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Doublesex is conserved in animal kingdom. 

Doublesex regulates experienced-dependent courtship behavior. 

We are interested in sexual dimorphic behaviors. 

Why do we choose this theme? 
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In 1965, doublesex (dsx) was first identified 
affecting sexual differentiation in Drosophila. 

Both sexes are transformed into intersexes, which designated “doublessex” (dsx) 

Hildreth, P. E. (1965).  

Male ++                 female  ++ 

Male dsx                 female dsx 



Dsx controls sex determination in Drosophila 

transformer (tra), 

transformer-2 (tra-2) 

intersex (ix) 

doublesex (dsx)  

 

Baker, B. S., & Ridge, K. A. (1980). 



The regulatory hierarchy controlling sex and dosage 
compensation in D. melanogaster  

Belote, B. S. B. a. J. M. (1983). 



The control of sex determination and dosage compensation.  

Lucchesi, J. C. and M. I. Kuroda (2015).  

MSL: Male Specifc Lethal  

ribonucleoprotein  

Dosage compensation is the 

process by which organisms 

equalize the expression of 

genes between members of 

different biological sexes. 

  

transcriptional upregulation 

of the male X chromosome 

and is regulated by the MSL 

complex in Drosophila. 



Molecularly cloning of dsx locus by chromosomal walking  

Baker, B. and M. F. Wolfner (1988) 

Dsx locus is about 40kb length. 

Both sex-specific transcripts appear at the end of the larval period . 



Nucleotide sequences of male and female dsx  
cDNA and polypeptides 

Baker, B. (1989).  



In 1988, mab3 was first discovered in C. elegans , which 
prevents yolk protein production in males 

Shen MM, H. J. (1988). cell 

mab stands for “Male-ABnormal”  

wild-type adult male  

mab-3 mutant adult male  



Mab3 promote male-specific development in C. elegans.  

Raymond, C. S., et al. (1998). Nature  



Another DM domain gene, mab-23, required for the 
differentiation of male characteristics in C. elegans  

Lints, R. and S. W. Emmons (2002).  

mab-23 is required for male-specific muscle cell 

differentiation.  



DMRT gene family 

Dmrt genes: the family of doublesex/mab-3 related transcription 

factors, characterized by the presence of the DNA-binding DM domain. 

 

DM domain:  DM= dsx and mab-3   

 



In 1999, DM-genes were found to control sexual 
development  in vertebrate 

Raymond, C. S., et al. (1999). 

Raymond, C. S., et al. (2000).  

adult mice 



The structure of doublesex in Drosophila 

doublesex pre-mRNA 

PRE: purine- rich element 

Verhulst, E. C. and L. van de Zande (2015).  

Hertel K.J.et al. (1996) 

An W, C. S., Ishii H, et al (1996). 



Zhang, W., et al. (2006).  

Matson, C. K. er al(2012).  

The DM domain is a zinc finger DNA-binding motif that 
interacts with DNA in the minor groove. 

Mutations in either Zn2+-binding site or tail can lead to an intersex phenotype. 

a novel zinc module and disordered tail.  



The splicing mechanism of dsx 

Hertel KJ1, et al. (1996). 

Sequence alignment of exon 4 

Baker, B. (1989). 

Six 13-nucleotide repeat sequences 

six copies of a 13 nucleotides repetitive element is required for activation 

of the female-specific 3„ splice site by TRA and TRA-2 in females. 



SR protein RBP1 recognize dsx repeat region to regulate 
alternative splicing 

SR domain: 

serine-arginine-rich in C-terminal 

Volker Heinrichs and Bruce S.Baker(1995) 



Sex-Specific Splicing and Protein Phosphorylation 

XY; tra/+            XX; tra/+       

  

XX  DoaHD tra/ 

DoaDem+  

XX  DoaHD 

tra/DoaDem+  
XX; DoaHD/DoaDem  

XY normal         XX normal 

Du, C., et al. (1998). 

hs83-tra:  tra female-specific mRNA  



Conserved structure of dmrt gene 

Zhang N . et al. (2014). 



Phylogeny of the DM domain of vertebrate Dmrt proteins. 

Volff, J. N., et al. (2003).  



The function of Dmrt genes in vertebrate development: 
It is not just about sex 

 

 

Hong, C. S., et al. (2007).  



Somatic sex determination in flies and worms  

Zarkower, D. (2001).  



Dmrt genes integrate sex-specific, spatial, and temporal 
cues to induce sexually dimorphic differentiation  

Kopp, A. (2012). 



Diverse roles of DMRT1 orthologues in vertebrate sex 
determination.  

Matson, C. K. and D. Zarkower (2012).  



Summary  

 Dsx has a DNA-binding domain and two oligomerization 
domains. 

 

 Dsx regulates dimorphic trait development in Drosophila. 

 

 Alternative splicing of dsx pre-mRNA requires two elements: 
six 13-nucleotide repeat sequences and SR protein. 

 

 SR protein RBP1 promote alternative splicing by recognize 
target sequence in dsx pre-mRNA. 

 

 Dmrt gene family is highly conserved in animals. 



questions 

 What was the regulatory activity of arthropod Dsx before 
the evolution of sex-specific splicing?  

 

 How does dsx regulate other target gene instead of yolk 
protein ? 

 

 What are the relationship between protein phosphorylation 
and sex-specific splicing? 
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Sex-determining pathway in model organisms 

Zhang, N., et al. (2014) 



dsx is at the interface of sex determination and 
sexual differentiation in insects 

Verhulst, E. C. and L. van de Zande (2015)  

Pigmentation 

 

Sensory organs 

 

Genitalia  

 

Abdomen 

 

Horns  

 

Sex combs 

 

Mimicry 

 

Wing size etc. 



Morphological characteristics in the insect world 

bumblebee 

male            worker      

                                         queen 

stag beetle 

fruit fly 

butterfly 

male            non-mimetic            mimetic 

                         female                female 



External appearance of a gynandromorph（bumblebee） 

gynandromorph       male             worker           queen 

Ugajin, A., et al. (2016) 



dsx expression patterns of the gynandromorph
（bumblebee） 

Ugajin, A., et al. (2016) 

dsx 



Intraspecific sexual dimorphism and male variation in 
Cyclommatus metallifer (stag beetle) 

Female     small male    large male   

Gotoh, H., et al. (2014) 



dsx transcripts of Cyclommatus metallifer (stag beetle) 

Gotoh, H., et al. (2014) 



Intersex phenotypes of dsx RNAi in females and males           

Gotoh, H., et al. (2014) 



dsx modulates the response to JH in a sex-specific manner 

Gotoh, H., et al. (2014) 

Ace: acetone 

JHA: juvenile hormone analog 



Female-limited Batesian mimicry in P. polytes 

Nishikawa, H., et al. (2015) 



dsx is a mimicry supergene 

Association mapping, based on full genome sequences of 30 P. polytes butterflies, revealed 

multiple perfect associations inside dsx but none outside the gene. 

Kunte, K., et al. (2014) 



Expression of female dsx isoforms is female-biased 

Kunte, K., et al. (2014) 

dsx transcripts 

female 

male 

dsx isoform F1 and isoform F2 show wing-biased 

expression whereas isoform F3 expression is body-biased. 



Female dsx isoforms also show elevated expression 
in mimetic females 

Kunte, K., et al. (2014) 

dsx isoform F1 and F2 show elevated expression in mimetic females relative 

to non-mimetic females. 



Chromosomal inversion of dsx  
                                                   -dsx(H)  dsx(h) 

Nishikawa, H., et al. (2015) 



Expression patterns of genes located on the H locus  

Nishikawa, H., et al. (2015) 



dsx(H) is involved in both mimetic and non-mimetic 
wing pattern formation 

Nishikawa, H., et al. (2015) 



dsx dictates sexual differentiation in Drosophila 

Rideout, E. J., et al. (2010) 

wild type control 

Overexpression of 

dsxF in male 

Overexpression of 

dsxM in female 

dsx mutant female wild type control 



Jeong, S., et al. (2006) 



Williams, T. M., et al. (2008) 



Two cis-regulatory elements （CRE）direct bab1 
expression in the abdomen 

Williams, T. M., et al. (2008) 

Two CRE  

 

AE: Anterior element 

 

DE: Dimorphic element 



Abd-B behaves genetically as an activator of the DE 
and as a repressor of the AE 

Abdominal-B (Abd-B):  Hox gene, segment-specific regulator 

AE: Anterior element             DE: Dimorphic element 

Abd-B overexpression 

 

AE expression was 

repressed in both 

males and females 

Abd-B overexpression 

 

DE expression was 

expanded in females, 

but no effect in males 

Williams, T. M., et al. (2008) 



Regulation of bab1 expression by dsx 

Williams, T. M., et al. (2008) 

dsxM acting as a repressor in males 

dsxF acting as an activator in females 

DE: Dimorphic element 

 

dsxD+R13: dsx mutant 

 

dsxD: dsx is spliced as dsxM 



Sex-specific DSX regulate female-specific activation 
and male-specific repression of bab1 

Williams, T. M., et al. (2008) 

DNase I  footprinting assay 



Identification of Drosophila DSX Target Genes 
                               -DSX occupancy and binding sites 

Clough, E., et al. (2014) 



DSX occupancy for the gpp, Su(Tpl), and lilli loci 

Clough, E., et al. (2014) 

gpp                               su(Tpl)                            lilli 



Function of DOT1 in Sex Differentiation 

Model of DOT1 

Clough, E., et al. (2014) 



Summary 

 dsx is involved in the gynandromorph of bumblebee, with male 

characters on the left side and female characters on the right side; 

 

 dsx interacts with juvenile hormone (JH) signaling to determine the 

developmental fates and final sizes of stag beetles; 

 

 a single gene, dsx, can switch the entire wing pattern among 

mimicry phenotypes in butterflies; 

 

 DSXF and ABD-B activate bab1 expression in females, whereas 

DSXM directly represses bab1, which allows for pigmentation in 

fruit flies. 

 

 DSXF and DSXM bind thousands of the same targets, regulating 

sex-biased expression in multiple tissues in both sexes. 

 

 



Questions  

 Function of DSX target genes 

 

 Find cis-regulatory elements （CRE） 
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doublesex  control sex determination and sexual 
dimorphic  behavior in Drosophila. 

Sato, K. and D. Yamamoto (2014). 

Rideout EJ et al. Nat Neurosci. (2010) 

 



Courtship anomalies caused by doublesex mutations  



7  Postmatting 

Yamamoto D et al. Nat Rev Neurosci.  

（2013） 

Doublesex regulates multiple steps of sexual behavior 

Bray S et al. Neuron.（2003） 

 

Jean-Christophe Billeter, Curr Bio. 

et al. （2006） 

 



a model for the neural organization that 
controls courtship behavior 

vision olfaction 

gustation audition 

tapping 



 Expression of Gr68a is regulated by the sex-
determination genes 

Bray S et al. Neuron.（2003） 



Gr68a-expressing neurons are required during 
the tapping step 

Bray S et al. Neuron （2003） 



7  Postmatting 

Yamamoto D et al. Nat Rev Neurosci.  

（2013） 

Doublesex regulates the courtship song 

Charalambos P. Kyriacou，et 

al. Curr Bio（2007） 

 

Shirangi TR et al. Dev Cell. 

（2016） 

 

Shirangi TR  et al. Cell Rep. 

（2013） 

 

Arbeitman MN1, Newell NR. 

Dev Cell. 2016 

 

Zhou C, et al. Neuron. 2014 

 

Rezával C, et al. Curr Biol. 

2016 

 

 

 

 

 

 

 

 



 Neurogenetics of Drosophila courtship song 

Charalambos P. Kyriacou，et al. Curr Bio（2007） 

Hum: sine song 



hg1 motoneuron regulates sine song 

sine song are regulated by TN1A neurons 
and hg1 motorneuron   

the TN1A Neurons Is Required for the Generation of Sine Song 
Shirangi TR  et al. Cell Rep. 

（2013） 

Shirangi TR et al. Dev Cell. （2016） 



dsx regulates the link between the TN1A neurons 
and hg1 motorneuron 

Shirangi TR et al. Dev Cell（2016） 

 The TN1A neurons and hg1 motoneuron are functionally coupled 

dsx Regulates the Link between the TN1A Neurons and hg1 Motoneuron 



Arbeitman MN1, Newell NR. Dev Cell. 2016 

 Neuronal and genetic basis of courtship sine song 



 The involvement of pCd and pC1 neurons in 
female receptivity 

Zhou C, et al. Neuron. 2014 



Activation of Latent courtship circuitry in the brain 
of females induces male-like behaviors 

Rezával C, et al. Curr Biol. 2016 

Courtship Behavior 

Courtship 

song 



Rezával C, et al. Curr Biol. 2016 

dsx-pC1 neurons induce male-typical courtship 
behaviors in females 



7  Postmatting 

Yamamoto D et al. Nat Rev Neurosci.  

（2013） 

Hania J Pavlou, et al. 

Elife（2016） 

Copulation are regulated by dsx 



Sexually dimorphic dsx/glutamatergic neurons 
control genital coupling during copulation. 

Hania J Pavlou, et al. Elife（2016） 

dsx GAL4-DBD / vGlut dVP16-AD 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=5114013_elife-20713-fig2.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=5114013_elife-20713-fig2.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=5114013_elife-20713-fig2.jpg


 Sexually dimorphic dsx/GABAergic neurons control 
genital uncoupling during copulation. 

Hania J Pavlou, et al. Elife（2016） 



 model of circuit organization underlying 
copulation in males 

Hania J Pavlou, et al. Elife（2016） 



7  Postmatting 

Yamamoto D et al 

. Nat Rev Neurosci.  （2013） 

Carolina Reza´val, et al. Curr Bio（2012） 

 

Eric Kubli and Daniel Bopp, et al. Curr 

Bio（2012） 

 

dsx regulates the postmating behavior 



mSP and SPR expression in dsx neurons  
influence postmating behaviors  

Knocking Down SPR Expression in dsx Neurons Reduces Postmating 

Behaviors in Mated Females 

Behavioral Effects of mSP Expression in dsx Neurons in Virgin Females 



Dsx neurons are part of the circuitry involved 
 in sensing SP 

Carolina Reza´val, et al. Curr Bio（2012） 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=3396843_gr4.jpg


 characterization of intersected dsx-Abg neurons 
and associated projections 

Carolina Reza´val, et al. Curr 

Bio（2012） 



neuronal circuitry involved in sex peptide function. 

Eric Kubli and Daniel Bopp, et al. Curr Bio（2012） 



mab-23 males are defective in specific steps of  
male mating behavior. 

Robyn Lints and Scott W. Emmons, Genes Dev. 2002 



 Hierarchy of sexual differentiation genes in  
C. elegans and Drosophila. 

Robyn Lints and Scott W. Emmons. Genes Dev. 2002 



summary 

1, Dsx neurons are dimorphic in flies. 

 

2, Dsx regulates the expression of Pheromone receptor GR68a. 

 

3, Sine song are regulated by dsx. 

 

4, Dsx regulates the copulation by GABAergic and Glut neurons. 

 

5, Dsx neurons are part of the circuitry involved 

 in sensing SP. 



Questions 

1, what are the neural circuits that receive inputs from the 

pCd and pC1 neurons? 

 

2, whether the pC2 neurons also function in female 

sexual behaviors. 

 

3, How does the courtship step are translated correctly in 

fruit fly ? 
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