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Introduction

Organisms are born with certain innate behaviors that do not require first-hand experience to learn. These instincts grant one an initial baseline identity shared between members of the same species or the same sex. Whether an infant’s understanding of how to breastfeed, a predator’s ingrained knowledge of the hunt, or a deer’s avoidance of toxic leaves, the components and mechanisms of neural patterning that grant these behaviors remains largely unknown. One such example that has been studied genetically is the development of sexuality in Drosophila melanogaster. Several components of sexual determination have been identified through mutagenesis screens in the latter half of the 1900s, and the interaction of these gene products is now beginning to form a coherent cascade of protein interplay leading to the coding of innate sexual behaviors. The extent to which an organism’s courtship tendencies are patterned by its genetics or inspired by its experience is a curiosity that has long puzzled researchers. The line separating instinct, which arises purely due to inheritance, from the myriad of other actions is difficult to draw. The finding that genetic manipulations can induce modes of sexuality aside from common heterosexuality begs the question of how such behaviors can be innately patterned and whether these can be altered by environmental habituation. The connection to human interests goes beyond the obvious consideration of homosexual development in our own species; rather this addresses the mystery of heritable behaviors in general. If sexual orientation can be passed between generations, perhaps the genes involved represent a common neurogenetic mechanism of coding other kinds of innate behaviors and individual predispositions.

First discovered in the 1988 paper McKeown et al., the splicing protein transformer (traF) is expressed only in female flies and functions to develop both female body morphology and female sexual behavior. In male flies, this protein is normally absent, allowing male body and courtship development to occur. Eliminating traF function in females is sufficient to induce the development of a male soma and masculine sexual patterns, while entirely female development occurs if traF is expressed in male flies [18]. Thus, a single activating protein is able to regulate both sex-specific morphology and behavioral neural patterning. TraF interacts with the constitutively active protein transformer 2 (tra2), which is expressed in both male and female flies. This traF/tra2 complex functions to cut pre-mRNA in a sex-specific manner, allowing the same set of genes to regulate body and behavioral development in both genders via alternative splicing [18]. Two developmental genes are regulated by traF involvement: fruitless (fru) and doublesex (dsx) [17]. Fruitless was initially believed to solely  effect the maturation of currently undefined neural connections involved in the networking of sexual conduct, while doublesex was presumed to function only in the development of secondary sexual characteristics present on the soma. It has since been discovered that these genes overlap in certain areas, and that both are responsible for proper body development as well as behavioral patterning. Dissatisfaction (dsf) acts as a third branch of courtship regulation, and is indirectly modulated by traF function; like the previous examples, it too has a part in differentiating the male and female soma as well as their sexual behaviors [4]. As seen in Figure 1, these findings implicate multiple pathways that both interact and overlap to direct the physical and sexual identity of Drosophila.


Fruitless (fru) is the best studied gene in the pathway of sexual determination. It contains four promoters, although molecular studies have determined that only the P1 fru transcripts are spliced in a sex-specific manner [13]. These P1 products are only expressed in male flies and are essential for the induction of innate male courtship behaviors—that is, an attraction to and pursuit of females. Alternative splicing by traF in female flies deletes these male-specific transcripts and thus no homosexual courtship is observed in wild-type females [13]. Transcripts from the first promoter of fruitless are collectively referred to as fruM proteins, meaning those fruitless proteins that pattern instinctual sexual behavior found only in male Drosophila. Mutations in fruitless leading to the abolition of these fruM gene products were first published in 1963 [5], although a molecular characterization was not done until Ryner et al. in 1996 [15]. It was this 1996 paper which determined that these fruM products are actually transcription factors.  Analysis of various fruitless alleles has identified these flies as viable and normal in every behavior but courtship. Although certain mutations in fruitless males induce bisexual activity and others demonstrate strict homosexuality, all alleles produce defects in the stereotyped courtship behavior instinctual to male Drosophila [5, 6]. Since fruM is not normally expressed in female flies, female mutants in fruitless display no phenotypic differences from wild-type. However, ectopic expression of these fruM products is sufficient to confer male sexual behaviors to the female flies. Thus, by manipulating this pathway, females will begin courting other females, and homosexual behavior is readily observed [17].

Localization of fruitless products


Wild-type courtship behavior is well understood. The male orients itself in a particular manner and begins to follow the female. It touches her with its forelegs, sings a specific courtship song by vibrating its wings, approaches and licks the female, then curls its abdomen to attempt copulation. All of these activities involve the proper interpretation of sensory stimuli, and Drosophila act on a patterned, instinctual response. Males know how to court even without being exposed to the behavior as an observer [13]; thus it is an innate function that must rely largely on the interpretation of sensory data to dictate these actions. For this reason, the localization of fruM products is highly notable. Fusing a Gal4 driver to the P1-specific region of fruitless has allowed cells in which these transcription factors are expressed to be illuminated with GFP. This has demonstrated that fru transcripts are present in about two percent of all neurons in the Drosophila CNS [10]. Furthermore, fruM proteins are expressed in primary sensory neurons of systems known to be used during male courtship—vision, olfaction, taste, audition, touch. FruM products have also been detected in second-order and third-order visual and olfactory neurons, indicating that the fruM circuitry functions in the detection and transmission of these sensory cues as well as their integration at the primary sensory neurons [13]. The presence of fruitless transcripts in these areas of the Drosophila CNS raises the interesting possibility that these proteins induce a sexually dimorphic aspect to the processing or interpretation of sensory input, which could produce the observed change in stereotyped sexual behaviors between wild-type males and females.


This possibility has been examined extensively in olfactory neurons with respect to the fly’s specific response to pheromone signaling. Stockinger et al. tested the hypothesis that fruM transcripts were vital components in either pheromone detection or in generating the behavioral response to pheromone signals. To accomplish this, they silenced only those olfactory receptor neurons (ORNs) that expressed fruM proteins, without modifying all other fruM -positive cells or any ORNs that do not contain fruM products. The temperature-sensitive dynamin mutant shibirets (shi ts) was expressed in these cells, which stops neural transmission when incubated at 30°C. In these experiments, males were pair-mated to wild-type virgin females in the dark, as to eliminate any visual cues and place a heavier reliance upon pheromone signaling to initiate and control perceived courtship stimuli. In these fruORN-Gal4;UAS-shits males, fruitless is unmodified and shows wild-type expression patterns. At the permissive temperature of 20°C, neural transmission in the ORNs is normal, and fruORN-Gal4 males court females no differently than wild-type controls. However, at the restrictive temperature of 30°C, when these specific neurons are silenced and the pheromone signal thus eliminated, male courtship of virgin females is sharply reduced [19]. Thus, male patterned courtship behaviors are radically diminished when fruM -expressing neurons in the ORN are specifically inactivated,  making the role of fruM-expressing cells in the detection and processing of these olfactory signals is therefore vital to the induction of male heterosexual behaviors.
Fruitless specifies male courtship behaviors


Numerous studies have confirmed an intriguing finding: ectopic expression of fruM transcripts in females confers upon them the instinctual courtship behaviors reserved for wild-type males. Through some mechanism yet to be elucidated, the expression of fruM products puts the neural patterning in place to induce an entirely unique set of innate actions in response to certain stimuli. In light of this fact, it is perhaps surprising that there are very few differences in neuroanatomy between those cells expressing fruM in males and the same cells lacking these proteins in females [13]. Although there is significant sexual dimorphism in the patterned behavior induced by fruM expression, membrane-bound GFP shows no significant changes in neural projections between the sexes [12]. It is therefore speculated that the activities of fruM must modify intracellular neurophysiology relevant in processing or transmitting courtship sensory signals. Moreover, these neurons expressing fruM are believed to function almost solely in sexual courtship behaviors—when all fruM-expressing neurons are silenced by ectoptic addition of shibirets, male patterned courtship behaviors are abrogated, yet all other behaviors remain normal [12]. This singularity of function makes the lack of sexual dimorphism in the fruM neural circuitry more fascinating. Elucidating the intracellular consequences of fruitless inhibition, specifically in terms of protein regulation, could answer many questions regarding this pheromone-induced signaling cascade that results in modulated sexual behavior.


Expression of fruM in females induces homosexual behavior, where the mutant female responds with stereotyped male sexual behavior and courts other females [8]. Alternatively, different alleles of fruitless expressed in male Drosophila grant a spectrum of sexual phenotypes. Certain mutations confer strictly homosexual behavior, while other alleles cause bisexual courtship, although no copulation is attempted [6]. The mechanism for this modulation of sexual orientation is currently unknown. In addition to the role of fruM in the pheromone signaling of olfactory neurons, a second deviation from wild-type courtship is observed: the male’s vibration of its wing to produce a species-specific song [9]. Prior to contact between a pair of courting flies, the male must produce a specific pattern of frequency pulses with its wing. Although expressing fruM in female flies is sufficient to induce male courtship behaviors and homosexual tendencies, the song produced by its wings is anomalous compared to that produced by wild-type males; similarly, male flies expressing fruM are not necessarily able to generate a the proper frequency pulses [9]. Thus, a factor independent of fruitless must be responsible for ensuring the proper replication of this courtship song. Interestingly, female flies that are mutant in transformer develop into males both physically and behaviorally, despite chromosomal sex, and produce a courtship song identical to wild-type males [14]. Fruitless is a target of sexually dimorphic traF regulation, but it is not the only such gene. This observation implicates the second known downstream target of traF splicing: doublesex (dsx). Similar to the regulation of fruitless, the splicing of dsx pre-mRNA depends on the activity of traF, which is normally determined by the sex of the fly; thus there are male and female transcripts of this gene as well, which direct development. Indeed, when a female fly expresses both fruM products as well as the masculine dsxM transcripts, the courtship song she produces matches the wild-type male song precisely, and such a fly will pursue homosexual courtship [14]. Thus, despite the integral role it plays, fruitless is not a single-gene switch that is able to entirely convert between male and female sexual behaviors.

Other genes interact to affect sexual identity


Originally, the prevailing theory was that fruitless represents the singular behavioral switch while doublesex acts as the morphological toggle to transition from the body type of one sex to the soma of the other. These genes are the only known targets of traF regulation and early data seemed to support this hypothesis. However, this simplistic model is now known to be inaccurate; there is definite overlap in the functions of these genes, where fruM demonstrates limited regulation of body type and dsx plays a small but significant role in codifying sexual behavior. Unlike fruitless, there are sexually dimorphic transcripts of doublesex expressed in both male and female flies. DsxM, expressed in male flies, acts to repress downstream genes involved in female soma differentiation, and dsxF, expressed in female flies, serves the opposite function, suppressing the genes involved in development of the male soma [11]. It was initially believed that expression of dsxM in females confers male body morphology but not male courtship behavior. Similarly, male flies expressing dsxF adopt a female soma without any obvious modulation in sexual behavior [17]. However, although there is no gross courtship alteration as dsx expression changes, minor abnormalities are observed. When dsx is deleted, male and female flies develop a unique body structure absent of any secondary sexual features, without any phenotypic somatic markers to distinguish male from female. Despite this doublesex deletion and uniformity of body structure, the courtship behavior of males and females remains separated [17]. This would seem to indicate an exclusively morphologic role, yet dsx— males demonstrate mild bisexuality, indicating some role of dsx in defining the neural patterning of sexual behavior [20]. Further, an epistatic relationship is seen in double mutants of fruitless and doublesex; in males expressing weak alleles of fruitless, all showing mildly decreased courtship, the loss of one copy of dsx results in a drastic reduction of courtship activity compared to the fruitless mutants alone [17]. This result implicates dsxM as a positive factor in male sexual behavior, indicating that it functions synergistically with fruM as a sex-specific courtship switch.


Dissatisfaction (dsf) encodes another transcription factor downstream of transformer that functions in behavioral patterning. Through epistasis analysis, it was found that dsf activity depends on the status of transformer, but is independent of both dsx and fru, implicating a separate third pathway for regulating courtship behavior [23]. Aside from some minor morphological changes that complement rather than overlap the broad somatic modifications directed by dsx and the minor innervations activated by fruM, significant behavioral changes are observed in both males and females. Males vigorously court members of both sexes, and form long spiraling chains of male flies that all pursue the fly directly before them in a behavior reminiscent of fruitless homosexual activity [23]. Females, however, are far less receptive to males.  Dissatisfaction products are present in both male and female flies, and dsf is believed to be indirectly regulated by traF through some currently unknown mediator [17]. Although the phenotypes are similar, the morphologic changes induced by mutations in fruitless, dsx, and dsf are widely disparate and do not overlap [23], indicating that they code non-redundant functions in developing neural system from which these innate behaviors must spring.

Retained (retn) is a transcription factor expressed in both male and female Drosophila, although observable changes in courtship behavior are noticed only in female flies [3]. Mutations in this gene induce male sexual behaviors such that retn– females court other female flies. This male sexual conduct is observed in the absence of fruM expression, which had previously been demonstrated as sufficient to confer such activity [17]. Further, in male flies lacking fruM products, courtship of female flies is normally reduced or eliminated altogether, leading to bisexual or homosexual behaviors. However, the double mutant retn–;fruM shows a rescue of courtship patterning. As in female flies, eliminating retn function results in a recovery of male courtship activity, seemingly regardless of gender [17]. Notably, there is no significant overlap in neural expression of fruM and retn in the male CNS [3]. Since null retn alleles expressed in both females naturally lacking fruM products and males with mutations in fruitless result in the same recovery of the male courtship process, this absence of any sexual dimorphism observed with retn indicates that both male and female Drosophila must possess the potential for male sexual behavior in a pathway independent of fruitless modification. This is supported by the spatial segregation of retn and fru. It has been proposed that retn serves to repress this masculine behavior in female flies, but that fruM expression in males is sufficient to override retn suppression in males, permitting them wild-type courtship behavior [3].
Conclusion


A working model for the development of sexual conduct is presented in Figure 1. In male flies (panel A), transformer is inactive. As a result, its direct products, fruitless and doublesex, are not differentially spliced and are expressed in their male forms. FruM mostly specifies proper sexual behavior, while dsxM primarily serves to activate genes that specify the male body type, although there is some interplay between these generalized roles. Through some yet undiscovered mediator, dissatisfaction is activated to ensure proper courtship development in a pathway that functions parallel to fruitless with a currently unknown degree of overlap. Retained functions to constitutively repress male sexual behaviors, but the activation of fruM products is able to nullify its function. In female flies (panel B), transformer is in its active form, which alternatively splices both fruitless and doublesex into its female variants. Fruitless activity is eliminated, and dsxF primarily specifies the female soma with a minor role in specifying behavior. In the absence of fruM, retained represses male courtship behaviors and when paired with the activity of dissatisfaction, ensures that the female fly demonstrates proper stereotyped actions during courtship.


In current scientific and political arenas, the mystery of homosexuality in humans is an area of tremendous attention. It has been known for decades that disruption of various genes in Drosophila can induce sexual behaviors besides common heterosexuality. Only recently discovered, however, are the parallel pathways implicating transformer as the parent protein responsible for determining both physical and behavioral gender identity no matter the chromosomal sex of the individual. Three independent pathways are modified by tra, functioning synchronously to determine courtship behaviors starting from initial pheromone signaling all the way to Drosophila song production. A fourth pathway exists independent of this tra-mediated cascade, in which retained seems to play a largely redundant and submissive role in terms of protein interactions involved with sexual determination. From a broader perspective, Drosophila courtship activities represent an instinctual knowledge, as flies are able to pursue and copulate even without having ever witnessed the activity in other flies. Therefore, their induction of homosexual or bisexual behaviors must be innate as well, given that every mutant mentioned above is also capable of executing its genetically-patterned sexual behaviors without first observing them in others. While the line between nature and nurture is oft hidden in human studies, it is an easily definable boundary in flies. Study in this pathway has led to observations that the varied spectrum between exclusive heterosexuality and homosexuality is traversed by genetic interactions in Drosophila, representing a highly relevant finding for similar studies in our own species. And further, the passage of instinctual knowledge by altering the neurophysiology of specific neural clusters in the CNS is a critical milestone in better understanding how genetic knowledge has been consistently transferred through all species for millions of years.
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