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Male sterility system in vegetable crops: mechanism, breeding strategies and applications


ABSTRACT:
Vegetables are among the most extensively utilized utilised crops for exploiting heterosis to develop high-yielding hybrids. Male sterility, characterised by the absence of functional pollen while female gametes remain viable, occurs naturally through mutations or can be artificially induced. This paper aims to review male sterility systems in vegetable crops. This trait is instrumental in hybrid seed production, as it prevents self-pollination and facilitates cross-pollination. Various male sterility systems, including genic male sterility (GMS), cytoplasmic male sterility (CMS) and cytoplasmic-genic male sterility (CGMS), have been successfully utilised in numerous vegetable crops. While GMS has seen limited commercial application, CMS and CGMS systems have gained prominence in facilitating efficient hybrid development. Male sterility can be introduced into elite lines through conventional breeding methods such as backcrossing and is maintained using specific genetic and cytoplasmic combinations. Advances in biotechnology, including protoplast fusion and genetic engineering, have further enabled the development of novel male sterility systems. In India, research on transgenic male sterility is underway to expand its application in vegetable breeding programs. As the demand for high-yielding and uniform hybrids increases, the role of male sterility in crop improvement continues to gain significance. In conclusion, furthermore, incorporating biotechnological techniques into traditional breeding methods can help overcome existing constraints, hastening the development of improved hybrid crops.
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1. INTRODUCTION:
Vegetable is the term given to edible plant parts, a group of horticultural plants grown for human consumption for their nutritional value.  These include leaves (spinach, lettuce), roots  (carrots, radish), tubers  (potatoes, sweet potatoes), flowers (cauliflower, broccoli), seeds (peas, beans),  fruits  (tomatoes, cucumbers, eggplant), and stems (celery, asparagus). Vegetables are considered protective foods and also play an important role in providing a balanced diet to human beings (Kumari et al., 2025). Vegetables are among the most extensively utilised crops for exploiting heterosis to develop high-yielding hybrids. Over the past two decades, open-pollinated varieties in crops such as tomato, cabbage, okra, capsicum, gourds and melons have increasingly been replaced by hybrids [1]. The development and adoption of hybrids by both public and private sectors have significantly boosted vegetable production in India. Hybrid seeds have enabled the creation of novel varieties characterised by early maturity, robust growth and higher yields. Given the limited availability of land for vegetable cultivation, hybrid vegetable technology presents a practical strategy to enhance productivity. Under optimal crop management practices, vegetable hybrids outperform improved open-pollinated varieties economically and agronomically. In addition, hybrids offer advantages such as uniform fruit size, earliness, adaptability to adverse conditions, enhanced nutritional value, improved shelf life and stress resistance [2].
The male sterility system in plants has traditionally been utilised for hybrid seed production. In the last three decades, genetic manipulation for male sterility has revolutionised this area of research related to hybrid seed production technology (Gautam et al., 2023; Khan et al., 2023). Male sterility has been commercially exploited to facilitate hybrid seed production in vegetable crops, where manual emasculation is labour-intensive or unfeasible. Significant progress has been made in understanding male sterility mechanisms, including Genic Male Sterility (GMS), Cytoplasmic Male Sterility (CMS) and Cytoplasmic-Genic Male Sterility (CGMS) systems. Genic male sterility is a predominant system that is vastly deployed and exploited for crop improvement (Abbas et al., 2021).GMS is commonly used in crops like chilli and cucurbits, while CMS is used in cole crops and root crops. Cytoplasmic male sterility (CMS) is a maternally inherited trait that causes dysfunctions in pollen and anther development. CMS is caused by the interaction between nuclear and mitochondrial genomes. A product of a CMS-causing gene encoded by the mitochondrial genome affects mitochondrial function and the regulation of nuclear genes, leading to male sterility (Toriyama,2021). In crops with small flowers where hand emasculation is difficult, the use of male sterile lines proves to be an effective and economical strategy for hybrid seed production. These advancements underline the pivotal role of hybrid vegetable technology in India’s agricultural landscape, positioning it as a promising tool to address future food security challenges with superior-quality and high-yielding varieties 
2. DETECTION OF MALE STERILITY SYSTEM 
Under field conditions, the male sterile system is identified by observing the pollen at the flowering stage of the plant. All the progenies in case of a cross are observed, and the ratio is derived by recording the total number of plants classified into pollen sterile and pollen-fertile. These are broadly classified into GMS, CMS and CGMS lines and clubbed into the following types [3]:
· Type I - All progenies in all the rows may be sterile CMS
· Type II - Some rows may consist of all fertile, some rows sterile and fertile in a 1:1 ratio- GMS
· Type III - Some rows fertile, some rows sterile and some rows sterile and fertile in a 1:1 ratio - CGMS
3. CLASSIFICATION OF MALE STERILITY:
There are three basic types of male sterility: (1) Genetic male sterility, (2) Cytoplasmic male sterility and (3) Cytoplasmic genetic/genic male sterility. There are two other types, viz., chemical-induced male sterility and transgenic male sterility.
3.1 Genetic Male Sterility:
	Genetic male sterility (GMS) is regulated by genes within the nucleus. This type of sterility is controlled by a single recessive gene, denoted as (ms) and has been observed in a number of crops, viz., tomato, brinjal, chilli, sweet pepper, pea, lima bean, pumpkin, squash, watermelon, muskmelon, ridge gourd, cucumber, cauliflower, cabbage, broccoli and Brussels sprout. All transgenic male sterile lines developed to date are classified as GMS, as it has been developed through the transformation of male sterility-inducing gene constructs within the nuclear genome [4]. Examples of utilisation of GMS are given below: 
Tomato
There are five types of male sterility in tomato, but only the pollen abortive type (sporogenic) and functional sterility have been exploited for hybrid seed production. Other male sterility mechanisms are associated with defective fruit development in the hybrid progeny.
More than 55 alleles of male sterility (ms) have been identified in tomato, which induce sporogenous, structural and functional sterility [4]. The chromosomal locations of some of these genes have been determined. There are four types of male sterility in tomato. Each one is governed by a single recessive gene. The stamenless type produces misshapen fruit in the F1 hybrid generation, where positional sterility is not stable. 
Two stamens-less mutants, namely stamenless-1 (sl-1) and stamenless-2 (sl-2), exhibit a temperature-dependent phenotype of tomato has been found. At higher temperatures, these mutants produce flowers devoid of stamens, whereas at lower temperatures, they produce flowers with abnormal stamens and often viable pollen. A similar temperature-dependent fertility restoration has been reported in ms-15 and ms-33 mutants, with temperatures above 30°C being associated with fertility restoration [5]. 
SKUAST, Kashmir, developed two high-yielding hybrids named “Shalimar Tomato Hybrid-1” and “Shalimar Tomato Hybrid-2” with the use of the male sterile gene (ps) in Shalimar FMS-1. 
Chilli
Genetic male sterility serves as a crucial mechanism for controlling pollination, and it has been commercially exploited for hybrid seed production in chilli. The induced male sterile allele in France (mc-509, renamed as ms-10) was introduced in India at Punjab Agriculture University, and was introgressed into three chilli genotypes, namely MS12, MS13 and MS41, which carry genetic male sterility (GMS) controlled by a recessive gene (msms). The male sterile line (MS-12) was developed by transferring sterility gene (ms-509, renamed as ms-10) from Capsicum into the cultivar “Punjab Lal” through back crossing (Singh and Kaur, 1986). By utilising this male sterile line (MS-12), PAU has released three chilli hybrids, namely CH-1 (MS-12 × LLS), CH-3 (MS-12×2025) (Dhall, 2011) and CH-27 (MS-12 x S-343). A GMS line, “ACMS2”, possessing a monogenic recessive gene (acms2acms2), has been reported by [6]. The MS-3 line, introduced from Hungary, is maintained at AVRDC, Taiwan.
Bell pepper (Capsicum)
In bell pepper, genic male sterile (GMS) lines are being used to a limited extent for hybrid seed production. Shifriss and Frankel (1969) found spontaneous genetically male-sterile plants in the cultivar ‘All Big’. Male sterility was determined by a single recessive gene. Due to this sterility, parthenocarpic fruits developed in unfertilized flowers throughout the season. GMS lines are maintained by hand pollination using heterozygous fertile plants as males [7].
Muskmelon
The first recessive male sterile line was reported by Bohn and Whitaker 1949 and since then, at least four additional male sterile recessive alleles, viz., ms-2, ms-3, ms-4 and ms-5 have been reported, and all of them are recessive and non-allelic. The phonotype of ms-4 plants is different from that of ms-1, ms-2, ms-3 and ms-5. Male-sterile gene ms-1 was introduced in India in 1978 and used to release two commercial cultivars viz, Punjab Hybrid [8] and Punjab Anmol [9].
Okra
A Genetic Male Sterile line of okra was identified by the Division of Vegetable Crops, Indian Institute of Horticultural Research (IIHR) and is being utilised for the development of commercial F1 hybrid “Arka Nikita”. Male sterility in okra is controlled by a pair of single, recessive genes and can be utilised for hybrid seed production. 
Carrot
This is one of the few species in which male sterility was documented very early in the year 1885 [4]. There are three types of male sterility in carrot (1) Brown anther (ba) (Welch and Grimbal, 1947) (2) Petalloid (pt) (Thompson, 1962) and (3) Gummifer 
The brown anther (ba) male sterility was first discovered in the cultivar “Tendersweet”. Brown anther type male sterility is due to the interaction of “Sa cytoplasm” with at least two independent recessive nuclear genes. 
Petaloid sterility is commercially used for hybrid seed production in the world. The pt type of male sterility is due to the interaction between “Sp cytoplasm” and two independent dominant genes (M1 and M2). It is stable across a wide range of environments through flowering and seed production.
Cauliflower
Male sterility in cole crops is mainly governed by a recessive character. A single ms gene mutated from a male fertile Ms gene was reported in cauliflower by Nieuwhof (1968) [10] and was designated as ms-4 and ms-C. Van der Meer (1985) reported male sterility under the control of duplicate dominant genes with a cumulative effect [11].
Broccoli
Genetic male sterility has been isolated from the variety “Calabrese” and purple heading broccoli. Dunemann and Grunewaldt (1987) induced male sterility in broccoli by in vitro mutagenesis. Genetic male sterility is controlled by recessive male sterility (ms) genes, of which several (designated as ms-1, ms-2, ms-4, ms-5 and ms-6) have been identified; they are non-allelic [12].
3.2 Cytoplasmic Male Sterility (CMS)
Cytoplasmic male sterility (CMS) is a phenomenon characterised by the inability of plants to produce functional pollen, which is attributed to the sterility factors present in the cytoplasm. This sterility is a consequence of mitochondrial dysfunction, specifically mutations in the mitochondrial genome (mtDNA). The manifestation of CMS in plants involves mutations, novel gene formations and rearrangements in the mt-DNA sequences. Classic examples of CMS include the CMS-T in maize, Ogura CMS and Anand CMS in cole crops. CMS is observed in a variety of crops, including cole crops such as cauliflower, cabbage, broccoli and Chinese cabbage; root crops like carrot, radish and turnip; and other crops such as sweet pepper and cucumber. The CMS trait is maternally inherited due to the role of the mt-genome in expressing male sterility and the exclusion of mitochondria from the pollen during fertilisation. Consequently, the offspring of male sterile plants are invariably male sterile, as the cytoplasm of a zygote is derived from the egg cell [13]. Examples of utilisation of CMS are given below:
Chilli
The genic male sterility (GMS) system in non-pungent bell pepper can be converted to the CMS male sterility system. The conversion of GMS to CMS for the non-pungent bell pepper line “GC3” was conducted by introgression of S-type cytoplasm and the Rf allele from tropical pungent donors. This is the first time that GMS has been successfully converted to CMS in bell pepper [13].
Carrot
The CMS system has been established for the first time in Asiatic carrot germplasm in India at IARI. Cytoplasmic male sterility system has been established for the first time in tropical carrot, and tropical carrot hybrid, “Pusa Vasudha” has been developed, which is the first from any public sector institution.
Onion
The first ms plant was reported in the progenies of Italian Red. It is due to 2 recessive genes, ms1 and ms2. Two types of sterile cytoplasm, viz., S and T, are reported, among which S-cytoplasm is exploited most widely [14]. 
Worldwide, more than 50% onion varieties currently cultivated are F1 hybrids derived from S-cytoplasm. In India, the work gained momentum in the eighties at IIHR (Bangalore), IARI (New Delhi) and MPKV (Rahuri). At IARI, male sterility was found in a commercial variety “Pusa Red”. 
“Arka Kirtiman”, & “Arka Lalima” (IIHR, Bangalore), “Hybrid-63” & “Hybrid-35”  (IARI, New Delhi) are hybrids developed through the use of male sterility. The male sterile lines introduced from the U.S.A., Japan and the Netherlands showed instability in India due to prevalent photoperiodism and high temperature [15]. 
Radish
In Brassica oleracea L. first CMS system was developed by Pearson (1972) through inter- specific hybridisation between B. nigra and B. oleracea var italica [16].
(i) Ogura cytoplasm: This CMS system has been reported by Ogura (1968) in an identified cultivar of Japanese radish, and the first alloplasm was introduced by introgression of this sterility cytoplasm to Brassica oleracea genome through repeated backcrosses with broccoli. Recently Ogura Ogura-based CMS lines developed in snowball cauliflower, viz., Ogu1A, Ogu2A and Ogu3A, for hybrid development in cauliflower [17]. 
(ii) Anand Cytoplasm: The Anand cytoplasm derives from the wild species B. tournefortii. It was transferred from B. rapa to B. oleracea through cybridization. The presence of Anand chloroplasts with a B. oleracea nucleus did not result in cold temperature chlorosis as seen in Ogura CMS plants [18].
Cabbage
In India, the IARI regional station Katrain developed two Cabbage hybrids, H-64 & KCH-4, using the Ogura cytoplasm CMS system.
Cauliflower
CMS is apparently not found in cauliflower or other cole crops but has been introduced from several other sources. Cytoplasmic male sterility has been reported in an identified cultivar of Japanese radish by Ogura (1968) and was introduced by transferring to Brassica oleracea genomes through repeated backcross with broccoli. The Ogura-type cytoplasmic male sterility was transferred into heat tolerant Indian cauliflower from kale and broccoli through repeated backcrosses, four lines (MS-91, MS 51, MS-11 and MS-110) from the former and five lines (MS-01, MS-04, MS-05, MS-09 and MS-10) from the latter were developed, which are now being used in heterosis studies [17, 18].
Broccoli
In Brassica oleracea L. the first CMS system was developed by Pearson (1972) through inter-specific hybridisation between B. nigra (wild mustard), having sterile cytoplasm and B. oleracea var. italica (broccoli). Artificially produced tetraploid amphidiploid plants were backcrossed with pollen from broccoli to transfer the broccoli nuclear genome into the sterile cytoplasm derived from the B. nigra [16].
3.3 Cytoplasmic-Genic Male Sterility (CGMS)
Cytoplasmic-Genic Male Sterility (CGMS) is a phenomenon that differs from CMS, where the nuclear gene responsible for restoring fertility in male sterile lines is known. This was first reported by Jones and Davis in 1944 in the Onion. The fertility restorer gene, denoted as ‘R’, is dominant and found in certain crop species. The CGMS is not solely due to a genetic or cytoplasmic factor but is the result of an interaction between the nuclear gene and sterile cytoplasm. Therefore, sterility or fertility in such plants is determined by the contribution of both nuclear genes and cytoplasm. In addition to the sterile cytoplasm, sterility is determined by a single recessive gene (ms ms) in crops like onion, radish, cabbage, cauliflower, chilli and sweet pepper. In beet, it is determined by two recessive genes (xx zz) and in carrot, it is determined by a dominant gene (Ms or Ms Ms) [20]. Examples of utilisation of CGMS are given below:
Tomato
Through protoplast fusion of Lycopersicon esculentum with Solanum acaule and S. tuberosum, cytoplasmic male sterile cybrid plants have been isolated, which have different flower morphology than tomato. Recently, sterile cytoplasm from L. peruvianum has been transferred into L. pennellii. Subsequently, CMS pennellii has been successfully crossed with esculentum. This hybrid provides a basis for the development of a CGMS system in tomato derived from the sterile cytoplasm of peruvianum [20]. However, the practical utility of these CGMS would depend upon the identification of a restorer gene in tomato.
Carrot
In India, at IARI, petaloid CGMS was transferred to Nantes type and crossed it with the indigenous variety “Pusa Yamdagini” to develop the hybrid “Pusa Nayanjyoti” in 2009. 
Chilli
The World Vegetable Centre (WVC), Taiwan, has successfully identified two Cytoplasmic Genetic Male Sterility (CGMS) lines, viz., CCA-4759 and CCA-4757, specifically A lines, in chilli. Under conditions where the night temperatures fall below 15 0C, these lines have demonstrated reliable sterility [21]. Another CGMS line, CCA4261, was introduced at the Indian Institute of Vegetable Research (IIVR) from the Asian Vegetable Research and Development Centre (AVRDC). This line has been utilised to produce a hybrid known as Kashi Surkh (CCH-2). Furthermore, three CGMS-based hybrids, viz., Arka Meghna (MSH-172), Arka Harita (MSH-149) and Arka Sweta (MSH-96) have been developed at the Indian Institute of Horticultural Research (IIHR), Bangalore. 
Bell pepper (Capsicum)
CGMS is another system of sterility by which hybrids are produced in Capsicum. Peterson (1958) described a CGMS system in peppers, but it was found to be unstable and fertile pollen developed under cool conditions [22].
Ridge gourd
At the ICAR-IIHR, Bengaluru, two male sterile mutants, namely IIHRRG-12MS (long fruited) and IIHRRG-28MS (medium long fruited), were identified from the ridge gourd germplasm IIHR-12 and IIHR-28, respectively. 
Onion
In onion, male sterility is due to the interaction of cytoplasm and nuclear genes, i.e. cytoplasmic genetic male sterility (CGMS). The first male sterile plant (13-53) was reported within the progenies of an onion cultivar ‘Italian Red’, which was cytoplasmically inherited, and male sterility was under the control of a single recessive nuclear restorer locus [23]. 
Cabbage
The IARI Regional Station Katrain (Kullu Valley) has evolved some hybrids in cabbage by utilising the Ogura CMS system, and one of the hybrids (KCH-5) was in field testing under the All India Coordinated Research Project on Vegetable Crops.
4. LIMITATIONS OF USING MALE STERILITY
These are the major limitations of male sterility in vegetable crops [24].
1. Unsatisfactory fertility restoration as it influenced by the environment.
2. The utilisation of MS systems in agricultural species faces limitations due to the scarcity of available MS resources.
3. The incorporation of the MS trait into commercial crop varieties can be challenging, particularly due to issues related to linkage drag.
4. The management and upkeep of MS lines pose significant challenges.
5. Crops exhibiting male sterility may demonstrate inferior agronomic performance.
6. Male-sterile crops are often highly susceptible to diseases.
7. Hybrid production costs tend to be higher due to the utilisation of male sterile, fertile and restorer lines in breeding programs.
8. The method is not applicable to asexually propagated crops or for producing hybrids in crops where seed or fruit improvement is a priority.
CONCLUSION:
	Male sterility is a crucial tool for lowering the cost and labour associated with hybrid seed production since it eliminates the need for manual emasculation, hence increasing efficiency and profitability. The identification and development of stable male sterile lines across a wide range of environmental conditions, as well as the incorporation of desirable horticultural traits, are critical for the successful use of this system. Furthermore, incorporating biotechnological techniques into traditional breeding methods can help overcome existing constraints, hastening the development of improved hybrid crops.
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