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Phylogenetic Relationships among Different Members of the Drosophila bipectinata Species Complex: Historical Perspective

[bookmark: _GoBack]ABSTRACT
Genus Drosophila which is considered as an excellent biological model belongs to the phylum Arthropoda, class Insecta and order-Diptera. It has rich species diversity and is further divided into different subgenera: Dorsilopha, Dudaica, Drosophila and Sophophora. Subgenus is further divided into species groups, species subgroups, species complexes and species clusters. In the ananassae subgroup of the melanogaster species group of the subgeneus Sophophora, there are three species complexes: ananassae. bipectinata and ercepeae based on male genital morphology. There are four species in the bipectinata complex: D. bipectinata, D. malerkotliana, D. parabipectinata and D. pseudoananassae which also contains subspecies except D. parabipectinata. A number of investigations have been done on these species pertaining to geographical distribution, taxonomy, degree of crossability, genetic basis of hybrid male sterility, inversion, allozyme and DNA polymorphisms, sexual isolation, sex comb morphology and phylogeny. While employing the results of these studies, the phylogenetic relationships among these species have been discussed by various investigators at different time intervals and different phylogenetic relationships have been proposed. 
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1.  INTRODUCTION
Genus Drosophila is an excellent biological model (Singh, 2025). It belongs to the phylum-Arthropoda, class- Insecta , and family- Drosophilidae. Drosophila has rich diversity at global level and more than 1500 species have been reported so far (Gupta, 2005).  It is further divided into different subgenera: Dorsilopha, Dudaica, Drosophila and Sophophora. Subgenus is further divided into species groups, species subgroups, species complexes and species clusters. In the ananassae subgroup of the melanogaster species group of the sub geneus Sophophora, there are three species complexes: ananassae. bipectinata and ercepeae based on male genital morphology. In the bipectinata complex, there are four species: D. bipectinata, D. malerkotliana, D. parabipectinata and D. pseudoananassae which also contains subspecies except D. parabipectinata. 
D. bipectinata was described by Duda in 1923 and is commonest and wide spread species in India. It occurs in India, Borneo, Cambodia, Thailand, Malaya, Japan, Nepal, Singapore, Celebes, Ryukyu Is., Samoa, New Guinea, Myanmar, Australia, Sri Lanka, Fijii, Philippines, Taiwan and Indonesia.
D. malerkotliana was described by Parshad and Paika in 1964 and commonest and widespread species in India. It occurs in India, Indonesia, Malaya, Philippines, Thailand, Singapore, Borneo, Sri Lanka, Celebes, Brazil, Bhutan, Myanmar, and also widespread in African regions.
D. parabipectinata was described by Bock in 1971. It occurs in Borneo, Philippines, Thailand, India and Cambodia.
D. pseudoananassae was described by Bock in 1971. It occurs in Australia, New Guinea, Borneo, Malaya, Philippines, Thailand and India.
Thus, D. bipectinata and D. malerkotliana have more wide spread geographical distribution than 
D. parabipectinata and D. pseuoananassae.
A number of investigations have been carried out on all the four species covering different aspects such as crossability and hybridization, inversion polymorphism, sexual isolation, variation in sex comb patterns, hybrid sterility and its genetic basis, fluctuating asymmetry, remating behavior and sperm displacement, nucleotide divergence, and population genetics (Singh & Singh, 2001; Singh & Sisodia, 2008; Singh & Banerjee, 2016). In this article, the historical perspective is described briefly concerning the phylogenetic relationships among the four species of the bipectinata complex. Females of all the four species are similar but males show variation in colour of abdominal tips and the pattern of sex combs:



Figure 1.Arrangement of sex combs in the four species of the complex.
2. Earlier studies pertaining to hybridization, sexual isolation, chromosomal polymorphism and phylogenetic relationships among these species
All the four species remain reproductively isolated in their natural populations. However, they hybridize and produce progeny of both sexes in the laboratory. Hybrid females are fertile and males are sterile (Gupta, 1973; Bock, 1978). Bock (1978) conducted extensive study in this complex and reported that there is no evidence of hybridization in natural populations although there species hybridize in laboratory conditions. There is significant variations in the degree and pattern of crossability when these species were crossed in pair wise combinations while utilizing strains of different geographic origins. There is a high degree of crossability in one direction with production of a large number of sterile male and fertile female progeny in 1:1 ratio (bipectinata X parabipectinata) to almost complete isolation in both directions in the other cross (malerkotliana X pseudoananassae)., very small number of successful crosses produced only a few females of low viability. These results provide evidence that there is close phylogenetic relationship between bipectinata, parabipectinata and malerkotliana with a higher degree of evolutionary divergence between these species and pseudoananasasae. Bock (1978) suggested that D. bipectinata, D. parabipectinata and D. malerkotliana seem to be very closely related in spite of the fact that they show morphological differentiation in the pattern of sex combs. However, D. pseudoananassae seems to have undergone a high degree of evolutionary divergence from D. bipectinata, D. parabipectinata and D. malerkotliana than these three species have from one another. Singh et al. (1981) conducted sexual isolation studies among the members of this complex and their results have shown one-sided sexual isolation between D. bipectinata and D. parabipectinata. The females of D. parabipectinata are strongly discriminating against males of D. bipectinata whereas the D. bipectinata females mate randomly  with D. parabipectinata males. Based on Watanabe and Kawanish’s (1979) hypothesis, D. bipectinata should be considered as ancestral to D. parabipectinata which does not agree to the previous suggestion that both are derived from the common ancestor. Bock (1971b) also studied intra and interspecific chromosomal inversions in the D. bipectinata species complex. Bock (1971b) detected twenty eight autosomal paracentric inversions in the larvae which were produced by hybridizing inversion free strains of the species complex. Twenty autosomal paracentric inversions were also detected in these species; fifteen of these inversions were different from those detected in interspecific hybrids. Bock (1971b) reconstructed the chromosome phylogeny while suggesting that D. malerkotliana and D. pseudoananassae and a population ancestral to both D. bipectinata and D. parabipectinata were directly derived from a common ancestral population.
3. After more than 30 years, an entirely different phylogeny among these species proposed by Japanese researchers based on studies on inversion polymorphism
Tomimura, Matsuda and Tobari (2005) conducted extensive work on inversion polymorphism in these species while preparing standard reference polytene chromosome maps. These authors found 87 inversions in this complex that shows a very high degree inversion polymorphism in this complex and they also described the break points of these inversions in the reference map prepared by them. Interestingly, the sharing of inversions varies in different species and subspecies. D. parabipectinata, D. bipectinata and D. maslerkotliana shared two chromosome arrangements: 2R-AB and one arrangement: 3LA was found in two species, D. parabipectinata and D. malerkotliana.  Half of the total chromosome arrangements detected in D. malerkotliana and D, pseudoananassae, were shared by two subspecies of D. malerkotliana and two subspecies of D. pseudoananassae. The number of different chromosome arrangements found between the species varies from 7 (between. D.  parabipectinata and D. malerkotliana) to at least 24 (between D. bipectinata and D. pseudoananassae). These authors, based on characterstic differences on their gene arrangements, proposed a reliable chromosome phylogeny of the complex. There is variation in the distribution of inversions in different chromosomes. There are ten gene arrangements in the X –chromosome, 50 gene arrangements in the second chromosome and 27 gene arrangements in the third chromosome. Except for 2R-AB and 3L-A , all the gene arrangements are species specific. The phylogenetic relationship among the four species proposed by Tomimura et al.  (2005) based on their study of inversion polymorphism is shown below:
Figure 2. Flow diagram
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However, this phylogeny is entirely different from the phylogeny proposed by Bock based on his study of sexual isolation, hybridization, pattern of crossability and chromosomal studies.

4. Phylogenetic relationship based on molecular data
Kopp and Barmina (2005) have also discussed the phylogenetic relationship among the four species of the Drosophila bipectinata complex. Based on the sequence of one mitochondrial and six nuclear loci, these authors have demonstrated that D. bipectinata and D. parabipectinata are the two most closely related species and that together with D. malerkotliana they form a monophyletic clade to which D. pseudoananassae is a relatively distant outgroup (Kopp & Barmina, 2005). These authors have also found that the genetic divergence among D. bipectinata, D. parabipectinata and D. malerkotliana is very low and it has been estimated by them that  these species probably diverged only 283000 to 385000 years ago. 
5. Genetic basis of hybrid male sterility, size of testis and seminal vesicle and phylogenetic relationships among different species of the complex
Mishra and Singh (2005, 2006 a,b,c , 2007) conducted extensive study on  this complex with particular reference to the genetic basis of hybrid male sterility.  Their main findings are: (i)  Sex comb pattern is consistent with the phylogenetic relationship among the four species. (ii) There is similarity in size of testis in D. bipectinata, D. parabipectinata and D. malerkotliana. However, size of testis  is significantly larger in D. pseudoananassae. Size of seminal vesicle is also similar in D. bipectinata, D. parabipectinata and D. malerkotliana but it is significantly smaller in D. pseudoananassae. This feature suggests that D. bipectinasta, D. parabipectinata and D. malerkotliana have close phylogenetic relationship and these three species are remotely related to D. pseudoananassae. (iii) The size of testis remains larger in the hybrids involving D. bipectinata, D. parabipectinata and D. malerkotliana but the size of testis is significantly reduced when D. pseudoananassae is used in hybridization experiments. This finding is interesting because size of testis is used as indicator of sterility. (iv) Size of seminal vesicle is uniformly reduced in all the hybrids which suggests that it is a more reliable indicator of sterility. (v) The phylogenetic relationship between the species is also reflected through the degree of their crossability. D. pseudoananassae is different from other three species because it shows very low degree of crossability with other three species. (vi) When D. bipectinata, D. parabipectinata and D. malerkotliana are hybridized, testis of hybrids contained immotile sperm but the hybrids involving D. pseudoananassae contained aspermic testis. Surprisingly, in hybrids involving D. pseudoananassae spermatogenesis was arrested before the formation of spermatids and only spermatogonial cells were found in the atrophied testis.(vii) These authors investigated the genetic basis of hybrid male sterility for the first time in this complex: there is no role of major X-linked and dominant autosomal genes and cytoplasmic factors in hybrid male sterility, Y chromosome may have a key role in hybrid male sterility in the crosses between D. bipectinata and D. parabipectinata and D. pseudoananassae with other three species. On the other hand, Y chromosome is not involved in hybrid male sterility in the crosses between D. bipectinata and D. malerkotliana and D. parabipectinata  and  D. malerkotliana. (viii) With the help of interspecific introgression technique, Mishra and Singh also investigated the role of X-autosome and X-Y interaction in hybrid male sterility in this complex. It is evident from the results that there is a role of X-Y interaction in hybrid male sterility between D. bipectinata and D. parabipectinata and D. bipectinata and D, pseudoananassae species pairs. However, X-autosome interaction may play major role in hybrid male sterility between D. malerkotliana and D. bipectinata and D. malerkotliana and D. parabipectinata. Based on these findings, it has been suggested that the mechanisms of genetic interaction underlying hybrid male sterility may vary in the four species of this complex. Further, it is also suggested that D. bipectinata and D. parabipectinata are closely related and both these species form a monophyletic clade with D. malerkotliana whereas D. pseudoananassae is distantly outgroup.
6. Phylogenetic relationship based on sexual isolation, fluctuating asymmetry and chromosomal variations in four species and their hybrids
Evolutionary studies were also conducted by Banerjee and Singh (2012, 2014, 2015, 2016, 2017) and  Singh and Banerjee (2015) in the Drosophila bipectinata species complex with particular reference to sexual isolation, fluctuating asymmetry and chromosomal inversions in four species and their hybrids. The main findings of their studies are: (i) From the results of sexual isolation studies, it has been inferred that D. bipectinata and D.malerkotliana are derived from a common ancestor. D, parabipectinata is derived from D. bipectinata. D. peudoananassae is distantly related to these three species and it must have diverged long back during the course of evolution from the same common ancestor from which D. bipectinata and D. malerkotliana are derived (ii) The results of studies on fluctuating asymmetry have revealed that the developmental precision remains more or less same in all the four species irrespective of their evolutionary divergence. However, the level of FA in hybrids does not show any significant difference from that of the parents. This suggests that specific developmental pathways are more susceptible to developmental disturbances due to genomic incapabilities than the large complex system bringing about developmental stability. Interspecific hybrids particularly those involving D. pseudoananassae as one of their parents showed a number of abnormalities like asymmetrical eyes in sons, dystrophied ovaries and poor fertility in daughters and poor viability in both. (iii) The studies on salivary gland chromosomes of hybrid larvae showed complex configuration and asynapsis. D. bipectinata and D. parabipectinata showing ancestral and derived relationship with gene arrangement differences without much significant divergence at the level of nucleotides. The poor pairing between homologous chromosomes between D. pseudoananassae and other three species (poor synapsis and knotted loops) and strong nucleotide divergence  provides sufficient proof that D. pseudoananassae is most diustantly related to other three species and the arms have undergone profound sequence divergence. Phylogenetic relationship proposed by Singh and Banerjee (2016): D. bipectinata and D. malerkotliana come from a common ancestor. D. parabipectinata is derived from D. bipectinata. However, D. pseudoananassae is very distantly related to all the three species. In case D. pseudoananassae has diverged from the common ancestral population from which both D. malerkotliana and D. bipectinata are derived, then in evolutionary history, it happened  quite long back. This phylogenetic relationship is entirely different from that proposed by Tomimura et al. (2005) which states that D. pseudoananassae is derived from D. malerkotliana based on inversion polymorphism.
7. Behavioural studies
Singh and Singh (2013, 2014a, b, 2015) conducted behavioural studies on the species of this complex. All the four species show intra and interspecific variations with respect to number of remated males and females, male and female remating latency and duration of copulation in first and second matings. These differences are attributable to difference in their reproductive physiology and adaptation. The study of remating and sperm displacement shows that there are variations in different species. Thus the pattern of sexual selection varies in different species. Based on these results, the following  phylogenetic relationship among the four species is suggested: D. parabipectinata and D bipectinata are closely related and both these species form a monophyletic clade with D. malerkotliana where D. pseudoananassae is distantly outgroup.
                                                                 
8.CONCLUSION
The Drosophila bipectinata species complex belongs to the ananassae sub group of the melanogaster species group and there are four species in this complex: D. bipectinata, D. parabipectinata, D. malerkotliana and D. pseudoananassae (Singh & Singh, 2001; Singh & Sisodia, 2008; Singh & Banerjee, 2016). A number of investigations have been conducted on these species pertaining to geographical distribution, patterns of sex comb, hybridization, degree of crossability, sexual isolation, remating and sperm displacement, allozyme and inversion polymorphisms, genetic basis of hybrid male sterility, morphology of testis and seminal vesicle, mitochondrial and nuclear loci and degree of evolutionary divergence. There are variations in the phylogenetic relationships among the four species of this complex suggested by different investigators from time to time. To get the finer details, the work in the area of speciation genetics in this complex should be continued in future employing newer techniques of molecular biology.
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