
Species Concepts and Speciation Genetics: Examples from Drosophila
ABSTRACT
Speciation genetics explores the genetic mechanisms and processes underlying the formation of new species, focusing on how reproductive isolation and divergence arise through genetic changes. The term speciation was coined by Cook in 1906. Basically speciation involves two processes: Anagenesis and cladogenesis (true speciation). Anagenesis means phyletic change in the course of geological time or the transformation of old species into a new one in due course of time i.e. transformation in time. Cladogenesis or true speciation means origin of new species of organisms through splitting of the pre-existing ones. During the phyletic change in the process of anagenesis, there is no role of reproductive isolation because one species is transformed into another one. However, during cladogenesis, one species splits into two or more populations, they gradually accumulate genetic changes through the action of mutation, recombination, selection, genetic drift and migration and when they become geographically isolated, develop reproductive isolating mechanisms and acquire the status of new species. The origin and development of reproductive isolating mechanism are considered as pre requisite for the process of speciation. It has been rightly remarked that based on Biological Species Concept, the question should be asked how reproductive isolating mechanisms are established instead of asking how new species evolve. In the process of speciation, three components are involved: mechanisms generating genetic variability, origin of reproductive isolating mechanisms and geographic component (ranging from allopatry to sympatry). Species is a Latin word which means kind. Species is a basic unit as well as considered as basic category of biological classification which has been defined in different manner under different concepts of species. Initially the first species concept was morphological/typological/essentialist species concept which was explained by Linnaeus in eighteenth century but it was finally discarded because of morphological variations within the species and the occurrence of sibling species which are morphologically similar but reproductively isolated. Later, in seventeenth and eighteenth century, there was emergence of idea of reproductive relationship by Ray and Koelreuter which paved the way for Biological species concept. Darwin also gave importance to biological species concept because he also believed in the role of reproductive isolation in speciation. In twentieth century, the biological species concept was elaborated and developed in detail by Jordan, Mayr and Dobzhansky. Under this species concept, the species is defined as a group of potentially or actually interbreeding individuals which are reproductively isolated from other such groups. However, it has certain difficulties in its application.  de Queiroz  argues that there is single, primary species concept that is adequate –applying across biodiversity and that is the general lineage concept. Recently, a new species concept, genic species concept  has been proposed by a molecular evolutionary biologist Wu who severely criticized biological species concept and suggested that it should be abandoned. According to genic species concept, it is not the whole genome, but a gene is unit of speciation. Thus speciation genes are responsible for creation of new species or cladogenesis. In Drosophila, hybrid male sterility has been frequently studied and the genes involved are known to play role in speciation. It has also been argued that there are two models, with the respect of number of loci involved in hybrid sterility. The first model states that there are a number of segregating units  (polygenes) involved in hybrid sterility each with small effect. In the second architecture, it is suggested that there are one or a few genes of large effect involved in hybrid sterility leading to speciation. In this review, while taking the examples of hybrid sterility from Drosophila, an excellent biological model, speciation genetics as an emerging area of evolutionary biology is discussed keeping in view the biological species concept as well as genic species concept of species. 
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1. INTRODUCTION
“Species is a basic unit of taxonomic rank and biological classification. It is a Latin word for Kinds. Attention was paid to this even by early Greek Philosophers and naturalists like Hippocrates, Plato and Aristotle. Although Hippocrates described types of animals, there is no useful classification of animals in his description. Plato was known as great antihero of evolution because he believed in essentialism which is also referred to as theory of forms. Plato also coined the term “Eidos”  for types or forms. The contribution of Aristotle is really important because he gave the idea of “Ladder of Life” which means animals are arranged in order of increasing complexity. Further, he was also named as the father of biological classification and he suggested that all the characteristics of animals should be considered in classification. As far species is concerned, his idea was also resembling  typological or essentialism. The typological species concept was proposed by Linnaeus and his followers. Linnaeus was a great taxonomist and he was called as the father of taxonomy. According to this concept, there are limited number of types or universals and member of a species form a class. It is also known as essentialism. And this is known as essentialist concept of species. It was thought that species is a static unit and it remains constant. It does not undergo any change during the course of time. However, it was proved to be wrong because there are individual variations within the species and there is occurrence of sibling species which are morphologically identical and reproductively isolated” (Singh, 2016). An entirely new species concept emerged in seventeenth century i.e. Biological Species Concept (BSC) due the important ideas of certain evolutionists and among whom the important name is Ray (1686) who believed “in morphological species concept although his species characterization also embodied the concept of biological species while considering the reproductive relationship to be the  important species criterion”. Koelreuter (1766) also emphasized that “interbreeding and production of fertile progeny should be an important species criterion. Many other names of evolutionists, taxonomists and naturalists are associated with the development of biological species concept such as Buffon, Merrem, Voigt, Walsh, and others. Charles Darwin who proposed his theory of evolution in his book “Origin of species by means of natural selection” which was published in 1859, also believed in biological species concept because he recognized the role of reproductive isolation in the process of speciation”. Mayr (1976) has also commented that “Darwin believed in geographic speciation which was consistent with the concept of species as reproductively isolated populations. It has been suggested by evolutionists that Charles Darwin believed in biological species concept because he gave importance to reproductive isolation, geographic speciation, interspecific hybrid sterility, and transformation of varieties to the status of good species.  In twentieth century, the biological species concept was elaborated and developed in detail by Jordan, Mayr and Dobzhansky. Under this species concept, the species is defined as a group of potentially or actually interbreeding individuals which are reproductively isolated from other such groups. However, it has certain difficulties in its application”. de Queiroz (1998) argues that “there is single, primary species concept that is adequate –applying across biodiversity and that is the general lineage concept.    Recently, the work in the area of molecular biology and using prokaryotes and viruses have clearly demonstrated the importance of biological species concept which does not remain confined to sexually reproducing organisms. It has been suggested that a single biological species definition once thought to be limited to sexually reproducing organisms, is applicable across all cellular and acellular life forms” ((Bobay & Ochman, 2017). Wu (2001) proposed genic species concept which describes species as a group of individuals which are differentially adapted and upon contact fail to share genes controlling adaptive characters. Wu was a great critic of biological species concept and suggested that it should be abandoned. In this review, while taking the examples from Drosophila, an excellent biological model, speciation genetics as an emerging area of evolutionary biology is discussed keeping in view the biological species concept as well as genic species concept of species. 
2. GENIC SPECIES CONCEPT
There are more than twenty species concepts which describe species in different manners  (Mallet, 2007; Singh, 2012, 2024). “Initially, emphasis was given on morphological/typological species concept and the main supporter was Linnaeus who was also called as the father of taxonomy. However, essentialism or typological concept could not be accepted because species are not static rather undergo changes during the course of time and also there are sibling species which are morphologically identical but reproductively isolated. The observations and suggestions of Ray and Koelreuter paved the way for the biological species concept because they considered interbreeding and hybrid sterility as important factors as species criterion. It was also supported by other evolutionists, biologists and naturalists such as Buffon, Merrem, Voigt, Walsh and others. Charles Darwin also believed in biological species concept because he gave importance to reproductive isolation, geographic speciation, interspecific hybrid sterility, and transformation of varieties to the status of good species. Later on, in twentieth century  the biological species concept was elaborated and developed in detail by Jordan, Mayr and Dobzhansky” (Singh,2012, 2023, 2024 a, b). It is considered as widely accepted concept of species (Singh, 2025). “However, it has certain difficulties in its application such as insufficient individual information, uniparental reproduction and evolutionary intermediacy. Although it became very popular species concept, it has been criticized also by sugge4sting that now it should be abandoned” (Wang et al., 2020; Wu et al., 2020). On the other hand, with the help of certain arguments, Butlin & Stankowski (2020) have suggested that NO, it is not the time to abandon the biological species concept. It has been suggested that a single biological species definition once thought to be limited to sexually reproducing organisms, is applicable across all cellular and acellular life forms (Bobay & Ochman, 2017). de Queiroz (1998) argues that there is single, primary species concept that is adequate –applying across biodiversity and that is the general lineage species concept.    He has mentioned the work of Bush (1993, 1994) who intensively studied speciation in animals and also avoided invoking one of the contemporary definitions of the species which he considered ‘putting the cart before the horse’. de Queiroz (1998) has mentioned different species concepts: biological species, concept, isolation species concept, recognition species concept, evolutionary species concept, ecological species concept, cohesion species concept, phylogenetic species concept, genealogical species concept, phonetic species concept and genotypic cluster species concept. de Queiroz has remarked that despite the differences of perspectives mentioned in the definitions as shown above and their designations as concepts of species, the differences among these definitions do not show the basic differences pertaining to general lineage species concept. Wu (2001) suggested the genic species concept. According to his concept, the unit of adaptation is to be a gene or set of interacting genes and not the complete genome and it may be true of species differentiation. The process of cladogenesis is gene-based. However, reproductive isolation is basically genomic concept. The process of speciation explained by reproductive isolation or biological species concept will be inconsistent with the process of speciation itself. According to Wu, the empirical evidence has increasingly suggested that there is a need to modify the biological species concept by redirecting the focus from reproductive isolation of whole genome to the differential adaptation at the level of gene/genes. Wu has also suggested that a more thorough revision of biological concept of species may be useful subject in the near future. Interestingly, this species concept is applicable in both situations; uniparental and biparental organisms. Orr (2001) and Noor (2002) have criticized the genic species concept while commenting that it gives too much stress on differential adaptation caused by point mutations. However, the role of random genetic drift cannot be excluded in the process of speciation. It has also been argued that there are two models, with the respect of number of loci involved in hybrid sterility. The first model states that there are a number of segregating units (polygenes) involved in hybrid sterility each with small effect. In the second architecture, it is suggested that there are one or a few genes of large effect involved in hybrid sterility leading to speciation.
3. SPECIATION GENETICS
Speciation genetics explores the genetic mechanisms and processes underlying the formation of new species, focusing on how reproductive isolation and divergence arise through genetic changes. Thus speciation genes are responsible for creation of new species or cladogenesis. In Drosophila, hybrid male sterility has been frequently studied and the genes involved are known to play role in speciation. It has also been argued that there are two models, with the respect of number of loci involved in hybrid sterility. The first model states that there are a number of segregating units  (polygenes) involved in hybrid sterility each with small effect. In the second architecture, it is suggested that there are one or a few genes of large effect involved in hybrid sterility leading to speciation. Genus Drosophila has rich species diversity at global level and there are more than 1500 species reported so far. There are a number of interspecific hybridizations  in the genus and there are variations in the results of interspecific hybridization studies (Singh, 1994; Mishra & Singh 2005). Interesting and important work has been carried out in the area of speciation genetics while conducting the genetic analysis of hybrid male sterility between closely related species. Hybrid sterility is also studied through the study of testis morphology of hybrid males in different cases. To mention the interesting cases, some examples may be given such as D. pseudoobscura and D. persimilis, D. melanogaster, D. simulans and D. mauritiana and D. mojavensis and D. arizonensis, D. hydei and D. repleta, and species of the D. bipectinata species complex, D. willistoni group, D. paulistorum species cluster, D. saltans species group, Hawaiian species such as D.silvestris, D. planitibia and D. heteroneura and others. In Drosophila, hybridization studies have been reviewed in detail by Ashburner et al., (1982) and Bock (1984) According to Bock (1984), the total number of hybridizations known are 266 involving a total of 191 different species. The results of hybridizations vary in different cases and show gradation in results. When two different species are crossed, the larvae may be produced which die before pupation, the development may proceed till pupal stage but adults are not produced or when adults are produced show varying degree of fertility and sex ratio distortion. Further, hybridization may be unidirectional or bidirectional. When a cross is successful in both directions, it may vary in the degree of crossability. Although there are gradations in the results of interspecific hybridizations, when both sexes are produced, the males are sterile which supports the Haldane rule that heterogametic sex is affected due to hybridization. Very early hybridization was reported between D. melanogaster and D. simulans (Sturtevant, 1920). Hybrids were also obtained between. D. pseudoobscura and D. persimilis by Lancefield (1929). Subsequently, a number of cases of hybridizations have been reported showing hybrid male sterility in which genetic basis has been provided (Singh, 1994; Mishra & Singh, 2005). In the area of evolutionary genetics, the members of the obscura group have been well studied by Dobzhansky and others (see Dobzhansky, 1970). A new species, D. pseudoobscura bogotana has been crossed with D, pseudoobscura which produces sterile hybrid males (Lakovara & Saura 1982). Hybrid male sterility has also been studied with the help of testis morphology of hybrid males while using D. pseudoobscura and D. persimilis (Lancefield, 1929). Dobzhansky (1936) studied the genetic basis of hybrid sterility between D. pseudoobscura and D. persimilis by performing backcrosses between hybrid females to D pseodoobscura or D. persimilis males. Interestingly, hybrid male sterility was found in backcross progeny with variable results. Size of testis was measured in hybrid males. The results showed that all the major chromosomes of both the species carry genes involved with the fertility of males of the same species and sterility of hybrid males. The minimum number of genes involved in sterility is eight but the actual number may be more  (Dobzhansky, 1936). There are a number of reports in Drosophila which show that hybrid male sterility is caused due to incompatibilities  between interspecific X-chromosomes and autosomes (see the reviews by Zouros, 1989; Coyne, 1992). Genetics of hybrid male sterility has been studied by Prakash (1972) and Dobzhansky (1974) in crosses involving D. pseudoobscura pseudoobscura and D. pseudoobscura bogotana. Hybrid male sterility occurs when D. p. bogotana females were mated with D. p. pseudoobscura males. Second and third pairs of autosomes and both arms of X-chromosomes were involved as carriers of substitutions causing hybrid male sterility in this pair. A number of species pairs have been studied following the backcross analysis of Dobzhansky by numerous investigators (Coyne & Kreitman 1986; Vigneault & Zouros 1986; Orr, 1987, 1989; Khadem & Krimbas, 1991). Results of these studies have demonstrated that the X-chromosome plays a major role in determining the hybrid male sterility (Coyne & Orr, 1989). Further, the X-chromosome does not cause hybrid male sterility by itself, it exerts its effects by interacting with the genes from other species involved in hybridization. The genes which interact with heterospecific X-chromosome may be located on autosomes, Y-chromosome or cytoplasm (Zeng & Singh 1993a).To analyses genetic basis of sterility, Orr &  Irving (2001) investigated the pattern of interactions between all chromosome regions affecting male sterility in D. pseudoobscura Bogota and USA strains. Their results showed that the X-autosomal incompatibilities was the main cause of hybrid male sterility in this pair of species. However, the same authors (Orr & Irving,, 2005) found later that these hybrids were weakly fertile. Noor et al.  (2001) conducted hybrid analysis at molecular level when D. pseudoobscura and D. persimilis were crossed.  Their results have shown that X-autosomal interactions are associated with hybrid male sterility in this pair of species.  The X-Y interaction has been found to play an important role in hybrid sterility in species pairs: D. pseudoobscura and D. persimilis.  Orr (1987) used sperm mobility instead of testis size to study hybrid sterility in this pair of species  by using backcross technique of Dobzhansky.  Phandis & Orr (2009) reported that a single gene causes both male sterility and segregation distortion in the hybrids between the Bogota and USA subspecies of D. pseudoobscura. These authors have found that the segregation distorter  gene Overdrive is essential for hybrid sterility which is a strong reproductive barrier between these young taxa. Nosil &  Schluter (2011) have suggested that speciation genes be defined as any gene contributing to the evolution of reproductive isolation so genetics is linked with the process of speciation. Lachaise et al. (1986) studied the reproductive relationship of D. sechelia with D. mauritiana, D. simulans and D. melanogaster and their results have shown that there is a considerable variation in the morphology of testis of hybrid males which were always sterile. When these species were hybridized, four different types of testes were found: (i) normal testes in morphology with amotile sperm (ii) normal testes in morphology but lacking sperm completely (iii) one testis is normal but aspermic and second one is atrophied  and (iv) both testes atrophied and aspermic. In different crosses, different types of testes were observed. Thus, in different interspecific crosses, there was variation in the results pertaining to the degree of abnormality in testicular development. Zeng & Singh (1993a) hybridized D. simulans, D. mauritiana and D. sechelia and observed sterile males with atrophied testes and very small seminal vesicles with none or few sperm. D. simulans and D.  mauritiana are closely related sibling species, the former cosmopolitan and the latter restricted to the small oceanic island of Mauritius. Genetic analysis of male sterility in hybrids between these species shows that at least five loci (one on each chromosome arm) are responsible for this reproductive isolation (Coyne, 1984).  Two of these loci reside on the X-chromosome and having the strongest effect and others are located on II and III chromosomes (Coyne & Kreitman, 1986). As per suggestion of Coyne (1985), X-autosome imbalance is not involved in this group, and he suggested that X-Y interaction is the most likely explanation of hybrid male sterility in this pair of species (D. simulans and D. mauritiana). Zeng & Singh (1993 a, b) conducted hybridization studies in this group to study the genetic basis of hybrid male sterility and the type of chromosome interactions involved in this phenomenon. Their findings  did not support X-Y interaction hypothesis, rather they suggested X-autosomes interaction. They also suggested that relatively small number of genes are involved in hybrid sterility between D. simulans and D. sechellia. By using the introgression and backcrossing techniques involving mutations and DNA markers in D. mauritiana and D. simulans, Perez et al.. (1993) found the presence of a major sterility factor from D. mauritiana  named as Oysseus (Ods). The findings of Coyne (1985) reinforce X-Y interaction as the main factor of hybrid sterility between D. simulans and D. mauritiana. It has been reported that a large number of genes are involved in hybrid male sterility between D. simulans and D. mauritiana (Palopoli & Wu, 1994;  Tao &  Hartl,  2003; Tao et al., 2003). Craddock (1974) studied testis morphology in the hybrids between certain Hawaiian species of Drosophila. He crossed D. planitibia with D. silvestris and with D. heteroneura. In both these crosses, females were fertile and males were sterile. Hybrid sterility was mostly due to abnormality in differentiation and maturation of sperm. External morphology of testes was mostly normal although coiling of testes was some times reduced.. Naveira & Fontdevila (1986) found hybrid male sterility between D. buzzatii and D. serido, the two sibling species of the repleta group. These authors have found that these two species have accumulated a large number of genetic changes which are incompatible with male fertility and sterility is produced when introgressed amount of chromosomal segments of D. serido exceeds a certain threshold. 
Mishra & Singh (2005, 2006 a, b, 2007) studied the genetic basis of hybrid male sterility in the D. bipectinata species complex which comprises of four species: D. bipectinata, D. parabipectinata, D. malerkotliana and D. pseudoananassae. All the four species are crossable in the lab but the degree of crossability varies in different crosses (Singh & Banerjee, 2016). Hybrid males are sterile but females are fertile. These authors used the backcrossing and chromosome introgression techniques. Their results have suggested: (i) X-autosome interaction is supposed to be involved in hybrid male sterility between D. bipectinata and D. malerkotliana as well as between D. parabipectinara and D. malerkotliana, (ii) decrease in the size of testes and seminal vesicles in the hybrids indicated sterility of hybrids although there was variation in the size of testes in hybrids depending upon the species involved in hybridization, (iii) the X-Y interaction may be playing an important role in hybrid male sterility between D. pseudoananassae and the other three species and (iv) the results of backcross scheme involving a single recessive visible marker on the X-chromosome show that X-Y interactions are playing major role in hybrid male sterility in the crosses involving D. bipectinata and D. parabipectinata and also between D. bipectinata and D, pseudoananassae while X-autosome interactions are largely involved in hybrid male sterility in the crosses involving D. malerkotliana and D. bipectinata as well as D. malerkotliana and D. parabipectinata. These results show that there are different types of chromosome interactions involved in hybrid male sterility in the D. bipectinata species complex (Singh & Banerjee, 2016). 
4. CONCLUSION
Species are the basic unit of any biological study. There are certain important questions on speciation genetics such as nature of genetic changes involved and the role of natural selection in speciation which are being discussed for a long time. In the area of evolutionary biology, the important aspect is to identify the genes and evolutionary forces which cause speciation. The origin of reproductive isolating mechanisms between populations are considered as prerequisite for speciation. Hybrid sterility is an important post mating as well as post zygotic reproductive isolating mechanism. It operates one generation later and causes the wastage of gametes. It has been well studied in Drosophila, an excellent biological model. A large number of cases have been studied which clearly demonstrate that there are genes, chromosomes and their interactions which cause hybrid sterility in different cases. Additionally, there are considerable variations when results of different studies are compared. This is really a valuable contribution and more work should be done in this emerging area of evolutionary biology particularly using molecular techniques. When the results of hybrid sterility and its mechanism in different species groups of Drosophila are compared, it throws light on the concepts of species particularly biological and genic concepts of species. The biological species concept defines a species  as a group of potentially or actually interbreeding individuals which are reproductively isolated from other such groups. Thus, reproductive isolation is an important factor which is caused due to accumulation of genetic differences resulting from mutations, natural selection, random genetic drift and migration. The results obtained in Drosophila concerning the speciation genetics support the biological species concept. However, the results obtained in Drosophila does not support the genic concept of species which states that  the unit of adaptation is to be a gene or set of interacting genes and not the complete genome and it may be true of species differentiation. The process of cladogenesis is gene-based. However, reproductive isolation is basically genomic concept. The process of speciation explained by reproductive isolation or biological species concept will be inconsistent with the process of speciation itself. According to Wu, the empirical evidence has increasingly suggested that there is a need to modify the biological species concept by redirecting the focus from reproductive isolation of whole genome to the differential adaptation at the level of gene/genes. Wu has also suggested that a more thorough revision of biological concept of species may be useful subject in the near future.  However, the evidences from Drosophila suggest that reproductive isolating mechanisms are important and are considered as prerequisite for speciation. Dobzhansky (1937) coined the term “isolating mechanisms” for different factors  which alone or in combination  prevent interbreeding of and the gene exchange between Mendelian populations. Thus it plays an important role in evolution. Dobzhansky (1973) has remarked “Nothing in biology makes sense except in the light of evolution”.
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