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Soybean is a predominantly self-pollinated crop. It is also one of the important oilseed legumes. Soybean is an excellent crop having industrial, traditional, culinary, feeding, and cultural roles. Genetic diversity in breeding programs is of prime importance as it ensures the success of any breeding by enhancing the outcomes and results of the plants. The phenomenon wherein the progeny exhibits greater biomass (yield) and a faster rate of development and fertility than its parents is referred to as heterosis. As of now, heterosis is mainly limited to the trait of seed yield and is considered the basis for the development of better (superior) varieties. Male sterility (MS) is extensively used for the production of seeds and the improvement of crops coupled with the traditional breeding programs and molecular technology. Therefore, deployment of MS and heterosis in breeding soybean could yield better outcomes. This review aims to focus on two aspects, namely, MS and heterosis in soybean with its scope for crop improvement.
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Introduction

Soybean [Glycine max (L.) Merrill, Fabaceae; 2n = 4x = 40] is a self-pollinated crop. It is a multifaced nutritional food crop with high amounts of proteins (40%), fats (20%), oil contents and as a medicinal crop (Hymowitz, 1970; Singh et al., 2001; Rodrigues et al., 2006; Medic et al., 2014; Rajendran and Lal, 2020; Rajendran et al., 2022; Ramlal et al., 2022). Soybean is a paleopolyploid which has resulted in the presence of more than one copy of a gene in about 75% of its genes and shows differential expression (Friedrichs et al., 2016). The occurrence of domestication of soybean from its wild relative Glycine soja Sieb. and Zucc. dated back to 3,000–5,000 years in China and the landraces are spread throughout the globe (Carter et al., 2004; Tavaud-Pirra et al., 2009). The duplicated genes in homologous regions might interact similarly with the heterozygous alleles at the single locus. In contrast, the unequal allelic expression has been observed in hybrids due to differences in gene regulation (Burton, 2011). The discovery of female fertile mutants and male sterility (MS) in soybean by Brim and Young (1971) led to the path for heterosis in soybean (Gadag and Upadhyaya, 1995). The concept of heterosis is of prime importance in agriculture which in turn is essential for the production of seeds (yield) (Pandini et al., 2002). Heterosis, or sometimes it is referred to synonymously as “hybrid vigor,” is defined as the superiority of F1 seeds in terms of developmental rate, viability, resistance to diseases, and yield over their parents (two or more) having different genetic constitutions (Fehr, 1987; Pandini et al., 2002; Wu et al., 2021) that is widely used in various agriculturally important crops like rice and maize, vegetables, and perennials (Vaillancourt et al., 1995; Arcade et al., 1996; Kopp et al., 2002; Marcelo et al., 2007; Chen et al., 2020; Wang et al., 2021; Yu et al., 2021; Zhang et al., 2021). The success of the development of hybrids in soybean largely depends on the magnitude and direction with which it is being produced. Breeding and varietal development explicitly depend on the extent of heterosis (Gadag and Upadhyaya, 1995). “Soybeans show little heterosis, when they are crossed. Similarly, there is little inbreeding depression soybean self-pollinate” (Pioneer Hi-Bred International, Inc.). The main criteria for the production of heterosis in soybean include seed yield and the ability to produce hybrid seeds on a large scale. The extent of success in any breeding program depends on the availability of genetic diversity of the crops (Manjarrez-Sandoval et al., 1997). A total of 156,849 germplasm collections are available in soybean (Carter et al., 2004). The genetic diversity is increased by the availability of germplasm accessions, which thereby enhances soybean breeding programs simultaneously preserving the rare alleles that contribute to unique collections of germplasm. Understanding the germplasm and genetic diversity in crops is important for development and is, therefore, important in determining effective strategies that can improve agronomic traits (Jo et al., 2021).

The genetic distance in crops can be assessed by two parameters, namely, restriction fragment length polymorphism-based genetic similarity (RFLP-GS) and coefficient of parentage (CP). RFLP is defined as the bands common among the two genotypes, while the CP (also referred to as co-ancestry) is the probability of a random allele of one genotype is similar to that of another one at the same locus (Manjarrez-Sandoval et al., 1997). The methods that can evaluate genetic similarity include the estimation of genetic variance and heterosis. Similarly, molecular markers like random amplified polymorphic DNA (RAPD) and simple sequence repeats (SSRs) along with morphological (phenotypic traits) and biochemical (isozymes) markers can also be used to evaluate the genetic distance (Corrêa et al., 1999; Brown-Guedira et al., 2000; Kachare et al., 2020). The genetic diversity in the Chinese cultivated soybean was studied using the CP by Cui et al. (2000), using morphological traits by Dong et al. (2004), and using SSR markers by Wang et al. (2006). Similarly, using molecular markers like RAPD, various groups have studied the genetic diversity in soybean; Doldi et al. (1997) analyzed RAPD, Brown-Guedira et al. (2000) used SSRs and RAPD for American accessions, Li and Nelson (2001) used RAPDs for evaluating diversity in accessions of South Korea, Japan, and China, and Mulato et al. (2010) utilized SSR and EST-SSR along with other reports. Interspecific and intervarietal hybridization in soybean has been carried out for a long back for the improvement and to introduce variations of desirable genes from the wild-type species of soybean. Agronomic traits such as characters like 100-seed weight, seeds per plant, days to maturity, pods bearing nodes per plant, protein and oil contents, and plant height have been found to be associated with heterosis as was better in the hybrids than the mid and better parents (Khan and Dar, 2009).

Whenever the male reproductive parts fail to undergo normal developmental processes and produce organs that are nonfunctional, aborted, or absent and fail to participate in sexual reproduction, that phenomenon is referred to as MS. The primary types of MS include genetic MS (GMS), cytoplasmic MS (CMS), and cytoplasmic nuclear (Saxena and Hingane, 2015). So far, in soybean, the following MS systems have been developed via spontaneous process [GMS and environment-sensitive MS (ESMS)] and mutagens (GMS) (Saxena and Hingane, 2015). There are various applications of MS in crop improvement and breeding programs, namely, population and hybrid breeding along with utilization in heterosis (Saxena and Hingane, 2015; Li et al., 2019). With the involvement and implementation of modern techniques that include DNA methylation, transcriptional regulation, and histone modification (epigenetics), the scope of heterosis is widened, thereby assisting in elucidating the molecular and genetic basis of heterosis (Song et al., 2020). Similarly, MS can be induced through molecular cloning, recombinant methods, and plant transformation (Li et al., 2019), even though the main problem in the breeding programs is the identification and selection of parents producing progeny having superior characters. Moreover, despite tremendous efforts, the extent of hybridity is still restricted to the F1 generation only and the explanation for this cause is still least understood. Therefore, this review aims to provide an overview of the heterosis and MS in soybean and their applications and potential scope in developing novel progenies having better qualities than either of the parents.



Heterosis in soybean

Heterosis is a complex phenomenon that involves many quantitative genes from vegetative growth-related genes to flowering and biomass to genes that provide resistance and tolerance against different stresses (Baranwal et al., 2012; Ryder et al., 2019) and proved to be a beneficial approach for improving economically important traits in crops. Although the field of heterosis in soybean is not new, it still significantly lacks updated information on the mechanisms of epigenetics in soybean.


History of the development of heterosis in soybean: Field to lab

Many studies carried out by Veatch (1930), Woodworth (1933), Weiss et al. (1947), Kalton (1948), Leffel and Weiss (1958), Caviness and Vathana (1968), and Weber et al. (1970) reported the occurrence of heterosis in all the quantitative characters of soybean (Chaudhary and Singh, 1974). Brim and Cockerham (1961) generated F1 seeds through hand pollination. In contrast, some groups like Campos (1979) reported positive seed yield and developed an association with its components, while other groups reported negative heterosis between the seed weight and seeds per pod (reviewed by Gadag and Upadhyaya, 1995). Notably, Veatch (1930) reported 35.5% average mid-parent heterosis for yield and Paschal and Wilcox (1975) reported 8% average high-parent heterosis (reviewed by Cerna et al., 1997). Kiang and Gorman (1983) showed that high-yielding lines that were identified from the populations were developed by crossing genotypes with significantly greater genetic distances than any two others drawn at random. The genetic distances were estimated for 12 polymorphic isozyme systems (markers) on 100 soybean cultivars of the USA. The correlation between isozyme genotypes and quantitative traits has also been determined in two interspecific crosses (Kiang and Gorman, 1983; Cerna et al., 1997). Soybean shows the presence of heterosis. Out of eight crosses, five crosses showed and yielded positive transgressive parents with average heterosis of 32.7% than the mid-parent values (Gai et al., 1984). Nelson and Bernard (1984) showed around 19% heterosis for the trait yield and predicted that parental characteristics and pedigree of parents are sufficient to comment on the heterosis (Nelson and Bernard, 1984). Gadag and Upadhyaya (1995) selected seven lines of soybean, namely, Monetta, Bragg, Hardee, KHSb-2, Local Black Soybean (LBS), DS-74-62, and SL-96, and were crossed in all the combinations possible. The heterosis percentage of the better parent was obtained from −19.3 to 31.2 for days to flowering, −5.5 to 8.0 for days to maturity, plant height from −57.5 to 40.2, −39.8 to 69.1 for primary branches, −43.7 to 110.1 for the number of pods, −14.8 to 16.7 for seeds per pod, −45.5 to 21.7 for 100-seed weight, −43.6 to 121.9 for grain yield, −10.8 to 12.2 for protein content, and −14.2 to 11.3 for oil content. A total of nine hybrids showed yield superiority over better parents and three of them were significantly high yielding than the best parent (Gadag and Upadhyaya, 1995). They also reported that grain yield was higher in the hybrid of Bragg × Monetta and resulted in 170.9% more than the mid-parent and 121.9% more than the better parent. They further concluded that the hybrid obtained from crossing KHSb-2 × DS-74-62 was found to be the most promising with the better parent for the traits like plant height, days for flowering, pods per plant, 15.4% more yield, and 2.9% more oil than the best parent (Gadag and Upadhyaya, 1995). According to Manjarrez-Sandoval et al. (1997), the CP of parents predicted genetic variance accurately in the five inbred populations of soybean (Manjarrez-Sandoval et al., 1997). Pandini et al. (2002) reported that the genotype MTBR-95-123800 has its own potential use per cross for high yield. Shuming et al. (2002) attempted 1,326 crosses and observed average heterosis of 6.8% for each trait over high parental values. Burton and Brownie (2006) reported that the occurrence of yield heterosis in F1 and F2 generations of the progeny obtained by crossing two inbred lines of soybean was due to either more number of genes (duplications) favor heterosis or it is a result of gene complementation. They also compared the results of the studies of Brim and Cockerham (1961) (Gadag and Upadhyaya, 1995; Burton and Brownie, 2006). Hybrids, namely, DSb 1 × MACS 201, DSb 1 × PK 472, LSb 3 × PK 472, and DSb 1 × PK 1029 showed positive heterosis for yield per plant over mid-parent and better parent, whereas hybrids obtained from LSb 3 × MACS201 for oil content and JS 90-41 × PK472 for protein content showed positive heterosis (Ramana and Satyanarayana, 2006). According to Khan and Dar (2009), for the two traits, namely, pod length and seeds per pod, none of the 11 hybrids showed positive heterosis. Hybrids such as Bragg × JS 335, Bragg × DS 2106, and RSC-4 × DS 2106 showed heterosis for the pods per plant. Therefore, it can be concluded that seeds per pod, pod length, and the number of pods per plant manifest heterosis in soybean (Khan and Dar, 2009). The other events are given in Table 1.


TABLE 1    Development of heterosis in soybean.
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Generation of heterosis and male sterility in soybean


Epigenetics

Recently, epigenetics, the science of expression changes through DNA methylation, utilization of non-coding RNA (ncRNA), and histone modifications, is used in plant breeding as well as in determining the performance of hybrids. Here, phenotypic variation is observed as a result of changes in nucleotide sequences but not due to gene functions. At present, this area is utilized in crop improvement and plant breeding sciences (Tsaftaris et al., 2008; Gallusci et al., 2017; Rajnović et al., 2020). Nakamura and Hosaka (2010) observed that the levels of methylation were significantly different in the parents and hybrid potatoes and also stated that homozygosity and heterozygosity of the methylated DNA are known to regulate heterosis and inbreeding depression, respectively. Wang et al. (2018) studied that the methylation-sensitive amplification polymorphism (MSAP) method using the capillary electrophoresis was used for the estimation of cytosine methylation in the 15-day post-emergence leaves of parental and hybrid lines and reported that hypermethylation can be used for increasing the stem diameter. In contrast, Sun et al. (2015) and Kawanabe et al. (2016) showed that there is a relationship between heterosis and methylation of DNA. Chen et al. (2022) showed that there is a significant difference in the differentially methylated sites in the reciprocal hybrid of soybeans in different combinations (Chen et al., 2022). Hence, other plausible alternatives can be explored.



Clustered regularly interspaced short palindromic repeats-Cas

Some of the most popular genome-editing tools developed and used so far include the recently proposed method that uses the RNA, a guided approach for editing the target genome referred to as clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 9 (CRISPR-Cas9) nuclease system (Zhu et al., 2020). This technique is being utilized in soybean as well along with other agriculturally important crops like rice, wheat, and tomato in crop improvement programs (Chen et al., 2021). Recently, stable MS lines were produced using this method in soybean using the ABORTED MICROSPORES (AMS) homologs that aid in the production of pollen wall and help in the degradation of the tapetum. The GmAMS1 produces MS lines, while GmAMS2 fails to produce (Chen et al., 2021). This area can be explored further for the development of such MS lines in soybean by taking the cues from similar studies carried out using carbon starved anther (CSA) for the generation of photosensitive male-sterile lines in rice (Li J. et al., 2016), temperature-sensitive sterile lines in rice using the TMS5 gene by Zhou et al. (2016), Ms1 knock-out in wheat, and the stamen-specific gene (SlSTR1) for tomato by Okada et al. (2019) and Du et al. (2020), respectively.



Omics

The omics approaches include transcriptomics at the gene and transcriptional level, and proteomics at both the protein and translational levels along with high-throughput sequencing methods are emerging methodologies that are being used for the generation of MS and induction of heterosis in plants (Li et al., 2019; Li et al., 2022; Liu et al., 2022). The reports using the omics technology for harnessing heterosis and developing MS lines in soybean are scant. However, Zhang et al. (2017) observed that 681 and 899 genes were identified that are differentially expressed between the flowers of two hybrid soybeans, namely, HYBSOY-1 and HYBSOY-5, and their parents, respectively.




Male sterility and its mechanism in soybean


Male sterility in soybean

Male sterility in plants refers to a phenomenon where the reproductive structures either fail to develop or show reduced growth. These can be either of nuclear origin (nuclear/genetic; NMS) or mitochondrial genes (cytoplasmic; CMS) along with another MS system known as photoperiod/temperature-sensitive genic MS (PTGMS) which is also referred to as environment-sensitive genic MS (EGMS) (El-Namaky and van Oort, 2017; Li et al., 2019; Nadeem et al., 2021). There are various demerits associated with these systems of sterility. For instance, due to excessive inbreeding, the CMS system possesses low genetic variability and the ability of restoration of CMS is also less but can be used to induce disease traits. In contrast, the case of photoperiod/temperature-sensitive genic MS requires specific environmental conditions to induce either male or female sterility. Thus, it cannot be applicable to all places. Hence, NMS proves to be as compared to other systems of sterility and could be utilized during hybrid breeding programs (Li et al., 2019). Li et al. (2019) described the main NMS and CMS that have been developed in soybean from 1928 to 2019 and 1985 to 2016, respectively.

The first nuclear MS line was produced by Owen (1928), while the first cytoplasmic male sterile line was developed by Davis (1985). As of now, over 50 CMS and 30 NMS mutants have been identified in soybean (Li et al., 2019). Mutation-induced sterility in soybean is primarily of two types, namely, male sterile, female sterile (MS-FS) and male sterile, female fertile (MS-FF), wherein in the former one, both male and female reproductive systems get affected, while in the latter one, only the male reproductive system lost its function, while the less or a reduced effect is seen in the female. The MS-FF lines are used more commonly in research owing to their ability to set seeds. The sterile lines are greatly used in the breeding programs (to develop novel varieties through recombining genotypes) and to understand the genetics of microgametogenesis and microsporogenesis. There are many criteria for the development of hybrids in soybean such as (1) yield increases must be realized in the Fl generation, (2) regular supply of female parents for crossing must be there for the male-sterile soybean plants, and (3) the transfer of pollens occurs between male-sterile and male-fertile plants. Nelson and Bernard (1984) used the lines of MS-FF for the production of F1 for the assessment of heterosis (Graybosch and Palmer, 1988). There is no economical way for the production of F1 hybrid seeds due to the unavailability of a good CMS/NRS and adequate numbers of pollen vectors (Burton, 2011). The composition of nuclear and cytoplasmic genes confers the MS in soybean. In some cases, it is monogenic in nature while becoming polygenic when the same genotype of a nucleus interacts with different cytoplasmic genes. It has been observed that inter- and intra-allelic complementation also affects fertility restoration in soybean. In the case of soybean, both gametophytically and sporophytically controlled restoration genes were reported (Li et al., 2019).



Molecular basis of male sterility

There are recent pieces of evidence of unraveling the genetic mechanisms of MS in soybean but still many of the questions have remained unanswered. The crucial developmental stages include stamen primordial formation to maturation into pollens and thus occurrence of pollination, wherein any InDel mutations will result in the failure of normal functioning and cause sterility in males. The abnormality in the development of male flower arises from the mutations in the mitochondrial genome that resulted in the cytoplasmic MS suppressing the restorer of fertility (rf) genes. GmMADS28, a flower-enriched region of the AGL9/SEP subfamily, is associated with the filament length, the number of floral organs, the release of pollens, and sterility in soybean. In contrast, other reports showed that CMS also arises from the atp gene that forms ATPase. Later on, it was observed that CMS genes contain some parts of ATPase genes that in turn disrupt ATP production and cause MS. Furthermore, GmMF1 is also associated with causing MS. In contrast, there are two pairs of restorers of fertility, including NJCMS1A is linked with the linkage groups (LGs), namely, “M” (loci: Satt626) and “A1” (loci: Satt300) and NJCMS2A is linked with the LG, namely, “D2” (loci: Satt135) (Li et al., 2019). Due to the lack of availability of fine mapping of the loci involved in MS, the molecular mechanisms remain obscured (Zhao et al., 2019). A total of 94 sterile mutants were identified and three-line system-based CMS was also developed (Ray et al., 2003; Palmer et al., 2012; Zhao et al., 2019; Nadeem et al., 2021). Along with these, three CMS restorer loci and two independent locus Rf-m were fine-mapped (Wang et al., 2016; Zhao et al., 2019). Similarly, genes related to NMS have also been identified in soybean. The LGs containing ms3 and ms4 on LG-D1b and ms1 and ms6 on LG-F are found to be involved in nuclear-based MS in soybean (Nadeem et al., 2021) [refer to Nadeem et al. (2021) for more information], although the molecular and genetic mechanisms are yet to be elucidated in soybean (Li J. et al., 2016; Nadeem et al., 2021).




Applications of heterosis and male sterility in soybean breeding


Scope of heterosis in crop improvement

There have been many incidences of technological advances in the field of agriculture to meet the growing demands for more food. However, we are facing many issues in managing the needs of the growing population. With the advent of technological advancement to meet the increasing demands, the utilization of heterosis in agriculture has strengthened the backbone in the production of hybrids in the cross as well as self-pollinated crops (Li et al., 2019). With the over-application of conventional breeding methods, the non-fixable variations remain unutilized in crops like soybean which are self-pollinated (Sharma and Maloo, 2017). With the identification of intercrossing and MS lines in soybean, the efficiency of hybrids can be increased (Sharma and Maloo, 2017). Mutagenesis is yet another powerful tool and technique through which new varieties can be developed (reviewed by Holme et al., 2019; Viana et al., 2019; Ayyagari and Rajendran, 2021). The primary goal in the breeding programs is the selection of parents which can result in producing individuals with high genetic variability for a particular trait (Friedrichs et al., 2016). There are many drawbacks that are associated with traditional breeding, including manual cross-pollination being cumbersome, non-economical, and time-consuming method, whereas MS, pollination through agents (entomophily), and natural means are considered better in producing a large amount of yield (Perez et al., 2009).



Utilization of male sterility

Soybean is a majorly self-pollinated crop (pseudocleistogamous) with a rare occurrence of cross-pollination (Lord, 1981; Fujita et al., 1997; Takahashi et al., 2001) which thereby makes less difficult for the chances of the occurrence of heterosis (Burton and Brownie, 2006). The aim of a breeder is to select the superior genotypes having the better qualities/traits. Sometimes, this is often difficult to obtain due to inbreeding depression which in turn causes a population bottleneck. The potential of MS lines can be explored in soybean. For instance, NMS lines ms1, ms3, ms4, and ms6 including others have been utilized in improving agronomic traits like protein and oil content and yield, while some have developed high-yielding and protein-containing Chinese cultivars (Kenworthy and Brim, 1979; Miller and Fehr, 1979; Burton and Brim, 1981; Junyi and Fehr, 1985; Burton et al., 1990; Roumet and Magnier, 1993; Qijian et al., 1996; Zhao et al., 2005, 2007; Deng et al., 2015; as reviewed by Nadeem et al., 2021).




Conclusion

Glycine max (L.) Merr. bears cleistogamous flowers owing to its features of being cheap, affordable, and a rich source of proteins. Therefore, there are many challenges that are being faced to develop novel varieties, particularly, in soybean to meet the growing needs of food for the ever-growing population. Although soybean heterosis is not a new field, it is a potential area for future research. In spite of its importance, soybean is not gaining momentum in terms of research and scope. The addition of nonadditive genes is generally defined as heterosis. Heterosis helps in increasing the productivity of crops by around 15–50% and possesses the capacity to develop hybrids that contain better qualities than their parents. The most important factors that are commercially used in soybean production include yield, protein, and oil contents. So far, there is no commercial use of heterosis in soybean for the production of hybrids. However, in 2002, China released a hybrid variety of soybean. Since 1930, 14 reports showed that using 456 crosses, positive heterosis was found with the mid-parents ranging from 14 to 46% and high parents ranging from 4 to 34%. Therefore, there is a scope for the development of hybrids in soybean using appropriate methods of heterosis for obtaining superior hybrids. The male-sterile lines are important in understanding and studying the reproduction, cytogenetics, and genetic aspects of a crop to quantify its applicability in the production of hybrids at a commercial scale. The review aims to consider the soybean heterosis and use of MS so that it can be used in crop improvement programs to maximize the gain and, at the same time, ignite young researchers and students working on soybean to explore further as studies on proteins, amino acids, and oils of soybean are very scant.



Author contributions

AyR and AmR conceptualized, resources, and data curated. AyR wrote the original draft and prepared the manuscript. AyR, AN, PB, RK, SM, BP, RV, SS, VK, SK, SKL, DR, and AmR contributed in revising and editing the manuscript. All the authors equally contributed to the manuscript revision and APC, read, and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Arcade, A., Faivre-Rampant, P., Le Guerrou, B., Pques, L. E., and Prat, D. (1996). Heterozygosity and hybrid performance in larch. Theor. Appl. Genet. 93, 1274–1281. doi: 10.1007/BF00223460

Ayyagari, R., and Rajendran, A. (2021). Scope of breeding through mutagenesis in soybean. Agraria 36, 3–8.

Baranwal, V. K., Mikkilineni, V., Zehr, U. B., Tyagi, A. K., and Kapoor, S. (2012). Heterosis: Emerging ideas about hybrid vigour. J. Exp. Bot. 63, 6309–6314.

Bi, Y., Li, W., Xiao, J., Lin, H., Liu, M., Liu, M., et al. (2015). Heterosis and combining ability estimates in isoflavone content using different parental soybean accessions: Wild soybean, a valuable germplasm for soybean breeding. PLoS One 10:e0114827. doi: 10.1371/journal.pone.0114827

Brim, C. A., and Cockerham, C. C. (1961). Inheritance of quantitative characters in soybeans 1. Crop Sci. 1, 187–190. doi: 10.2135/cropsci1961.0011183X000100030009x

Brim, C. A., and Young, M. F. (1971). Inheritance of a male-sterile character in soybeans. Crop Sci. 11, 564–566. doi: 10.2135/cropsci1971.0011183X001100040032x

Brown-Guedira, G. L., Thompson, J. A., Nelson, R. L., and Warburton, M. L. (2000). Evaluation of genetic diversity of soybean introductions and North American ancestors using RAPD and SSR markers. Crop Sci. 40, 815–823. doi: 10.2135/cropsci2000.403815x

Burton, J. W. (1987). “Quantitative genetics: Results relevant to soybean breeding,” in Soybeans: Improvement, production, and uses, ed. J. R. Wilcox (Madison, WI: ASA CSSA SSSA), 211–242.

Burton, J. W., and Brim, C. A. (1981). Recurrent selection in soybeans. III. Selection for increased percent oil in seeds 1. Crop Sci. 21, 31–34. doi: 10.2135/cropsci1981.0011183X002100010009x

Burton, J. W., and Brownie, C. (2006). Heterosis and inbreeding depression in two soybean single crosses. Crop Sci. 46, 2643–2648. doi: 10.2135/cropsci2006.03.0156

Burton, J. W., Koinange, E. M. K., and Brim, C. A. (1990). Recurrent selfed progeny selection for yield in soybean using genetic male sterility. Crop Sci. 30, 1222–1226. doi: 10.2135/cropsci1990.0011183X003000060013x

Burton. (2011). Heterosis in soybean: Can it be useful in breeding?. Available online at: https://soybase.org/meeting_presentations/soybean_breeders_workshop/SBW_2011/Burton.pdf (accessed March 11, 2022).

Campos, L. A. C. (1979). Study on the heterosis, inheritance and correlations of some agronomic characteristics in soybean crossings [Glycine max (L.) Merrill].

Carter, T. E. Jr., Nelson, R. L., Sneller, C. H., and Cui, Z. (2004). “Genetic diversity in soybean,” in Soybeans: Improvement, production, and uses, Vol. 16, eds R. M. Shibles, J. E. Harper, R. F. Wilson, and R. C. Shoemaker (Madison, WI: American Society of Agronomy), 303–416. doi: 10.2134/agronmonogr16.3ed.c8

Caviness, C. E., and Vathana, C. P. (1968). Inheritance and association of height and its components in soybean cross. Crop Sci. 8, 221–224. doi: 10.2135/cropsci1968.0011183X000800020026x

Cerna, F. J., Cianzio, S. R., Rafalski, A., Tingey, S., and Dyer, D. (1997). Relationship between seed yield heterosis and molecular marker heterozygosity in soybean. Theor. Appl. Genet. 95, 460–467. doi: 10.1007/s001220050583

Chaudhary, D. N., and Singh, B. B. (1974). Heterosis in soybean. Indian J Genet. Plant Breed. 34, 69–74.

Chen, L., Zhu, Y., Ren, X., Yao, D., Song, Y., Fan, S., et al. (2022). Heterosis and differential DNA methylation in soybean hybrids and their parental lines. Plants 11:1136. doi: 10.3390/plants11091136

Chen, S., Zhou, C., He, X., Weng, Q., Li, F., Li, M., et al. (2020). Enhanced correlations of EST-SSR-based genetic distance with hybrid performance, specific hybridizing ability, and heterosis using effect-increasing and effect-decreasing alleles: A case study in Eucalyptus L’Hér. Tree Genet. Genomes 16, 1274–1281. doi: 10.1007/s11295-019-1410-1

Chen, X., Yang, S., Zhang, Y., Zhu, X., Yang, X., Zhang, C., et al. (2021). Generation of male-sterile soybean lines with the CRISPR/Cas9 system. Crop J. 9, 1270–1277. doi: 10.1016/j.cj.2021.05.003

Corrêa, R. X., Abdelnoor, R. V., Faleiro, F. G., Cruz, C. D., Moreira, M. A., and Barros, E. G. D. (1999). Genetic distances in soybean based on RAPD markers. Bragantia 58, 15–22. doi: 10.1590/S0006-87051999000100003

Cui, Z., Carter, T. E., and Burton, J. W. (2000). Genetic diversity patterns in Chinese soybean cultivars based on coefficient of parentage. Crop Sci. 40, 1780–1793. doi: 10.2135/cropsci2000.4061780x

Davis, W. H. (1985). Route to hybrid soybean production. US Patents No. 4545146. Dallas, TX: Ring Around Products Inc.

Deng, Y., Zhao, S., Yan, L., Yang, C., Liu, B., Dongfang, Y., et al. (2015). Effect of orthoselection on agronomic traits and genetic base of a male sterile soybean recurrent population. Soybean Sci. 34, 548–554.

Doldi, M. L., Vollmann, J., and Lelley, T. (1997). Genetic diversity in soybean as determined by RAPD and microsatellite analysis. Plant Breed. 116, 331–335. doi: 10.1111/j.1439-0523.1997.tb01007.x

Dong, Y. S., Zhao, L. M., Liu, B., Wang, Z. W., Jin, Z. Q., and Sun, H. (2004). The genetic diversity of cultivated soybean grown in China. Theor. Appl. Genet. 108, 931–936. doi: 10.1007/s00122-003-1503-x

Du, M., Zhou, K., Liu, Y., Deng, L., Zhang, X., Lin, L., et al. (2020). A biotechnology-based male-sterility system for hybrid seed production in tomato. Plant J. 102, 1090–1100. doi: 10.1111/tpj.14678

El-Namaky, R., and van Oort, P. A. J. (2017). Phenology, sterility and inheritance of two environment genic male sterile (EGMS) lines for hybrid rice. Rice 10, 1–17. doi: 10.1186/s12284-017-0169-y

Fehr, W. R. (1987). Principles of cultivar development. New York, NY: Macmillan, 536.

Friedrichs, M. R., Burton, J. W., and Brownie, C. (2016). Heterosis and genetic variance in soybean recombinant inbred line populations. Crop Sci. 56, 2072–2079. doi: 10.2135/cropsci2015.11.0702

Fujita, R., Ohara, M., Okazaki, K., and Shimamoto, Y. (1997). The extent of natural cross-pollination in wild soybean (Glycine soja). J Hered 88, 124–128. doi: 10.1093/oxfordjournals.jhered.a023070

Gadag, R. N., and Upadhyaya, H. D. (1995). Heterosis in soybean (Glycine max (L.) Merrill). Indian J. Genet. Plant Breed. 55, 308–314.

Gai, J., Hu, Y. Z., and Ma, Y. H. (1984). Heterosis and combining ability performed in F1 and F3 hybrids between soybean cultivars from the PRC and US. Soybean Sci. 3, 183–191.

Gallusci, P., Dai, Z., Génard, M., Gauffretau, A., Leblanc-Fournier, N., Richard-Molard, C., et al. (2017). Epigenetics for plant improvement: current knowledge and modeling avenues. Trends Plant Sci. 22, 610–623. doi: 10.1016/j.tplants.2017.04.009

Gizlice, Z., Carter, T. E. Jr., and Burton, J. W. (1993). Genetic diversity in North American soybean: I. Multivariate analysis of founding stock and relation to coefficient of parentage. Crop Sci. 33, 614–620. doi: 10.2135/cropsci1993.0011183X003300030038x

Graybosch, R. A., and Palmer, R. G. (1988). Male sterility in soybean-an overview. Am. J. Bot. 75, 144–156. doi: 10.1002/j.1537-2197.1988.tb12169.x

Holme, I. B., Gregersen, P. L., and Brinch-Pedersen, H. (2019). Induced genetic variation in crop plants by random or targeted mutagenesis: convergence and differences. Front. Plant Sci. 10:1468. doi: 10.3389/fpls.2019.01468

Hymowitz, T. (1970). On the domestication of the soybean. Econ. Bot. 24, 408–421. doi: 10.1007/BF02860745

Jo, H., Lee, J. Y., Cho, H., Choi, H. J., Son, C. K., Bae, J. S., et al. (2021). Genetic diversity of soybeans (Glycine max (L.) merr.) with black seed coats and green cotyledons in Korean germplasm. Agronomy 11:581. doi: 10.3390/agronomy11030581

Junyi, G., and Fehr, W. R. (1985). Genetic responses of agronomic characters to recurrent selection for yield in soybeans. Acta Agron. Sin. (China). 11, 235–243.

Kachare, S., Tiwari, S., Tripathi, N., and Thakur, V. V. (2020). Assessment of genetic diversity of soybean (Glycine max) genotypes using qualitative traits and microsatellite markers. Agric. Res. 9, 23–34. doi: 10.1007/s40003-019-00412-y

Kalton, R. R. (1948). Breeding behaviour in successive generations following hybridization in soybean. Iowa Agric. Enp. Sta. Res. Bull. 358, 669–732.

Kawanabe, T., Ishikura, S., Miyaji, N., Sasaki, T., Wu, L. M., Itabashi, E., et al. (2016). Role of DNA methylation in hybrid vigor in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 113, E6704–E6711. doi: 10.1073/pnas.1613372113

Kenworthy, W. J., and Brim, C. A. (1979). Recurrent selection in soybeans. I. Seed Yield 1. Crop Sci 19, 315–318. doi: 10.2135/cropsci1979.0011183X001900030009x

Khan, M. H., and Dar, A. N. (2009). Heterosis in Soybean [Glycine max (L.) Merrill]. Int. J. Plant Breed. 3, 115–120.

Kiang, Y. T., and Gorman, M. B. (1983). “Soybean,” in Isozymes in plant genetics and breeding, part B, eds S. D. Tanksley and T. F. Orton (Amsterdam: Elsevier Science Publication), 295–328. doi: 10.1016/B978-0-444-42227-9.50017-2

Kopp, F., Smart, B., Maynard, A., Tuskan, A., and Abrahamson, P. (2002). Predicting within-family variability in juvenile height growth of Salix based upon similarity among parental AFLP fingerprints. Theor. Appl. Genet. 105, 106–112. doi: 10.1007/s00122-001-0855-3

Leffel, R. C., and Weiss, M. G. (1958). Analysis of diallel crosses among ten varieties of soybeans. Agron. J. 50, 528–534. doi: 10.2134/agronj1958.00021962005000090010x

Li, D., Lu, X., Zhu, Y., Pan, J., Zhou, S., Zhang, X., et al. (2022). The multi-omics basis of potato heterosis. J. Integr. Plant Biol. 64, 671–687. doi: 10.1111/jipb.13211

Li, J., Ding, X., Han, S., He, T., Zhang, H., Yang, L., et al. (2016). Differential proteomics analysis to identify proteins and pathways associated with male sterility of soybean using iTRAQ-based strategy. J. Prot. 138, 72–82. doi: 10.1016/j.jprot.2016.02.017

Li, J., Nadeem, M., Sun, G., Wang, X., and Qiu, L. (2019). Male sterility in soybean: Occurrence, molecular basis and utilization. Plant Breed. 138, 659–676. doi: 10.1111/pbr.12751

Li, Q., Zhang, D., Chen, M., Liang, W., Wei, J., Qi, Y., et al. (2016). Development of japonica photo-sensitive genic male sterile rice lines by editing carbon starved anther using CRISPR/Cas9. J. Genet. Genom. 43, 415–419. doi: 10.1016/j.jgg.2016.04.011

Li, Z., and Nelson, R. L. (2001). Genetic diversity among soybean accessions from three countries measured by RAPDs. Crop Sci. 41, 1337–1347. doi: 10.2135/cropsci2001.4141337x

Liu, J., Lin, Y., Chen, J., Xue, C., Wu, R., Yan, Q., et al. (2022). Identification and clarification of VrCYCA1: A key genic male sterility-related gene in Mungbean by multi-omics analysis. Agriculture 12:686. doi: 10.3390/agriculture12050686

Lord, E. M. (1981). Cleistogamy: A tool for the study of floral morphogenesis, function and evolution. Botanic. Rev. 47, 421–449. doi: 10.1007/BF02860538

Manjarrez-Sandoval, P., Carter, T. E. Jr., Webb, D. M., and Burton, J. W. (1997). Heterosis in soybean and its prediction by genetic similarity measures. Crop Sci. 37, 1443–1452. doi: 10.2135/cropsci1997.0011183X003700050005x

Marcelo, S. D. A., Daniel, F. F., Aurélio, M. A., Odair, B., Gabriel, D. S. P. R., and Dario, G. (2007). Potential of hybrids among elite clones of eucalypt by microsatellite markers. Pesqui. Agropecu. Bras. 42, 1007–1012. doi: 10.1590/S0100-204X2007000700013

Medic, J., Atkinson, C., and Hurburgh, C. R. (2014). Current knowledge in soybean composition. J. Am. Oil Chem. Soc. 91, 363–384. doi: 10.1007/s11746-013-2407-9

Miller, J. E., and Fehr, W. R. (1979). Direct and indirect recurrent selection for protein in soybeans 1. Crop Sci. 19, 101–106. doi: 10.2135/cropsci1979.0011183X001900010025x

Mulato, B. M., Möller, M., Zucchi, M. I., Quecini, V., and Pinheiro, J. B. (2010). Genetic diversity in soybean germplasm identified by SSR and EST-SSR markers. Pesqui. Agropecu. Bras. 45, 276–283. doi: 10.1590/S0100-204X2010000300007

Nadeem, M., Chen, A., Hong, H., Li, D., Li, J., Zhao, D., et al. (2021). GmMs1 encodes a kinesin-like protein essential for male fertility in soybean (Glycine max L.). J. Integr. Plant Biol. 63, 1054–1064. doi: 10.1111/jipb.13110

Nakamura, S., and Hosaka, K. (2010). DNA methylation in diploid inbred lines of potatoes and its possible role in the regulation of heterosis. Theor. Appl. Genet. 120, 205–214. doi: 10.1007/s00122-009-1058-6

Nelson, R. L., and Bernard, R. L. (1984). Production and performance of hybrid soybeans. Crop Sci. 24, 549–553. doi: 10.2135/cropsci1984.0011183X002400030029x

Okada, A., Arndell, T., Borisjuk, N., Sharma, N., Watson-Haigh, N. S., Tucker, E. J., et al. (2019). CRISPR/Cas9-mediated knockout of Ms1 enables the rapid generation of male-sterile hexaploid wheat lines for use in hybrid seed production. Plant Biotechnol. J. 17, 1905–1913. doi: 10.1111/pbi.13106

Ortiz-Perez, E., Cianzio, S. R., Wiley, H., Horner, H. T., Davis, W. H., and Palmer, R. G. (2007). Insect-mediated cross-pollination in soybean [Glycine max (L.) Merrill]: I. Agronomic performance. Field Crops Res. 101, 259–268. doi: 10.1016/j.fcr.2006.12.003

Owen, F. V. (1928). A sterile character in soybeans. Plant Physiol. 3:223. doi: 10.1104/pp.3.2.223

Palmer, R., Sandhu, D., Horner, H., Singh, R., and Hristov, N. (2012). “The genetics of fertility in soybean,” in Proceedings of the international conference on bioscience: Biotechnology and biodiversity-step in the future the fourth joint UNS-PSU conference, Novi Sad, Serbia, 18–20 June 2012, Novi Sad, 277–288.

Pandini, F., Vello, N. A., and Lopes, ÂC. D. A. (2002). Heterosis in soybeans for seed yield components and associated traits. Braz. Arch. Biol. Technol. 45, 401–412. doi: 10.1590/S1516-89132002000600001

Paschal, E. H., and Wilcox, J. R. (1975). Heterosis and combining ability in exotic soybean germplasm. Crop Sci. 15, 344–349. doi: 10.2135/cropsci1975.0011183X001500030019x

Perez, P. T., Cianzio, S. R., and Palmer, R. G. (2009). Evaluation of soybean [Glycine max (L.) Merr.] F1 hybrids. J. Crop Imp. 23, 1–18. doi: 10.1080/15427520802417832

Qijian, S., Tianxia, W., and Junyi, G. (1996). Effect of maturity selection in a soybean recurrent population on morphology and agronomic traits and ratio of male-sterile plants. Zhongguo Nongye Kexue 29, 49–54.

Rajendran, A., and Lal, S. K. (2020). Assessing the need of pre-germination anaerobic stress-tolerant varieties in indian soybean (Glycine max (L.) Merrill). Natl. Acad. Sci. Lett. 43, 593–597. doi: 10.1007/s40009-020-00937-9

Rajnović, T., Vokurka, A., and Bolarić, S. (2020). Epigenetics in plant breeding. J. Central Eur. Agric. 21, 56–61. doi: 10.5513/JCEA01/21.1.2765

Ramana, M. V., and Satyanarayana, A. (2006). Heterosis in soybean {Glycine max (L.) Merrill} 1. Legume Res. 29, 247–251.

Ramlal, A., Dey, N., Sharma, U., and Rajendran, A. (2022). “In-silico studies to reveal the potential inhibitory capacity of soy isoflavonoids against angiotensin-converting enzyme,” in Proceedings of the coreference: Sustainable future for humanity: The new learning curve, eds H. Chopra, V. Ghuriani, P. M. Arora, S. Babbar, and P. Baweja (Mumbai: Imperial Publications), 155–167.

Rajendran, A., Lal, S. K., Raju, D., and Ramlal, A. (2022). Associations of direct and indirect selection for pregermination anaerobic stress tolerance in soybean (Glycine max). Plant Breed. doi: 10.1111/pbr.13048

Ray, J. D., Kilen, T. C., Abel, C. A., and Paris, R. L. (2003). Soybean natural cross-pollination rates under field conditions. Environ. Biosaf. Res. 2, 133–138. doi: 10.1051/ebr:2003005

Rodrigues, L. R., Forte, B. D. C., and Bodanese-Zanettini, M. H. (2006). Isolation and culture of soybean (Glycine max L. Merrill) microspores and pollen grains. Braz. Arch. Biol. Technol. 49, 537–545. doi: 10.1590/S1516-89132006000500002

Roumet, P., and Magnier, I. (1993). Estimation of hybrid seed production and efficient pollen flow using insect pollination of male sterile soybeans in caged plots. Euphytica 70, 61–67. doi: 10.1007/BF00029641

Ryder, P., McKeown, P. C., Fort, A., and Spillane, C. (2019). “Epigenetics and heterosis in crop plants,” in Epigenetics in plants of agronomic importance: Fundamentals and applications, eds R. Alvarez-Venegas, C. De-la-Peña, and J. Casas-Mollano (Cham: Springer). doi: 10.1007/978-3-030-14760-0_4

Saxena, K. B., and Hingane, A. J. (2015). “Male sterility systems in major field crops and their potential role in crop improvement,” in Plant biology and biotechnology, eds B. Bahadur, M. V. Rajam, L. Sahijram, and K. V. Krishnamurthy (New Delhi: Springer), 639–656. doi: 10.1007/978-81-322-2286-6_25

Shanti, P., Vandana, K., Sable, N. H., and Maheshwari, J. J. (2008). Study of heterosis in soybean. J. Soils Crops 18, 208–211.

Sharma, S. C., and Maloo, S. R. (2017). Heterosis and inbreeding depression for yield in Soybean [Glycine max (L.) Merrill]. Allahabad Farm. 73, 24–26.

Shuming, W., Huan, S., Yueqiang, W., Limei, Z., Nan, L., Lianshun, F., et al. (2002). Studies on heterosis and screening of highly heterotic combinations in soybean I. F_ (1) seed yield heterosis and screening of highly heterotic combinations. Soybean Sci. 21, 161–167.

Singh, R. J., Kim, H. H., and Hymowitz, T. (2001). Distribution of rDNA loci in the genus Glycine Willd. Theor. Appl. Genet. 103, 212–218.

Song, B., Wang, Y., Yang, S., Li, X., Han, X., Fan, S., et al. (2020). Evaluation of the relationship between DNA methylation status and heterosis in soybean with MethylRAD technique. Euphytica 216:102. doi: 10.1007/s10681-020-02639-1

Sun, L. F., Liu, T. J., Shan, X. H., Su, S. Z., Li, S. P., Yuan, Y. P., et al. (2015). Analysis of DNA cytosine methylation patterns in maize hybrids and their parents. Biol. Plant. 59, 266–272. doi: 10.1007/s10535-015-0490-5

Takahashi, R., Kurosaki, H., Yumoto, S., Han, O. K., and Abe, J. (2001). Genetic and linkage analysis of cleistogamy in soybean. J. Hered. 92, 89–92. doi: 10.1093/jhered/92.1.89

Tavaud-Pirra, M., Sartre, P., Nelson, R., Santoni, S., Texier, N., and Roumet, P. (2009). Genetic diversity in a soybean collection. Crop Sci. 49, 895–902. doi: 10.2135/cropsci2008.05.0266

Tsaftaris, A. S., Polidoros, A. N., Kapazoglou, A., Tani, E., and Kovačević, N. M. (2008). Epigenetics and plant breeding. Plant Breed. Rev. 30:49. doi: 10.1002/9780470380130.ch2

Vaillancourt, R., Potts, B., Watson, M., Reid, J., and West, A. (1995). Detection and prediction of heterosis in Eucalyptus globulus. For. Genet. 2, 11–19.

Veatch, C. (1930). Vigor in soybeans as affected by hybridity. J. Am. Soc. Agron. 22, 289–310. doi: 10.2134/agronj1930.00021962002200040001x

Viana, V. E., Pegoraro, C., Busanello, C., and Costa de Oliveira, A. (2019). Mutagenesis in rice: the basis for breeding a new super plant. Front. Plant Sci. 10:1326. doi: 10.3389/fpls.2019.01326

Wang, D., Mu, Y., Hu, X., Ma, B., Wang, Z., Zhu, L., et al. (2021). Comparative proteomic analysis reveals that the Heterosis of two maize hybrids is related to enhancement of stress response and photosynthesis respectively. BMC Plant Biol. 21:34. doi: 10.1186/s12870-020-02806-5

Wang, D., Zhang, L., Li, J., Hu, G., Wu, Q., Jiang, H., et al. (2016). The restorer gene for soybean M-type cytoplasmic male sterility, Rf-m, is located in a PPR gene-rich region on chromosome 16. Plant Breed. 135, 342–348. doi: 10.1111/pbr.12357

Wang, L., Guan, R., Zhangxiong, L., Chang, R., and Qiu, L. (2006). Genetic diversity of Chinese cultivated soybean revealed by SSR markers. Crop Sci. 46, 1032–1038. doi: 10.2135/cropsci2005.0051

Wang, Y., Zhang, K., Sun, L., Han, X., Fan, S., Li, X., et al. (2018). Study on the relationship between genetic variation of DNA methylation and heterosis in soybean leaves. Euphytica 214:85. doi: 10.1007/s10681-018-2161-z

Weber, C. R., Empig, L. T., and Thorne, J. C. (1970). Heterotic performance and combining ability of two-way F1 soybean hybrids 1. Crop Sci. 10, 159–160. doi: 10.2135/cropsci1970.0011183X001000020012x

Weiss, M. G., Weber, C. R., and Kalton, R. R. (1947). Early generation testing in soybeans. J. Am. Soc. Agron. 39, 791–811. doi: 10.2134/agronj1947.00021962003900090007x

Woodworth, C. M. (1933). Genetics of the soybean. J. Amer. Soc. Agron. 25, 36–51. doi: 10.2134/agronj1933.00021962002500010004x

Wu, X., Liu, Y., Zhang, Y., and Gu, R. (2021). Advances in research on the mechanism of heterosis in plants. Front. Plant Sci. 12:745726. doi: 10.3389/fpls.2021.745726

Yu, D., Gu, X., Zhang, S., Dong, S., Miao, H., Gebretsadik, K., et al. (2021). Molecular basis of heterosis and related breeding strategies reveal its importance in vegetable breeding. Hortic. Res. 8:120. doi: 10.1038/s41438-021-00552-9

Zhang, C., Lin, C., Fu, F., Zhong, X., Peng, B., Yan, H., et al. (2017). Comparative transcriptome analysis of flower heterosis in two soybean F1 hybrids by RNA-seq. PLoS One 12:e0181061. doi: 10.1371/journal.pone.0181061

Zhang, S., Huang, X., and Han, B. (2021). Understanding the genetic basis of rice heterosis: advances and prospects. Crop J. 9, 688–692. doi: 10.1016/j.cj.2021.03.011

Zhao, Q., Tong, Y., Yang, C., Yang, Y., and Zhang, M. (2019). Identification and mapping of a new soybean male-sterile gene, mst-M. Front. Plant Sci. 10:94. doi: 10.3389/fpls.2019.00094

Zhao, S. J., Zhang, M. C., Jiang, C. Z., Yang, C. Y., Liu, B. Q., and Jue, C. U. I. (2007). Study on quality improvement effect and separate character of soybean male sterile (MS1) recurrent selection population. Agric. Sci. China 6, 545–551. doi: 10.1016/S1671-2927(07)60081-9

Zhao, S., Zhang, M., Jiang, C., Yang, C., Liu, B., and Cui, J. (2005). Studies on quality improvement effect and separate character of soybean male sterile (MS1) recurrent selection population. Southwest China J. Agric. Sci. 18, 547–551.

Zhou, H., He, M., Li, J., Chen, L., Huang, Z., Zheng, S., et al. (2016). Development of commercial thermo-sensitive genic male sterile rice accelerates hybrid rice breeding using the CRISPR/Cas9-mediated TMS5 editing system. Sci. Rep. 6:37395. doi: 10.1038/srep37395

Zhu, H., Li, C., and Gao, C. (2020). Applications of CRISPR–Cas in agriculture and plant biotechnology. Nature Rev. Mol. Cell Biol. 21, 661–677. doi: 10.1038/s41580-020-00288-9



OPS/images/ain.jpg





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Harnessing heterosis and male sterility in soybean [Glycine max (L.) Merrill]: A critical revisit



		Introduction



		Heterosis in soybean



		History of the development of heterosis in soybean: Field to lab







		Generation of heterosis and male sterility in soybean



		Epigenetics



		Clustered regularly interspaced short palindromic repeats-Cas



		Omics







		Male sterility and its mechanism in soybean



		Male sterility in soybean



		Molecular basis of male sterility







		Applications of heterosis and male sterility in soybean breeding



		Scope of heterosis in crop improvement



		Utilization of male sterility







		Conclusion



		Author contributions



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Harnessing heterosis and male
sterility in soybean [Glycine max
(L.) Merrill]: A critical revisit





OPS/images/fpls-13-981768-t001.jpg
Traits

Yield, maturity date and
lodging resistance

Qualitative traits

Protein and oil content

Seed yield

Seed yield

Yield and agronomic
traits

Seed yield and number of
pods per plant

Isoflavone

Cytosine methylation and
12 traits

Population
Tested Fy; tested
unselected Fy, F3, Fy, Fs

bulks together with
parents

Tested F; and bulks of F,
F3,Fy, Fs

F

F
Fr

F2

BCF;

Fy

Remarks

The correlation between F, bulk and Fs
selected lines for 17 crosses was 0.209.

The results indicated additivity is the
principal factor among the crosses

No significant heterosis in mid-parents for
protein or oil while 0.9-1.5% to oil for
heterosis in the high parent.

Positive values—26.1% for a group of
hybrids

Five out of 27 hybrids range between 13
and 19% from the superior parent

85% mid-parent heterosis in F; progeny
and 62% high parent heterosis

The heterosis increased as the differences in
phenotypes of parents increased

Tested using single (—59% to + 37%—mid
parent and —66% to + 17%—high parent),
three-way ( —14% to +16%—mid and
—25% to —5%—high parent) and
backcrosses (—7% to +42% —mid parent
and —16% to + 42%—high parent)

Bragg x IC-118013 and
JS-80-21 x IC-118319

The isoflavone content was additive in
nature and can be affected by the wild types
for breeding purposes

Jilin 47 (no. 19), EXP (no. 12), Jilin 38 (no.
3) and Yi 3 (no. 6)—parental lines; Jilin

38 x Yi3 (3 x 6), Jilin 38 x EXP (3 x 12),
Jilin 38 x Jilin 47 (3 x 19), Yi 3 x Jilin 38
(6 x 3),Yi3 x EXP (6 x 12), Yi 3 x Jilin 47
(6 x 19), EXP x Jilin 38 (12 x 3), EXP x Yi
3 (12 x 6), EXP x Jilin 47 (12 x 19), Jilin
47 x Jilin 38 (19 x 3), Jilin 47 x Yi3

(19 x 6), Jilin 47 x EXP (19 x 12)—hybrid
lines. The met levels were lower in the
middle parent than in the hybrids

References

Weiss et al., 1947

Brim and Cockerham,
1961

Weber et al., 1970

Chaudhary and Singh,
1974
Nelson and Bernard, 1984
Burton, 1987

Gizlice et al., 1993

Weber et al., 1970

Ortiz-Perez et al., 2007

Shanti et al., 2008

Bietal., 2015

Wang et al,, 2018












OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science







