reported in 1990. 

APPROACHES TO ENGINEERING PLANT STERILITY

Genetic Engineering defined, here, as production of genetically altered crops through asexual transfer of genes, required many steps before commercialization is possible.  There are several options available for generating male sterile plants; chiefly among these are genetic ablation and inhibition of expression of genes essential for reproductive development (Strauss et al., 1995).    In genetic ablation, a cytotoxic gene is expressed under the control of a reproductive-specific promoter, killing all the cells that follow the developmental pathway.  Inhibition of gene expression can be accomplished by antisense RNA, sense suppression or promoter based suppression.  These three approaches are referred to collectively as “gene suppression” methods. 

Disruption of genes essential for fertility

Antisense and sense suppression are proven methods of impairing the expression of genes required for fertility.  They depend on identifying expressing genes needed for development of reproductive organs, but do not depend on use of promoters that function exclusively in floral tissues.  Transforming tissues need match only a portion of the target gene.

Antisense RNA acts either by reducing mRNA translation or by increasing mRNA degradation.  It has provided strong inhibition of gene expression in diverse genes and species although some fraction of normal expression remains.  Sense suppression, which is associated with the introduction of duplicate copies of either native gene or transgenes, reduces the expression of original gene, newly introduced gene or both.  The mechanisms behind sense and antisense suppression are not clear.

Antisense RNAs targeted against several floral genes have been used to generate sterile plants.  Van der meer et al. (1992) used the cauliflower mosaic virus promoter fused with an anther enhancer to drive expression of an antisense chaclone synthase gene in Petunia.  Biosynthesis of flavanoids essential for pollen pigmentation and development was disrupted, resulting in male sterility.  When an antisense version of TAG1 (the tomato homologue of AG) driven by the CaMV35S promoter was introduced into tomato plants with aberrant male and female sterile flowers were obtained.   As expected, there were no detectable effects on vegetative organs (TAG1 is expressed only in stamens and carpels). 

Induction of male sterility by metabolic engineering of the carbohydrate supply: Extracellular invertase plays a critical role. Extracellular invertase mediates phloem unloading via an apoplastic pathway. The gene encoding isoenzyme Nin88 from tobacco was cloned and shown to be characterized by a specific spatial and temporal expression pattern.  Tissue-specific antisense repression of Nin88 under control of the corresponding promoter in tobacco results in a block during early stages of pollen development, thus, causing male sterility.  The specific interference with phloem unloading, the sugar status, and metabolic signaling during pollen formation will be a potentially valuable approach to induce male sterility in various crop species for hybrid seed production (Goetz et al., 2001).

Sense suppression has also been used to induce sterility and interfere with floral development.  Taylor and Jorgensen (1992) generated petunia plants that were self-sterile, but partly cross-fertile, via sense suppression of chalcone synthase.  Expression of a petunia floral homeotic gene that contains a MADS-box, jbp1, was inhibited when expression of sense transcripts was driven by the CaMV 35S promoter. No jbpl mRNA was detected in developing flowers, an indication that suppression was complete; flowers were male- and female-sterile and no pleiotropic effects were noted in vegetative organs.

Floral promoter-cytotoxin fusions

Sterility may also be engineered by inserting genes controlled by floral-specific promoters that either ablate cells or disturb development of floral tissues.  In order to avoid pleiotropic effects on vegetative organs, it is necessary to use promoters that are highly specific in their expression and to select transformants with transgenes in positions that allow this specificity to be retained.  This technique is likely to provide stable sterility, especially if the promoter used is not endogenous to the transformed species (avoiding promoter suppression based on sequence identity) and RNA levels are not extremely high (avoiding post-transcriptional suppression).  Four kinds of cytotoxic genes have been used in engineering sterility.  RNase and ADP-ribosyl-transferase show strong effects and are likely to be useful in any tissue, while the others, rolC from Agrobacterium and glucanase, have also demonstrated usefulness in male sterility.

RNase
Mariani et al. (1990) fused the promoter of the tobacco tapetum-specific TA29 with the coding regions from two genes encoding RNases: barnase, from Bacillus amyloliquefaciens, and the RNase-T1 gene from Aspergillus oryzae.  During anther development, the tapetum in two species of transgenic plants, tobacco and oil seed rape (Brassica napus) was selectively ablated, preventing pollen development.  The plants were otherwise normal.  Only one copy of the barnase construct was required to produce male sterility, whereas at least four copies of the RNase-T1 gene were required.  The TA29-barnase construct has been used to engineer male sterility in a variety of agronomic species.  An attractive feature of employing barnase for engineering sterility is the existence of barstar, a protein from B. amyloliquefaciens that inhibits expression of barnase through formation of a stable complex.  Crossing barnase male-sterile lines with transgenic barstar male-fertile lines restores fertility, a necessity in agronomic crops where the products are seeds or fruit.  Recently, male sterility was induced in tobacco plants by employing rat pancreatic RNase fused to the late cotton pollen-specific promoter G9 (Bernd-Souza et al., 2000).
ADP-ribosyl-transferase
The DTA gene encodes a protein that inhibits translation through ADP-ribosylation of elongation factor 2.  It is considered highly safe; the toxin is active only in the cell in which it is expressed, is not secreted, and is not internalized by eukaryotic cells in the absence of the diphtheria toxin B chain.  When linked to a cell-specific promoter, the DTA gene is therefore an excellent candidate for targeted cell destruction and has been used to ablate cells in a wide variety of organisms, as well as to produce sterile plants.

RolC

RolC is one of the T-DNA genes from Agrobacterium rhizogenes.  When rolC is introduced into tobacco plants controlled by the CaMV35S promoter, expression causes male sterility and several other changes in plant development, including reduced plant height, apical dominance, and leaf pigmentation. RolC inhibits microspore development, leading to the production of non-functional pollen.  Fertility can be restored to male-sterile tobacco plants through crosses with transgenic plants containing the rolC gene in an antisense orientation under control of the CaMV 35S promoter.  In order to avoid pleiotropic effects, rolC would need to be expressed under the control of a floral-specific promoter, although it can impart male sterility even when driven by promoters with poor expression in anthers, such as the CaMV 35S and rbcS gene promoters (Schmulling et al., 1993).

Glucanase

During normal floral development in angiosperms a callose wall is secreted by the microsporocytes before and during meiosis.  After meiosis, this wall is broken down by callase, a (-1,3-glucanase secreted by the tapetum, and the microspores are then released into the locule of the anther.  Worrall et al. (1992) created transgenic tobacco plants that secreted a modified form of a pathogenesis-related (PR) (-1,3-glucanase driven either by a double CaMV35S promoter or by the tapetum-specific promoters from the Arabidopsis A3 and A9 genes.  The transgenic plants expressing glucanase under the direction of the CaMV35S promoter were phenotypically normal and male fertile.  Transformants containing the glucanase gene controlled by tapetum-specific promoters exhibited premature dissolution of the callose wall and varying degree of male sterility.

Recently, the ribosome inactivating protein (RIP) gene from Dianthus sinensis was used as a cytotoxin gene to induce male sterility in tobacco plants (Cho et al., 2001).

GENETIC ENGINEERING FOR STERILITY

Dominant NMS linked to a selectable marker

The first transgene designed to confer NMS was reported by Mariani et al. in 1990.  The male sterility gene encodes a cytotoxic protein that will disrupt the normal development of the cells in which it is expressed.  Male sterility is created by confining the expression of the cytotoxin to cells of the developing anthers (Fig. 1).  This targeted expression was achieved by making use of the tapetal-specific transcriptional activity of the tobacco TA29 gene.  Chimeric genes consisting of the promoter for TA29 and either of two different ribonuclease genes (R-Nase Tl from, Aspergillus oryzae or barnase from Bacillus amyloliquefaciens) were transformed into tobacco and oilseed rape.  Expression of the chimeric RNase genes selectively destroyed the tapetal cells during anther development and prevented pollen formation (Fig. 1).  It is not possible to produce 100% male-sterile progeny; however, this problem was solved by linking the NMS gene to a selectable-marker gene (bar) that confers tolerance to the herbicide glufosinate-ammonium.  Treatment at an early stage with glufosinate-anmmoniutn eliminated the 50% male-fertile/herbicide-sensitive plants, resulting in a uniform population of male-sterile plants. 

The NMS gene in most crops must have the corresponding Rf gene that is capable of counteracting it, because 50% of the F1 hybrid plants will inherit the NMS gene (Fig. 2).  The first genetically engineered Rf gene, reported by Mariani et al., (1992) consisted of the barstar gene under the control of the promoter for the TA29 gene.  Barstar is an inhibitor protein of the barnase RNase; it is also produced by B. amyloliquefaciens and protects the bacteria from the lethal effects of barnase by forming an extremely stable one-to-one complex with barnase in the cytoplasm.  Crosses between lines of oilseed rape that expressed NMS (TA29-barnase) and Rf (TA29-barstar) genes produced male-fertile progeny, indicating that barstar is able to complex efficiently with barnase in tapetal cells, preventing their destruction (Fig. 1). 

Currently, the barnase-bar/barstar pollen-control system developed by, Plant Genetic Systems is the only one in which male sterility, complete female fertility and the restoration of fertility, have all been reported.  In addition, it is the only system in which important crop plants, such as oilseed rape and maize, have exhibited satisfactory performance.
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Dominant NMS/conditional male fertility
Dominant NMS genes that function by blocking expression of chalcone synthase (CHS), a key enzyme in flavonoid biosynthesis; flavonoid depletion arrests pollen maturation, resulting in sterility.  However, when certain flavonoids are applied to the stigma or mixed with the pollen, they can restore pollen functional.  A conditional male-fertility (CMF) system has been proposed, in which multiplication of the normally male sterile female line could be achieved by applying flavonol during pollination.  Self-pollination is possible, and homozygous NMS lines can be produced, thereby eliminating the chemical selection for male-sterile plants that is required in the dominant NMS/selection marker systems. 

Additional CMF-type systems have been proposed that are based on using chemically inducible promoters control Rf genes.  In order to multiply the female parent, the inducing chemical is applied, the Rf gene is expressed and the plants are male fertile.  In hybrid seed production, there is no chemical application, the Rf gene is silent and the plants are male sterile (eg. Reversible male sterility system of Zeneca).

Reversible Male sterility (Zeneca)

The general limitation with barnase/barstar method is that the sterile plants are heterozygous for the transgene. Consequently, fertile progeny have to be removed before production of hybrid seed.  Scientists addressed this problem by engineering plants such that the inactivating gene can be switched off through application of a chemical, thus reverting plants to pollen fertility. This system is called as reversible male sterility (RMS). In this system, barnase is used as the inactivating gene, expressed in anthers using the MFS14 tapetal promoter. The switch to fertility is achieved by expressing the barnase inhibitor, barstar under control of a gene switch promoter. This promoter, isolated from the maize GST-27 gene, is specifically up-regulated by treatment of plants with the safeners, dichlormid and R-29148. Following safener treatment of sterile RMS plants, pollen development is restored, and anthers containing mature, starch-filled pollen grains are exerted from the spikelets. 

Targeted chemical Hybridizing agents

Chemical controlling agents (CHS) are compounds that selectively kill the male gametes or organs, and render the plant male sterile.  There have been practical problems with CHS, such as incomplete male sterility, limited duration of male sterility and a reduction in female fertility; therefore, they are not in widespread use for pollination control in major crops.

R7402/P450SU1 system

CHS strategy uses a transgene, to determine the location and mode of CHA action.  When targeted to the chlotoplast, a cytochrome P450SU1 from, Streptomyces griseolus converts the sulfonylurea compound R7402 from its normally non-herbicidal form to one that is highly phytotoxic.  Tobacco plants were transformed with a P450 SU1 gene driven by the TA29 gene promoter in order to localize phytotoxin production to the tapetum cells.  The advantage of the R7402/P450SU1 system is that chemical application allows a choice between viable or nonviable pollen.  Since sterility (as a result of R7402 application) is induced only in the production of hybrid seeds, female-parent multiplication can occur by self-pollination, and an Rf gene is not needed in the F1 hybrid (O'Keefe et al., 1994). 

Deacetylase system 

Another system for the inducible destruction of tapetal cells was presented by Kriete et al. (1996). The tapetum specific expression of an enzyme (ArgE) that deacetylates the non toxic herbicide derivative N-acetyl-phosphinothricin led to the release of the active herbicide and thereby to a specific cell death in Nicotiana tabacum. While flowers treated with the inducer substance produced 100% hybrid seeds, untreated plants remained completely fertile. No reduction in yield or quality of the seeds could be detected (Kriete et al., 1996). The inducer N-ac-Pt has proven to be non toxic either for sterile or unsterile plants of a variety of different species. It is taken up by the plant, but is not metabolized by the plant for a period of more than 100 days. Additionally, it is transported preferentially to the top of the plant.   As a pure substance, it can therefor be applied in large amounts during the early growing season and should be present in the tapetum by the time the first cells begin to express the deacetylase activity (Fig. 3). 
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Fig1: The effects of genetically engineered dominant male sterile and restorer genes.  


This system utilizes the tapetal-specific tobacco TA29 gene and an RNase (barnase)/Rnase inhibitor (barstar).  The male-sterility gene consists of the TA29 gene promoter and the barnase coding sequences.  The targeted expression of barnase selectively destroys tapetal cells, inhibiting pollen formation and causing male sterility.  Barstar is the specific inhibitor of barnase; inhibition involves the formation of a stable, noncovalent one-to-one complex of the two proteins.  The restorer gene consists of the barstar gene-coding region controlled by the TA29 gene promoter.  Expression of barstar in the male parent has no effect on tapetal development, and the plants are male-fertile.  When male-sterile plants of the female parent are crossed with the male-fertile plants of the male parent, the resulting F1 hybrid contains and expresses both genes.  The two proteins form the inactive complex, tapetal development is normal, and the hybrid is fully fertile. (Williams 1995).
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Fig 3. Using the deacetylase system to induce male sterility in transgenic rape seed, the breeder is free to use any pollen donor for the crossings. 





Fig 2: Production of F, hybrid seed using the barnase-bar / barstar system.  The dominant male-sterility gene (S; pTA29-barnase) is linked with the selectable marker gene (H; P35S-bar), which confers tolerance to the herbicide glufosinate ammonium.  To multiply the ASH/- version of the female-parent line A, it must be crossed with its non-transgenic counterpart (A-/- ); this results in a 1:1 segregation of ASH/- and A-/- plants in the progeny.  In female-parent multiplication and hybrid-seed production, glufosinate-ammonium treatment of the female rows at an early stage eliminates the A-/- plants (illustrated by shading), resulting in a uniform population of ASH/- plants at flowering.  To compensate for the elimination of the A-/- plants, female rows are planted at twice the normal density.  Since the area required for female-parent seed increase is much smaller than the area needed for hybrid-seed production (e.g. for oilseed rape, one female plant can produce about 1000 seeds), the required doubling of parent seed has little impact on overall hybrid-seed production costs.  Half of the F1 hybrid plants will inherit the S gene.  Consequently, in crops that are primarily self-pollinating, and seed or fruit is the harvested crop, a gene to restore fertility (R; TA29-barstar) is required in the male-parent line B (Williams, 1995).
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