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 Male sterility is defined as the failure of plants to produce functional anthers, 
pollen, or male gametes. First documentation of male sterility came in 1763 when 
Kölreuter observed anther abortion within species and specific hybrids. It is more 
prevalent than female sterility, probably because, male sporophyte and 
gametophyte less protected from environment than ovule and embryo sac. Male 
sterility is easy to detect because a large number of pollen are produced and could 
be easily studied. It can also be easily assayed through staining technique (carmine, 
lactophenol or iodine); while detection of female sterility requires crossing. Male 
sterility has propagation potential in nature since it can still set seed and is 
important for crop breeding, while female sterility does not. Male sterility can be 
aroused spontaneously via mutations in nuclear and/or cytoplasmic genes. 

ANTHER DEVELOPMENT AND POLLEN PRODUCTION 

 Male reproductive processes or microsporogenesis in flowering plants take 
place in the sporophytic organ system called stamen. Stamen contains diploid cells 
that undergo meiosis and produce haploid male spores, or microspores. 
Microspores divide mitotically and differentiate into multicellular male 
gametophytes, or pollen grains, that contain the sperm cells. The stamen consists of 
two morphologically distinct parts the anther and the filament. The anther contains 
the reproductive and non-reproductive tissues that are responsible for producing 
and releasing pollen grains so that pollination and fertilization processes can occur 
within the flower (fig 1). The non-reproductive tissues include the epidermis, 
endothecium, tapetum, circular cell cluster, connective, stomium, and vascular 
bundle. The include microspores. Each of these tissues and cell types carries out 
specialized tasks. The stomium and circular cell cluster are involved in dehiscence, 
the tapetum plays a role in pollen wall formation, and the connective is responsible 
for anchoring the four pollen sacs together into a single anther structure. In addition 
to these diploid sporophytic tissues, the anther also contains reproductive tissues 
namely, haploid microspores that fill the pollen sacs and differentiate into pollen 
grains.  Different anther cell types and their functions are listed in Table 1.  The 
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filament is a tube of vascular tissue that anchors the stamen to the flower and serves 
as a conduit for water and nutrients. 

  

 

Fig. 2. A generalized overview of anther development. The dashed line through 
the stage 1 anther drawn in the phase 1 portion of the figure represents the 
cross-section plane for anthers drawn schematically in phase 2. The vertical 
lines drawn through the endothecium at stages 11 and 12 represent fibrous cell 
wall bands. C, connective; CCC, circular cell cluster; E, epidermis; En, 
endothecium; PG, pollen grain; PS, pollen sac; St, stomium; T, tapetum; Td, 
tetrads; Th, theca; V, vascular bundle. 

 

Fig 1. The cellular structure of a fully matured anther 
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Table 1. Functions of anther cell and tissue types 

Cell or Tissue type Major function 

Connective Join anther theca together; connect anther to 
filament; structure, support, and morphology 

Circular Cell Cluster  
(Also referred to as the crystal-
containing idioblasts, 
intersporangial septum, and 
hypodermal stomium) 

Dehiscence 
 

Endothecium Structure and support; dehiscence 

Epidermis Structure and support; prevent water loss; gas 
exchange; dehiscence 

Microspore Pollen grain and sperm cell development 

Middle Layer 
(Collectively known as the anther 
wall) 

Structure and support; dehiscence 

Stomium Dehiscence 

Tapetum Pollen wall components; nutrients for pollen 
development; enzymes for microspore release from 
tetrads 

Vascular Bundle Connection between anther, filament, and flower; 
nutrient and water supply 

 The development of anther can be divided into two general phases. During 
phase 1, histospecification take place, the morphology of the anther is established, 
cell and tissue differentiation occur, and microspore mother cells undergo meiosis. 
At the end of phase 1, the anther contains most of its specialized cells and tissues, 
and tetrads of microspores are present within the pollen sacs (Fig. 2). During phase 
2, a cell degeneration and dehiscence program is executed where pollen grains 
differentiate, the anther enlarges and is pushed upward in the flower by filament 
extension, and tissue degeneration, dehiscence, and pollen grain release occur. The 
cellular processes that regulate anther cell differentiation, establish anther tissue 
patterns, and cause the anther to switch from phase l to phase 2 are not fully 
known. Cell differentiation and dehiscence events occur in a precise chronological 
order that can be correlated with floral bud size.  

 At the end of phase 1, a differentiated anther has several highly specialized 
cells and tissues that are responsible for carrying out non-reproductive functions 
(e.g., support and dehiscence) and reproductive functions (e.g., spore and pollen 
formation). The floral meristem consists of three "germ" layers, designated L1, L2, 
and L3, which give rise to different anther tissues following stamen primordia 
initiation. In most cases, individual tissues and cell types are derived from a single 
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germ layer. For example, the L1 layer gives rise to the epidermis and the stomium; 
the L2 layer gives rise to the archesporial cells, microspore mother cells, 
endothecium, and middle-wall layers that lie between the epidermis and tapetum; 
and the L3 layer gives rise to the connective, vascular bundle, and circular cell 
cluster adjacent to the stomium. By contrast, both the L2 and L3 layers contribute to 
tapetum formation. Tapetal cells along the upper (inner) portion of the pollen sacs 
are specified from the L3-derived connective tissue, whereas those that line the 
lower (outer) portion of the pollen sacs are specified from the L2-derived 
archesporial lineage.  

MANIFESTATIONS OF MALE STERILITY 

 Male sterility is manifested in different ways depending on the nature of plant 
species. It can be the absence or malformation of male organs (stamens) in bisexual 
plants or production no male flowers in dioecious plants or failure to develop 
normal microsporogenous tissue in anther. In certain cases abnormal 
microsporogenesis causes the formation of deformed or nonviable pollen. Even if 
pollens are produced in certain plants, abnormal pollen maturation results in 
inability to germinate on compatible stigmata. In certain other cases sporophytic 
control of male organs produce non-dehiscent anthers containing viable pollen; 
and also barriers other than incompatibility preventing pollen from reaching ovule. 

Cytoplasmic male sterility  

 Cytoplasmic male sterility as the name indicates is under extra nuclear genetic 
control. They show non-Mendelian inheritance and are under the regulation of 
cytoplasmic factors.  In this type, male sterility inherited maternally. This is not a 
very common type of male sterile system in the plant kingdom. In general there are 
two types of cytoplasm viz.., N (normal) and the aberrant S (sterile) cytoplasms. 
These type exhibits reciprocal differences observed. 

Cytoplasmic Genetic male sterility  

 This type of male sterility systems is common in many plant species across 
plant kingdom. The sterility is manifested by the influence of both nuclear and 
cytoplasmic genes. There are commonly two types of cytoplasms, N (normal) and S 
(sterile). There are also restorers of fertility (Rf) genes, which are distinct from 
genetic male sterility genes. The Rf genes do not have any expression of their own 
unless the sterile cytoplasm is present. Rf genes are required to restore fertility in S 
cytoplasm which causes sterility. Thus a combination of N cytoplasm with rfrf and 
S cytoplasm with Rf- produces fertiles; while S cytoplasm with rfrf produces only 
male steriles. Another feature of these systems is that Rf mutations (i.e., mutations to 
rf or no fertility restoration) are frequent, so N cytoplasm with Rfrf is best for stable 
fertility. 
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 Because of the convenience to control the sterility expression by manipulating 
the gene – cytoplasm combinations in any selected genotype, cytoplasmic genetic 
male sterility systems are widely exploited in crop plants for hybrid breeding.  
Incorporation of male sterility evades the need for emasculation in cross pollinated 
species, thus encouraging cross breeding producing only hybrid seeds under 
natural conditions. 

MALE STERILTY IN HYBRID BREEDING 

 Hybrid production requires a female plant in which no viable male gametes 
are borne. Emasculation is done to make a plant devoid of pollen so that it is made 
female. 

 

 
 
Fig. 3. Schemes for maintenance of parent lines and hybrid seed production utilizing 
(A) genic male sterility, (B) cytoplasmic male sterility, and (C) genic-cytoplasmic male 
sterility. Solid lines indicate sexual crosses; dashed lines indicate seed source to 
maintain original lines. 
ms, recessive nuclear male sterility gene; MS, dominant nuclear male fertility gene; (S), 
male sterile cytoplasm; (N), male fertile cytoplasm; r, recessive fertility restorer gene 
(male sterile); R, dominant fertility restorer gene (male fertile); �, self-pollination.  
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 Another simple way to establish a female line for hybrid seed production is to 
identify or create a line that is unable to produce viable pollen. This male sterile 
line is therefore unable to self-pollinate, and seed formation is dependent upon 
pollen from the male line. Genic male sterility is used in hybrid seed production, 
but has limitations due to the need to maintain female parent lines as heterozygotes 
and the segregation of fertile and sterile plants each generation (Figure 3A). 
Cytoplasmic male sterility (CMS) is also used extensively in hybrid seed production. 
In this case, the sterility is transmitted only through the female and all progeny will 
be sterile (Figure 3B). This is not a problem for crops such as onions or carrots 
where the commodity harvested from the F1 generation is produced during 
vegetative growth. These CMS lines must be maintained by repeated crossing to a 
sister line (known as the maintainer line) that is genetically identical except that it 
possesses normal cytoplasm and is therefore male fertile. In genic cytoplasmic male 
sterility (Figure 3C) restoration of fertility is done using restorer lines carrying 
nuclear restorer genes in crops.  The male sterile line is maintained by crossing with 
a maintainer line which has the same genome as that of the MS line but carrying 
normal fertile cytoplasm. 

GENIC CYTOPLASMIC MALE STERILITY IN MAIZE 

 The most common example cytoplasmic genetic male sterility is reported in 
maize and is perhaps most well studied male sterile system, among crop plants. 
Maize has a number of male sterile cytoplasms –Texas (T), USDA (S) and Charrua 
(C) besides normal (N). These cytoplasms are the most widespread and well 
characterized. The sterile cytoplasms are found to differ from fertile or normal (N) 
cytoplasms in mitochondrial translation products, mitochondrial RFLP and 
mitochondrial RNA.  

T cytoplasm as a model system  

 Texas (CMS-T) cytoplasmic male sterility was discovered in Texas during 
1940s. This sterility system was commercially exploited and used extensively 
throughout the 1960s. CMS-T was highly stable under all environmental conditions. 
It was characterized by failure of anther exertion and pollen abortion. Owing to this 
by 1970’s almost 85% of all corn in the US had CMS-T cytoplasm. During 70s 
development of a new race, race T (the only previously identified race at that time 
was race O) of the southern corn leaf blight pathogen, Bipolaris maydis (synonyms: 
Helminthosporium maydis, Cochliobolus heterostrophus), which was highly 
virulent on plants having T-cytoplasm devastated the entire corn fields in the 
Eastern USA. The T-cytoplasm had a pleiotropic effect, and was very sensitive to T-
race toxin from the pathogen. Plants bearing the T cytoplasm alone, but not others 
(S, C, or N) were susceptible to race T.  Bipolaris maydis produces a toxin called, T-
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toxin to which the mitochondria of T- cytoplasm was highly sensitive. The 
mitochondrial sensitivity and the male sterility were under the control of a common 
gene, which was later termed as T-urf13.  Later it was also found susceptible to grey 
leaf spot pathogen, Mycosphaerella zea-maydis, which causes diseases by 
producing a toxin (PM toxin). 

T-urf13 gene in CMS-T 

 T-urf13 is a mitochondrial gene which was later found having unique chimeric 
sequences. It was earlier discovered that a 13 kDa polypeptide is present in T-
mitchondria, which was conspicuously absent in N-mitochondria. This 
polypeptide, URF13 was the gene product of the chimeric gene which was a non-
essential polypeptide. The T-urf13 gene arose through a mitochondrial 
recombination event which produced a chimeric reading frame. In the presence of 
the restorer gene Rf, the amount of this polypeptide was found highly reduced. 
Transcript of T-urf13 was regulated by restorer gene Rf1 and two others Rf8 and Rf*, 
by truncating the transcripts at the beginning of the open reading frame (e.g. start 
codon methionine is missing with no presumable translation resulting in no T-urf13 
product). Other than this all other usual mitochondrial genes appear to be normal. 

 Since, T-urf13 is only present in T cytoplasm and encodes URF13 protein 
associated with inner mitochondrial membrane conferring both male sterility and 
disease susceptibility, this gene shows pleiotropic effect for both the traits. Also, 
plants expressing this gene are sensitive to the insecticide methomyl. During 
susceptibility either the fungal toxin or methomyl interact with URF13 and make 
the plasma membrane permeable by creating pores. Degradation of plasma 
membrane results in massive ion leakage, inhibition of glucose-driven respiration, 
and growth suppression. As the tapetal cells are metabolically very active, 
membrane degradation cause premature degeneration of tapetum resulting in no 
pollen production. Further evidences came from the absence of URF13 transcripts 
in tissue culture revertants for methomyl susceptibility, and they are all found to be 
male fertile.  Most of such revertants showed that T-urf13 is deleted from 
mitochondrial genome by recombination, resulting in a simultaneous loss of cms 
and disease susceptibility; some revertants arose due to mutations (frameshift 
mutation or premature stop codon) in T-urf13 that made non-functional URF13 
protein. 

 Similarly it was also discovered that the pcf gene in petunia and the orf107 
gene in sorghum conferring CMS are also chimeric and encode nonessential 
polypeptides. 
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Mode of action of URF13 protein 

 URF13 protein contributes to the degeneration of the tapetum during 
microsporogenesis causing disruption of pollen development leading to male cell 
abortion.  URF13 is only toxic to anther cells, even though it is expressed 
throughout the plant.   

 However, some small effects on plant growth and development that is 1-3% 
reduction in plant height, leaf number, and grain yield also have been reported.  
URF13 is reported to negatively affect callus cultures as well. Experiments on 
transgenics had shown that URF13 toxicity is extended to E.coli, insect larvae, cells 
in culture, tobacco and yeast mitochondria which are sensitive to T-toxin or 
methomyl.  In transgenic plants, expression of URF13 was limited to the 
mitochondria alone. 

 In plants, mitochondrial gene functions are essential to all cells in electron 
transfer, ATP formation, and translation of mitochondrial mRNA. Interruption of any 
of these functions would be expected to be lethal. In CMS plants, energy 
requirements are high in anthers at time of pollen development, resulting in a 40 
fold increase in mitochondria/cell in tapetum and 20 fold increase in sporogenous 
cells of the maize anther. Such an increase has not been observed in other cell 
types. Mitochondrial mutants like T-urf13 could interfere with mitochondrial 
replication, electron transport, or phosphorylation specifically in the tapetum. 
URF13 is expressed in all cells (hence the susceptibilty to methomyl or T-toxin), but 
its effect on general mitochondrial functions isn’t severe enough to hurt growth and 
development–therefore, the tapetum may be more sensitive to subtle mitochondrial 
perturbations than the rest of the plant. 

 Another possible mode of action of URF13 is by the same mechanism that 
results disease sensitivity–that is, an anther-specific compound interacts with 
URF13 to permeabilize the inner mitochondrial membrane. This anther specific 
compound would have similar properties to T-toxins and methomyl, but must be 
limited to the anther so that other cells function normally. However, the anther 
specific compound has not yet been isolated–though some evidence it exists.  For 
example in trangenic tobacco, even when URF13 was targeted to the mitochondrial 
membrane, the plants failed to show male sterility, possibly due to the absence of 
the factor to cause the pore formation. 

Fertility restoration in CMS-T 

 Restoration of fertility in the CMS-T in maize is under the influence of nuclear 
genes, designated as Rf1 and Rf2, both in combination and in dominant condition 
produce fertile pollen under male-sterile cytoplasm. Yet another duplicate loci Rf8 
and Rf* are also been known to restore fertility or influence fertility restoration.  



 

 
155

 Rf1 gene maps to chromosome 3. It is known to alter transcript profile of T-
urf13 and decreases URF13 expression by 80%. The gene is not yet cloned. The 
Rf1 allele is rare among maize lines, a possible indication that it only functions in 
male sterility restoration i.e., it only evolved in response to T-cytoplasm; and 
otherwise no selection was found to make it necessary. 

 Rf2 gene on the other hand, maps to chromosome 9 and has 75% homology to 
mammalian aldehyde dehydrogenase (ALDH) genes. The Rf2 allele is common 
among many maize lines, including those that have never been exposed to sterile 
cytoplasms–therefore, probably has a function in the cell in addition to its role as a 
nuclear restorer. Highest levels of accumulation of RF2-ALDH protein was reported 
in tapetum. Rf2 has already been cloned using transposon (Mu) tagging technique 
by isolating a 2.2 kb cDNA containing a mitochondrial targeting sequence. In 
plants ALDH may be used to detoxify ethanol and acetaldehyde after brief periods 
of fermentation. 

 One possible way of explaining Rf2 action is the "metabolic” hypothesis.  That 
is in normal cells, RF2-ALDH produces energy by oxidizing fatty acids.  This energy 
is essential when URF13 alters mitochondrial function. Alternatively, ALDH 
scavenges and detoxifies acetaldehyde in normal plants, so that RF2-ALDH 
prevents tapetum poisoning and death by metabolizing acetaldehyde.  Elimination 
of acetaldehyde is essential if URF13 alters mitochondrial function toward more 
ethanol fermentation, which produces lots of acetaldehyde and/or ethanol, both of 
which are toxic. 

 "Interaction” hypothesis refers to interaction of RF2-ALDH directly or indirectly 
with URF13 to diminish its deleterious effects. Since ALDHs have broad 
specificities and diverse metabolic functions; therefore, RF2-ALDH could possibly 
modify component(s) of inner mitochondrial membrane or the tapetum specific 
factor (if it exists). For example, if the anther/tapetum specific compound is an 
aldehyde, RF2 would oxidize it to eliminate the problem. 

 Another duplicate loci for fertility restoration, Rf8 and Rf* are also reported in 
maize. Located in chromosome 2L, they are either alleles of a one locus or tightly 
linked genes.  They can each partially restore fertility in absence of Rf1. These 
genes are known to edit urf13 transcripts- truncated at the 5’-end making it non-
functional.  These are also rare in maize populations. 

 In the fertility restoration mechanism, even when the T cytoplasm produces 
URF13, the plant will have normal male fertility if dominant alleles occur at two 
nuclear genes, Rf1 and Rf2. The fertility is restored only if both the loci harbour 
dominant alleles.  However, the fertility restoration is under sporophytic control 
and occurs premeiotically. Thus, in a plant which is heterozygous at both loci, 
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produces only ¼ of pollen having Rf1Rf2. But if the plant carries male-sterile 
cytoplasm, fertility is completely restored even in heterozygotes (sporophytic 
determination)–i.e., all pollen will be functional, irrespective of their genetic 
makeup, in other words Rf1rf2, rf1Rf2 and rf1rf2 are functional. Thus, if the plant is 
Rf1rf1Rf2rf2, ¼ of its pollen will have the genotype rf1rf2 yet be fully functional.  
These nuclear genes must interact in some manner with the URF13 protein, T-urf13 
transcription, or T-urf13 transcripts in a manner to rescue the damage done 
potentially caused by the active protein.  The Rf1 and Rf2 genes even though 
restores fertility, they show intermediate reaction to pathogens.                                                     

 In the case of S cytoplasm, it requires one gene, Rf3 located on chromosome 
2L. This gene shows gametophytic control of male fertility restoration. If the plant 
has a sterile cytoplasm and is heterozygous Rf3rf3, then ½ of its pollen will sterile.  

CMS systems in other plants 

 Other plant systems also show different types of genes influencing male-
sterility. Common CMS identified in other crop species include green beans, 
sorghum, beet, carrot, onion, petunia, Brassica napus, rye, sunflower, and wheat. 
CMS can be of spontaneous origin or as a result following mutagenesis experiments 
(mutation of restorer genes), wide crosses, segregation of nuclear restorer gene 
through crossing and inter-specific crosses.  Most of the CMS associated genes are 
chimeric mitochondrial sequences – but few similarities exist among them.  
However, in at least one well characterized system of Nicotiana sylvestris, CMS 
arises due to a deletion of an entire gene. 

 Besides, mechanisms of the sterility development greatly vary from species to 
species. In maize and many others need expression of chimeric gene in the tapetum 
to get the sterility phenotype i.e., tapetal dysfunction/breakdown causes CMS. 
While in Phaseolus, ORF239 protein appears to be toxic to microspores, whether or 
not it is mitochondrially targeted. It is associated with the cell wall of microspores. 
In Nicotiana sylvestris, CMS mutants I and II show large deletions in the 
mitochondrial genome, with only the nad7 gene, involved in mitochondrial 
respiration, is missing. This results in significant morphological deficiencies, 
including slower development, smaller plants, etc. Results indicate respiration 
dysfunction to cause male sterility under low light (partial otherwise). 

 Similar to the action of genes and variable mechanisms contributing to male 
sterility, mechanisms of fertility restoration also vary among plants. In Phaseolus, in 
the presence of the nuclear Fr gene (fertility restorer), loss of the mitochondrial 
sequence pvs, which includes orf239 causing CMS is reported.  Similar to Rf1 in 
maize T-cytoplasm, alteration of transcript profiles of CMS inducing genes is 
present in many plants like Brassica, Sorghum etc. Restoration of Brassica napus pol 



 

 
157

and nap sterile cytoplasms is conditioned by different alleles of the Rfp (Rfn) locus, 
which reduce the transcript of the chimeric genes orf224 (for the pol cytoplasm) 
and orf222 (for the nap cytoplasm). The Rfn allele was not found in common to B. 
napus genotypes except those with fertility-restored nap cytoplasms, suggests that 
Rfn evolved with the nap cytoplasm.  Restoration of sorghum fertility in the 
IS1112C cytoplasm requires a rare two locus gametophytic system of Rf3 and Rf4. 
Fertile progeny exhibit increased transcript processing activity, in which full length 
transcripts of the sterility chimeric mitochondrial gene orf107, specific to IS1112C 
cytoplasm, are not produced. Also, restoration of fertility in maize S-cytoplasm 
requires the Rf3 nuclear allele with gametophytic determination. When present, it 
reduces the transcript lengths of two chimeric genes present in S-cytoplasm, orf335 
and orf77, resulting in restored fertility. 

 Post-transcriptional editing (RNA editing) are also reported to cause male 
sterility in plants.  In plant mitochondria changes C changed to U most 
commonly perhaps to create new start/stop codons (UAA, UAG or UGA) by RNA 
editing.  It is possible that tissue-specific editing targeting only microsporoes can 
result male sterility. For example, in atp6 editing (but not editing of other 
mitochondrial transcripts) in sterile sorghum is reduced relative to fertile plants in 
anthers but not in etiolated seedling shoots; progeny that have been restored to 
fertility have an increase in editing of atp6. Loss of RNA editing is associated with 
CMS.  

GENIC MALE STERILITY (GMS) IN PLANTS 

 Among the nuclear genes causing male sterility, ms genes in nucleus are the 
main class of male sterile genes.  Genes such as apetela-3 (ap3), pistillata (pi), and 
antherless (at) in Arabidopsis which affect floral morphology produce structurally 
male sterile plants.  Genes which affect other characteristics in plants may have 
pleiotropic effects on male fertility–e.g., mutants of CUT1, an Arabidopsis gene 
involved in cuticular wax synthesis, cause male sterility because waxless pollen has 
problems interacting with the stigma–although this problem can be overcome if the 
pollen germinates in very humid conditions.  The flavonoid pathway is apparently 
important for normal pollen maturation. An antisense chalcone synthase gene was 
targeted to anthers in petunia, turning off pigment synthesis. Plants with white 
anthers were male sterile because male gametophyte development was arrested.  

 Most of the GMS systems are sporogenous i.e., they affect microsporogenesis 
or microgametogenesis rather than structural. Most ms genes act early in pollen 
development and tapetum is primary tissue where many abnormalities are found to 
occur.  Tapetum is innermost wall of microsporangium–provides enzymes, 
hormones, food for developing PMCs and microspores 
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GENETIC ENGINEERING FOR MALE STERILITY 

 Genetic engineering for male sterility targets the two phases of anther 
development, viz., histodifferentiation of various anther cell type and cell 
degeneration and dehiscence i.e., programmed destruction of circular cell 
cluster/connective and stomium leading to pollen release.  Tapetum which in 
involved in microspore maturation and the stomium/circular cell cluster which 
regulate dehiscence of pollen grains are the major targeting sites for manipulation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Fig 4. Engineering genic male sterility using Barnase (A) and 
restoring fertility to F1 plants using Barstar (B) 
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Understanding of temporal and spatial regulation of gene expression during the 
phases is essential followed by identification of suitable promoters for engineering 
male sterility. 

Barnase is an extracellular RNase produced by the soil bacterium, Bacillus 
amyloliquefaciens which uses barnase for self-defense from microbial predators. 
Barnase destroys the RNA by breaking down, and thus barnase is lethal to any cells 
to which are exposed to it. Like any other organisms, banase is lethal to B. 
amyloliquefaciens too, but it protects itself by producing another enzyme called 
barstar. Barstar is a specific inhibitor of barnase, and in the bacterial cell, barstar 
binds to barnase in a one-to-one complex, disarming the latter so it can do no 
harm.  

In tobacco, it has been discovered that for one tapetal-specific gene, designated as 
TA29, a region of ~120 bases 5' to the gene is sufficient and necessary to program 
tapetal-specific transcription (Koltunow et al., 1990). To generate a dominant male-
sterility gene ("genetic laser"), the TA29 gene tapetal-specific transcriptional control 
region is fused with the barnase gene. Genetically-engineered tobacco and canola 
plants containing the cytotoxic TA29/barnase gene were shown to be 100% male 
sterile as a result of selective tapetal cell ablation during a specific time interval of 
anther development (Mariani et al., 1990).  

 
Fig 5.  Using engineered male sterility in F1 hybrid seed production.  
Engineered genic male sterility is a dominant trait (BarN = Barnase). Female lines 
are maintained by crossing to a homozygous maintainer line. The BarN gene can 
be linked to a herbicide resistance gene to allow fertile plants to be removed easily 
from the segregating population. The remaining sterile (and herbicide-resistant) 
plants can be used as the female parent to produce F1 hybrid seeds. If the male 
parent line (C) carries the BarStar (BarS) gene, its product will inhibit Barnase 
activity and restore fertility to the F1 progeny.  
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To develop the restorer system for hybrid seed production and to maintain 
parental male-sterile lines, a dominant male-fertility restorer gene is developed by 
fusing TA29 gene promoter with the barstar gene. Introduction of the chimeric 
TA29/barstar gene into male-sterile canola plants containing the TA29/barnase 
gene lead to the formation of tapetal-cell-specific barnase/barstar complexes and 
restored fertility to genetically engineered male-sterile plants (Mariani et al., 1992). 
Since it has been found that the TA29 system holds good for many other crops 
lin4e dicots and monocots, it is possible to use the TA29/barnase male-sterility 
gene and the TA29/barstar male-fertility restorer gene to genetically engineer for 
male fertility control in crop plants thus protoplast fusion has also been used to 
transfer CMS among species. For providing a novel new breeding strategy for 
hybrid seed production (Fig 5), a sterile cytoplasm identified in radish (Raphanus 

sativus) has been transferred to Brassica oleracea plants. While this was done with 
difficulty by repeated backcrossing into the radish cytoplasm background, the 
resulting plants exhibited chlorosis due to incompatibility between the Brassica 
nucleus and the radish chloroplasts. By fusing entire cells of the two species, cells 
were created that had all combinations of nuclei, chloroplasts and mitochondria 
from the donor and recipient plants (Fig. 6). From this mixture, cells could be 
selected and regenerated into plants that contained the Brassica nuclei and 
chloroplasts, but the radish mitochondria that conveyed the male sterility trait. This 

 
Fig 6. Protoplast fusion to transfer CMS between species. Cells are fused to mix the 
nuclei (Nuc), chloroplasts (chlpl) and mitochondria (mito) of the Donor (D) and 
Recipient (R) cells. During cell proliferation, these organelles sort into different 
cells, and some cells containing the desired combination can be selected and 
regenerated into male-sterile plants. 
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CMS is more desirable for hybrid seed production than the self-incompatibility 
system, and is slowly being introduced into Brassica hybrid seed production. 

Yet another type of sterility control system also has been engineered into the 
crops which sterilises the seeds in the hybrid progenies or in the successive 
generations of the transgenic variety.  Here the farmer can not conserve his harvest 
to raise the next crop but should go back to the seed producer to get a new bag of 
seed. This technology better known as ‘terminator technology’ has invited wraths 
from many corners of the farming society across the world.  

Engineered seed sterility using terminator technology 

There are two key components to terminator technology, which is being 
widely used, not only in plants but in animals as well. The first component is 'site-
specific recombination', carried out by a recombinase, an enzyme that recognises 
specific 'sites', or short DNA sequences. Any stretch of DNA sequence flanked by 
two such sites will be spliced out by the recombinase.  One of the widely exploited 
site-specific recombination system is Cre/lox system originally isolated from the 
bacteriophage (bacterial virus) P1. The recombinase Cre catalyses recombination 
between two lox sites, splicing out any stretch of DNA in between.  

Another system of terminator technology is illustrated below: 

Terminator genes in the absence of the 
inducer. 

Terminator genes in the presence of the 
inducer. 

Gene I: Repressor 

A repressor gene produces a repressor 
protein. 

The same repressor protein is produced. 

Gene II: Recombinase 

Between the promoter and the recombinase gene, a DNA fragment which is a binding site 
for the repressor from Gene I is placed. 

In the absence of the inducer, the repressor 
binds to the binding site and the plant 
cannot produce the recombinase enzyme.  

The inducer interferes with the repressor 
attachment to the binding site--thus 
allowing Gene II to produce recombinase. 

Gene III: Toxin 

A gene for a toxin lethal to embryos (Toxin Gene) is controlled by a late promoter (LP) that 
is active only during the late stage of seed development when the embryo is developing. 
Between the late promoter and the toxin gene, scientists place a piece of DNA called a 
Blocker flanked by splicing sites of the recombinase, which interferes with the ability of the 
promoter to turn on the gene. 

Without the inducer, there is no 
recombinase to snip out the blocker. 
 With the blocker in place, no toxin is 
produced. 

Recombinase from Gene II snips out the 
blocker and allows the late promoter to turn 
on production of the toxin gene late in the 
season. 
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To engineer the line with terminator technology, the barnase gene is 
introduced into the line with its promoter sequence be blocked by a sequence 
flanked by sites recognised by a recombinase. The recombinase can be either 
engineered into the same GM line with the barnase gene for male sterility, or it 
could be introduced by crossing the GM line containing barnase with another that 
contains the recombinase to generate a hybrid. The recombinase is placed under 
the control of a promoter that responds to an external chemical, say, the antibiotic 
tetracycline. When tetracycline is applied, the recombinase is expressed, and 
splices out the blocking sequence in the barnase promoter, so barnase is expressed. 
By treating harvested seed with tetracycline before they are sold to the farmer, the 
company can ensure that the plants grown from the seeds will be pollen sterile. If 
female-sterility is required, the barnase gene could be placed under the control of a 
promoter that works only during ovule development, ie, in the female part of the 
flower, and the rest is similar.  

To produce viable seeds, the recombinase may be engineered into a GM 
line with the gene coding for barstar, which, when crossed with the male sterile 
GM line containing barnase, will produce a hybrid. The hybrid, treated with 
tetracycline, will produce plants that will still set seed, at least in theory, because 
the barstar inactivates the barnase.  
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