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1.1	Diversity	of	sex	determination	systems	
	
Sex	 determination	 systems	 vary	 among	 animal	 species.	 Sex	 in	 animals	 can	 be	
determined	by	two	fundamentally	different	processes:	genetic	sex	determination	
(GSD)	 and	 environmental	 sex	 determination	 (ESD).	 Under	 genetic	 sex	
determination,	 sex	 is	 determined	 by	 genetic	 factors,	 such	 as	 genes	 residing	 on	
chromosomes,	 whereas	 under	 environmental	 sex	 determination,	 sex	 is	
determined	by	environmental	factors	during	development,	such	as	temperature	
(Beukeboom	and	Perrin,	2014).	There	are	several	different	forms	of	GSD	known	
at	 the	 chromosomal	 and	 gene	 level.	 Some	 common	 chromosomal	 sex	
determination	 systems	 are	 male	 heterogamety	 (male	 XY,	 female	 XX),	 female	
heterogamety	 (female	 ZW,	 male	 ZZ)	 and	 haplodiploidy	 (male	 haploid,	 female	
diploid).	Under	male	heterogamety,	the	male	carries	the	minor	sex	chromosome	
(Y).	 A	 male-determining	 factor	 on	 the	 Y-chromosome	 is	 responsible	 for	 male	
development,	e.g.	in	humans.	Alternatively,	sex	can	be	determined	by	the	number	
of	 X	 chromosomes,	 e.g.	 in	 Drosophila	 melanogaster	 where	 flies	 with	 one	 X	
develop	 as	 male	 and	 flies	 with	 two	 X	 chromosomes	 as	 females	 (Erickson	 and	
Quintero,	2007).	 In	contrast	under	 female	(ZW)	heterogamety,	e.g.	 in	birds	and	
butterflies,	 the	 male	 produces	 only	 one	 type	 of	 sperm,	 whereas	 the	 female	
procudes	 two	 types	 of	 eggs.	 Like	XO	male	 heterogamety,	 female	 heterogamety	
can	 also	 occur	 in	 the	 absence	 of	 a	 W	 chromosome	 (female	 ZO,	 male	 ZZ).	
Haplodiploidy	is	mostly	found	among	insects,	 in	which	sex	determination	relies	
on	 a	 copy	 difference	 of	 the	 complete	 chromosomal	 set.	 Diploid	 individuals	
become	 females	 and	 haploid	 individuals	 become	 males.	 The	 mechanism	
underlying	 this	 mode	 of	 sex	 determination	 may	 be	 complementary	 sex	
determination	(CSD)	in	which	sex	determination	relies	on	the	allelic	composition	
of	one	or	more	sex	loci	(Crozier,	1971;	Cook,	1993;	Beukeboom,	1995;	Beye	et	al.,	
2003;	 van	 Wilgenburg	 et	 al.,	 2006;	 de	 Boer	 et	 al.,	 2008),	 or	 be	 based	 on	 a	
maternal	 imprinting	 effect	 (Verhulst	 et	 al.,	 2010).	 The	 driving	 forces	 for	 the	
diversity	of	 sex	determination	 systems	are	 still	 poorly	understood	and	 require	
further	comparative	analyses	(Beukeboom	and	Perrin,	2014).	
	
In	 335	 B.C.,	 Aristotle	 proposed	 that	 the	 heat	 of	 the	 male	 partner	 during	
intercourse	determines	sex.	 If	 the	male	heat	overwhelms	the	female’s	coldness,	
then	a	male	child	would	form.	In	contrast,	 if	 the	female’s	coldness	is	too	strong	
(or	the	male	heat	too	weak),	a	female	child	would	form.	We	now	know	that	this	is	
incorrect	 for	 humans,	 but	 environmental	 factors	 such	 as	 temperature,	 pH,	 day	
length	 and	 diet	 can	 serve	 as	 cues	 in	 organisms	 with	 environmental	 sex	
determination	 (ESD).	 In	many	 reptiles	 (Bull,	 1980;	Ciofi	 and	Swingland,	1997),	
some	 fish	 species	 (Conover	 and	 Heins,	 1987;	 Strüssmann	 et	 al.,	 1997;	
Ospina-Álvarez	and	Piferrer,	2008),	 some	nematodes	 (Pires-daSilva,	2007)	and	
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the	mosquito	Aedes	stimulans	(Horsfall	and	Anderson,	1963),	sex	is	determined	
by	 the	 temperature	of	 incubation,	 showing	 that	Aristotle	was	on	 to	 something.	
Global	temperature	changes	may	have	a	profound	impact	on	species	where	sex	
determination	 is	affected	by	ambient	 temperature,	as	 temperature	change	may	
result	in	biased	sex	ratios.	 	
	
There	now	is	growing	evidence	that	the	distinction	between	GSD	and	ESD	is	not	
so	strict,	and	that	interactions	between	genetic	and	environmental	influences	on	
sex	determination	are	common	(Beukeboom	and	Perrin,	2014).	One	example	is	
Pogona	 vitticeps	 (Central	 bearded	 dragon,	 Reptilia),	 in	 which	 genetic	 and	
environmental	 regulation	 of	 sex	 determination	 co-exist	 to	 produce	 sexual	
phenotypes	(Sarre	et	al.,	2004).	Another	example	is	the	common	housefly,	Musca	
domestica,	 that	 has	 a	 polymorphic	 sex	 determination	 system	 in	 which	 the	
distribution	of	the	different	sex	determination	factors	follows	geographical	clines	
(Franco	 et	 al.,	 1982;	Denholm	 et	 al.,	 1986;	 Tomita	 and	Wada,	 1989;	 Cakir	 and	
Kence,	1996;	Hamm	et	al.,	2005;	Kozielska	et	al.,	2008).	The	mechanistic	details	
of	the	interaction	between	GSD	and	ESD	are	not	well	understood.	One	possibility	
is	 that	 the	 expression	 of	 sex-determining	 genes	 is	 temperature	 sensitive.	
Conversely,	 transition	 from	 ESD	 to	 GSD	 can	 be	 achieved	 by	 evolution	 of	
sex-determining	 mutations	 (Reisser	 et	 al.,	 2017).	 Further	 study	 of	 interaction	
between	GSD	 and	 ESD	 is	 needed	 to	 shed	 light	 on	 the	 regulation	 of	 animal	 sex	
determination	and	its	evolution.	
	

1.2	Sex	chromosome	evolution	
	
The	 liability	 and	 turnover	 of	 sex	 chromosomes	 is	 a	 remarkable	 aspect	 of	 sex	
determination	 evolution.	 Sex	 chromosomes	 are	 supposed	 to	 evolve	 from	
ordinary	 autosomes	 that	 lost	 recombination	 after	 having	 acquired	 a	
sex-determining	 role	 (Fig.	 1.1;	 Rice,	 1996;	 Bachtrog,	 2006;	 Beukeboom	 and	
Perrin,	2014).	What	drives	the	evolution	of	new	sex	chromosomes	is	not	yet	well	
understood.	It	has	been	proposed	that	the	interplay	between	sex	determination	
genes	and	sexually	antagonistic	genes	(i.e.	genes	that	are	beneficial	in	one	sex	but	
detrimental	 in	 the	 other)	 is	 an	 important	 driver	 of	 change	 (Rice,	 1996).	
According	 to	 the	 model	 of	 Rice	 (1996),	 the	 genomic	 region	 that	 carries	 a	
sex-determining	 gene	 is	 a	 hot	 spot	 for	 sexually	 antagonistic	 genes.	 The	
accumulation	 of	 sexually	 antagonistic	 genes	 in	 such	 a	 region	 would	 reduce	
chromosome	 recombination	 surrounding	 the	 sex-determining	 gene.	
Transposable	elements	and	repetitive	DNA	sequences	will	accumulate	gradually	
due	to	a	lack	of	recombination	on	proto-sex	chromosomes	(Bachtrog,	2005,	2006,	
2013).	Thus,	over	 long	evolutionary	 time	periods,	 an	autosome	 that	 acquires	a	
sex-determining	 gene	 will	 gradually	 lose	 its	 original	 genes	 and	 become	 a	
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degenerated	Y-chromosome.	As	a	final	step	in	Y-chromosome	degeneration,	the	
sex-determining	 gene	 may	 translocate	 again	 to	 an	 autosome,	 which	 then	
becomes	a	proto-sex	chromosome,	starting	the	whole	cycle	over	again.	Although	
this	hypothesis	for	sex	chromosome	evolution	is	widely	accepted,	many	details	of	
how	sex	chromosomes	evolve	remain	unclear	due	to	lack	of	experimental	data.	 	
	

	
	
Figure	 1.1:	 Sex	 chromosomes	 evolve	 from	 ordinary	 autosomes.	 (1)	 Acquisition	 of	 a	
sex-determining	 gene	 by	 an	 autosome;	 (2)	 accumulation	 of	 sexually	 antagonistic	 genes	 in	 the	
regions	surrounding	the	sex-determining	gene;	(3)	reduction	of	chromosome	recombination;	(4)	
degeneration	 of	 the	 Y-chromosome;	 (5)	 translocation	 of	 the	 sex-determining	 gene	 to	 an	
autosome.	 SD,	 sex-determination	 locus;	 SA,	 sexually	 antagonistic	 locus;	 horizontal	 dashes	
indicate	occurrence	of	recombination	and	vertical	dotted	lines	absence	of	recombination	(From	
Beukeboom	and	Perrin,	2014).	
	

1.3	A	common	mechanism	of	sex	determination	in	
insects	 	
	
Sex	determination	systems	vary	strongly	among	 insect	 species	 (Sánchez,	2004;	
Bachtrog	 et	 al.,	 2014;	 Beukeboom	 and	 Perrin,	 2014;	 Blackmon	 et	 al.,	 2017).	
Three	 general	 components	 can	 be	 distinguished	 in	 the	 sex	 determination	
pathway	 in	 insects:	 a	 primary	 signal,	 a	 transductory	 gene	 in	 the	 middle	 that	
memorises	the	selected	fate	and	a	switch	gene	at	the	bottom,	that	together	form	
a	 cascade	 of	 regulatory	 genes	 (Bopp	 et	 al.,	 2013).	 The	 bottom	 gene	 doublesex	
(dsx)	 is	 present	 in	 all	 insects	 investigated	 thus	 far	 (Burtis	 and	 Baker,	 1989;	
Shearman	and	Frommer,	1998;	Kuhn	et	al.,	2000;	Ohbayashi	et	al.,	2001;	Hediger	
et	al.,	2004;	Scali	et	al.,	2005;	Ruiz	et	al.,	2007a;	Saccone	et	al.,	2008;	Oliveira	et	
al.,	2009;	Concha	et	al.,	2010;	Salvemini	et	al.,	2011;	Shukla	and	Palli,	2012a).	It	is	
the	 prime	 downstream	 target	 of	 transformer	 (tra),	 which	 acts	 as	 the	
transductory	 gene	 in	 sex	determination	of	most	 but	 not	 all	 insects	 (O’Neil	 and	
Belote,	1992;	Pane	et	al.,	2002;	Lagos	et	al.,	2007;	Ruiz	et	al.,	2007b;	Concha	and	
Scott,	2009;	Gempe	et	al.,	2009;	Hediger	et	al.,	2010;	Verhulst	et	al.,	2010;	Shukla	
and	Palli,	 2012b;	Bopp	et	 al.,	 2013).	The	primary	 signals	 vary	 greatly	between	
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different	insect	species.	For	example,	in	M.	domestica	(Diptera),	the	presence	of	a	
dominant	 male-determining	 gene(s)	 is	 the	 primary	 signal	 for	 male	
differentiation	(Hiroyoshi,	1964).	In	the	honeybee,	Apis	mellifera	(Hymenoptera),	
allelic	 composition	 of	 the	 csd	 gene	 is	 the	 primary	 signal	 for	 sex	 determination	
(Beye	 et	 al.,	 2003).	 In	 Bombyx	 mori	 (Lepidotera),	 a	 single	 non-coding	 RNA	
(piRNA)	is	the	primary	signal	for	female	development	(Kiuchi	et	al.,	2014).	More	
studies	of	the	various	primary	signals	may	aid	in	understanding	the	evolution	of	
sex	determination	diversity	among	insect	species.	 	
	
The	 tra-dsx	 transduction	 module	 is	 present	 in	 most	 insect	 sex	 determination	
pathways	studied	so	far	(Fig.	1.2;	Bopp	et	al.,	2013).	tra	mRNA	can	be	spliced	into	
either	a	female	or	male	variant	in	response	to	the	presence	of	a	female	or	male	
primary	signal.	The	female	splice	variant	of	tra	has	an	intact	open	reading	frame	
resulting	in	a	functional	protein	(TRAF)	that	regulates	its	downstream	target	dsx	
to	 produce	 female-specific	 isoform	 (DSXF),	 leading	 to	 female	 development.	 In	
contrast,	the	male	splice	variant	of	tra	contains	additional	sequences	that	encode	
truncated	nonfunctional	proteins	(TRAM).	As	a	result,	dsx	produces	male-specific	
isoform	(DSXM)	that	leads	to	male	development.	 	
	

	 	 	
	

Figure	1.2:	The	hourglass	model	of	 insect	sex	determination.	The	primary	signals	vary	between	
insect	species,	but	the	tra-dsx	transduction	module	is	conserved.	The	feminising	or	masculinising	
signals	control	the	on/off	state	of	tra,	which	leads	to	female/male	development	by	regulating	its	
direct	downstream	target	dsx.	Sexual	differentiation	at	 the	bottom	of	 the	pathway	refers	 to	 the	
developmental	program	responsible	 for	sexual	differences	 in	morphology,	physiology,	behavior	
and	anatomy	(From	Bopp	et	al.,	2013).	 	
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1.4	Sex	determination	in	Musca	domestica	
	
The	 housefly,	Musca	 domestica	 (Diptera:	 Muscidae)	 is	 a	 very	 common	 insect	
species	 with	 a	 worldwide	 distribution	 (Box	 1.1).	 It	 is	 a	 major	 vector	 of	 many	
pathogens	 that	 cause	 diseases	 in	 humans	 and	 life	 stock	 (Keiding,	 1986).	
Generally,	 it	has	a	diploid	 set	of	12	chromosomes	with	 five	pairs	of	autosomes	
(I-V)	and	one	pair	of	sex	chromosomes	(Stevens,	1908;	Metz,	1916).	M.	domestica	
is	 an	 ideal	model	 to	 investigate	 sex	determination	diversity	and	evolution	as	 it	
harbours	 several	 sex	 determination	 systems:	 sex	 determination	 based	 on	 a	
male-determining	 gene	 on	 the	 Y-chromosome,	 sex	 determination	 based	 on	 an	
autosomal	 male-determining	 gene(s),	 sex	 determination	 based	 on	 a	 dominant	
female-determining	gene	and	maternal	sex	determination	(Fig.	1.3).	 	
	
Box	1.1:	The	common	housefly,	Musca	domestica.	
	

	 	 	 	 	 	 	 	 	 	 	 	
	
The	housefly	has	a	worldwide	distribution.	Flies	are	active	 in	the	temperature	
range	of	10	 to	45	°C	and	can	survive	on	a	wide	range	of	diets	 (Keiding,	1986;	
Rosales	et	al.,	1994).	 In	nature,	 flies	generally	have	a	maximum	 lifespan	of	30	
days.	At	favourable	temperatures,	females	are	capable	of	mating	within	30	hrs	
after	emergence	(Keiding,	1986).	Female	 flies	 lay	eggs	 in	clutches,	each	clutch	
containing	120-130	eggs.	Females	and	males	can	be	easily	distinguished	based	
on	morphology	of	 the	head	and	genitalia	 (Box	1.1	 fig.	 1).	 Females	have	wider	
interocular	distance	than	males	and	they	carry	an	ovipositor.	The	external	male	
genitalia	 consist	 of	 a	 darkly	 pigmented	 copulatory	 apparatus	 and	 horn-like	
structures	 on	 the	 ventral	 side.	 Houseflies	 are	 considered	 a	 nuisance	 species,	
their	high	reproductive	rate,	widespread	distribution	and	strong	survival	ability	
makes	them	extremely	difficult	to	control	or	eliminate	(see	Box	1.2).	 	
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Box	1.1	figure	1:	The	phenotypical	differences	between	females	and	males	in	Musca	domestica.	
Females	 (left)	 can	most	 easily	 be	 distinguished	 from	males	 (right)	 by	 their	wider	 interocular	
distance	and	the	presence	of	an	ovipositor	(op).	The	external	male	genitalia	consist	of	a	darkly	
pigmented	 copulatory	 apparatus	 and	 horn-like	 structures	 (h)	 (Adapted	 from	 Hediger	 et	 al.,	
2010).	
	
In	standard	XY	strains,	females	carry	two	X	chromosomes	(XX)	and	males	carry	
an	 X	 and	 a	 Y-chromosome	 (XY)	 (Fig.	 1.3A).	 Both	 sexes	 carry	 the	
female-determining	 factor	 Md-transformer	 (Mdtra)	 that	 leads	 to	 female	
development	in	the	absence	of	a	dominant	male-determining	gene(s)	(Hediger	et	
al.,	 2010).	 The	M-locus	 that	 contains	 the	male-determining	 gene(s)	 is	 typically	
located	on	the	Y-chromosome,	but	can	also	be	present	on	any	autosome	or	even	
the	 X-chromosome	 (Fig.	 1.3B;	 Wagoner,	 1969;	 Inoue	 and	 Hiroyoshi,	 1982;	
Denholm	 et	 al.,	 1983;	 Inoue	 et	 al.,	 1986).	 The	 sex	 determination	 pathway	 is	
shown	 in	 Fig.	 1.4,	Mdtra	 mRNA	 and	Mdtra2	 mRNA	 are	 maternal	 provided	 to	
kick-start	zygotic	splicing	autoregulatory	loop	of	Mdtra,	indicating	that	the	Mdtra	
autoregulatory	 loop	is	continually	active	in	the	female	lineage	(Burghardt	et	al.,	
2005;	 Bopp,	 2010;	Hediger	 et	 al.,	 2010).	 Specifically,	MdTRA/MdTRA2	 protein	
complex	 binds	 into	TRA/TRA2	binding	 sites	 in	Mdtra	 pre-mRNA,	 directing	 the	
mRNA	 into	 female	 splice	 variant	 of	 Mdtra	 and	 generating	 a	 full-length	 and	
functional	 protein,	 MdTRAF	 (Fig.	 1.5;	 Hediger	 et	 al.,	 2010).	 The	M.	 domestica	
doublesex	 homologue,	Mddsx,	 is	 spliced	 by	 functional	 MdTRA	 protein	 and	 its	
co-factor	 MdTRA2	 into	 the	 female	 variant	 (MddsxF),	 which	 leads	 to	 female	
development	(Burghardt	et	al.,	2005).	A	male-determining	gene(s)	is	defined	as	a	
dominant	 Mdtra	 loop-breaker,	 which	 interrupts	 this	 autoregulatory	 loop.	 The	
resulting	 male-specifically	 spliced	Mdtra	 mRNA	 contains	 additional	 sequences	
that	encodes	a	truncated	nonfunctional	protein	of	MdTRAM	(Fig.	1.5;	Hediger	et	
al.,	2010).	Hence,	in	the	presence	of	a	male-determining	gene(s),	Mddsx	is	spliced	
into	 its	 male	 variant	 (MddsxM),	 leading	 to	 male	 development.	 The	 precise	
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mechanism	 of	 how	 the	 male-determining	 gene(s)	 prevents	 female	 splicing	 of	
Mdtra	remains	unknown.	 	
	

	 	 	 	 	 	 	 	 	 	 	
	
Figure	 1.3:	 Sex	 determination	 systems	 in	M.	 domestica.	 A:	 Sex	 determination	 system	 based	 on	
Y-linked	M.	 B:	 Sex	 determination	 based	 on	 an	 autosomal	M.	 C:	 Sex	 determination	 based	 on	 a	
dominant	 female-determining	 gene	 (MdtraD)	 irrespective	of	whether	of	M	 is	 present	or	not.	D:	
Maternal	 sex	determination:	 females	with	Ag	 produce	no-M	males.	When	 such	no-M	males	 are	
crossed	with	wild-type	females,	they	produce	exclusively	daughters	(Adapted	from	Dübendorfer	
et	al.,	2003).	
	

	 	 	 	 	 	 	 	 	 	
	
Figure	 1.4:	 The	 housefly	 sex	 determination	 pathway.	 Maternal	 Mdtra	 mRNA	 kick-starts	 the	
zygotic	 splicing	autoregulatory	 loop	of	Mdtra	with	 the	assistance	of	Mdtra2,	directing	Mddsx	 to	
produce	 a	 female	 splice	 variant	 (MddsxF),	 which	 instructs	 female	 development.	 A	
male-determining	gene(s)	interrupts	the	embryonic	activity	of	Mdtra,	which	sets	Mddsx	into	the	
male	splice	variant	(MddsxM)	and	instructs	male	development.	
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Figure	1.5:	Splicing	regulation	of	Mdtra.	The	MdTRA/MdTRA2	complex	binds	to	Mdtra	pre-mRNA,	
splicing	 it	 into	 female	 variant.	 The	 female	 splice	 variant	 of	Mdtra	with	 an	 intact	 open	 reading	
frame,	 encoding	 a	 full	 length	 and	 functional	 protein	 that	 contains	 367	 amino	 acids	 (MdTRAF).	
Mdtra	 auto	regulatory	 loop	collapses	 in	 the	presence	of	a	male-determining	gene(s),	 leading	 to	
Mdtra	 being	 spliced	 into	 male	 variant,	 which	 encodes	 a	 truncated	 and	 nonfunctional	 protein	
(MdTRAM).	 The	 green	 vertical	 lines	 indicate	 TRA/TRA2	 binding	 sites	 in	Mdtra	 (Adapted	 from	
Hediger	et	al.,	2010).	 	
	
Sex	 can	 be	 also	 determined	 by	 a	 dominant	 female-determining	 gene	 in	 M.	
domestica	(Fig.	1.3C).	 In	populations	 containing	males	with	multiple	 autosomal	
M-loci,	females	often	carry	a	dominant	female-determining	allele,	called	MdtraD,	
on	autosome	IV,	which	is	a	gain-of-function	allele	of	Mdtra	(Mcdonald	et	al.,	1978;	
Hediger	 et	 al.,	 2010).	 This	 allele	 of	Mdtra	 is	 insensitive	 to	 repression	 by	 the	
male-determining	gene(s).	Hence	in	the	presence	of	MdtraD,	flies	always	develop	
into	 females	 even	 in	 the	 presence	 of	 one	 or	 more	 M-loci.	 The	 evolutionary	
dynamics	 of	 the	 male-determining	 gene(s)	 and	 MdtraD	 are	 not	 yet	 well	
understood.	 Identification	 of	 male-determining	 gene(s)	 will	 not	 only	 help	 to	
understand	the	evolution	of	MdtraD,	but	will	also	provide	a	better	understanding	
of	the	evolution	of	the	different	sex	determination	mechanisms	in	M.	domestica.	
	
The	maternal	genotype	can	also	determine	the	sex	of	the	progeny	in	M.	domestica.	
A	strain	is	known	that	carries	the	arrhenogenic	(Ag)	mutation	on	autosome	I	(Fig.	
1.3D).	Ag	 is	 believed	 to	 be	 a	 variant	 of	 a	male-determining	 gene,	which	 is	 too	
weak	to	repress	expression	of	Mdtra	in	the	soma,	but	strong	enough	to	suppress	
expression	of	Mdtra	in	the	germ	line	(Este	and	Rovati,	1982;	Dübendorfer	et	al.,	
2003;	 Hediger	 et	 al.,	 2010).	 Hence	 heterozygous	 females	 (Ag/+)	 can	 produce	
no-M	 male	 offspring	 as	 Ag/+	 mothers	 fail	 to	 supply	 enough	 maternal	 Mdtra	
mRNA	to	activate	the	zygotic	splicing	auto	loop	of	Mdtra	(Este	and	Rovati,	1982;	
Hediger	et	al.,	2010).	When	such	no-M	males	(Ag/+	or	+/+)	are	crossed	with	wild	
type	females,	they	produce	exclusively	daughters	(Este	and	Rovati,	1982).	 	
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Interestingly,	 the	 distribution	 of	 autosomal	 and	 Y-linked	M-locus	 follows	 clear	
latitudinal	clines.	On	the	northern	hemisphere,	an	M-locus	on	the	Y-chromosome	
is	 more	 common	 at	 higher	 latitude	 and	 its	 frequency	 gradually	 decreases	
towards	 lower	 latitude	 where	 the	 M-locus	 occurs	 more	 often	 at	 one	 of	 the	
autosomes	 (Franco	et	al.,	1982;	Denholm	et	al.,	1986;	Tomita	and	Wada,	1989;	
Cakir	and	Kence,	1996;	Hamm	et	al.,	2005;	Kozielska	et	al.,	2008).	A	similar	cline	
is	 observed	 in	 the	 frequency	 of	MdtraD.	 Feldmeyer	 et	 al	 (2008)	 found	 that	 the	
yearly	 mean	 temperature,	 interacting	 with	 humidity,	 is	 the	 main	 responsible	
factor	for	the	clinal	distribution	of	MdtraD,	while	a	temperature	gradient	appears	
to	 correlate	 with	 the	 geographical	 distribution	 of	 autosomal	 M-loci.	 These	
geographical	 patterns	 clearly	 indicate	 that	 the	 environment,	 in	 particular	
temperature,	 affects	 M.	 domestica	 sex	 determination.	 How	 temperature	 may	
drive	 transitions	 in	M.	 domestica	 sex	 determination	 and	 how	 the	 genetic	 and	
environmental	 factors	 interact	 at	 a	 mechanistic	 level	 is	 still	 unclear.	
Identification	 of	 the	 male-determining	 gene(s)	 in	M.	 domestica	 is	 a	 first	 step	
towards	 answering	 these	 questions.	 It	will	 also	 increase	 our	 insight	 in	 how	
environmental	 factors	 can	 interact	 with	 sex	 determination	 genes	 to	 drive	
changes	in	sex	determination	mechanisms.	
	
Box	1.2:	The	importance	of	studying	Musca	domestica	for	pest	control	
	
Insect	pests	have	tremendous	impact	on	human	health,	agriculture	and	ecology.	
The	common	housefly,	Musca	domestica,	is	a	pest	species	that	lives	very	close	to	
humans	 and	 it	 is	 a	 major	 vector	 of	 many	 pathogens	 that	 cause	 diseases	 in	
humans	and	life	stock	(Keiding,	1986).	 It	 is	very	cumbersome	and	expensive	to	
control	houseflies.	For	example,	in	Argentina,	the	annual	cost	of	housefly	control	
is	approximately	1.6	million	US	dollars	(Crespo	et	al.,	1998).	Traditionally,	pests	
can	 be	 controlled	 with	 pesticides	 such	 as	 DDT	 (dichlorodiphenyl-	
trichloroethane),	however,	pesticides	are	usually	non	species-specific	and	 toxic	
for	other	organisms,	including	humans.	Another	problem	of	pesticide	use	is	that	
insects	 readily	 develop	 resistance.	 As	 an	 alternative	 to	 pesticides,	 eco-friendly	
methods	to	control	pests	such	as	pathogens,	parasitoids	and	predators,	and	other	
means	 of	 biological	 control	 are	 gaining	 increased	 attention.	 However,	 the	
effectiveness	of	this	method	is	influenced	by	many	abiotic	and	biotic	factors	that	
are	hard	 to	 control,	 such	as	 temperature	 and	 species	 interactions	 (Malik	 et	 al.,	
2007).	 	
	
The	sterile	insect	technique	(SIT)	is	a	promising	alternative	to	pesticide	use	and	
biological	 control.	 It	 is	 species-specific	 and	 environmental	 friendly.	 It	 relies	 on	
the	 release	 of	 mass-reared,	 sterile	 male	 insects	 into	 the	 environment	 that	
compete	 for	 matings	 with	 natural	 males,	 causing	 infertile	 matings	 and	 thus	
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gradually	 reducing	 or	 even	 eliminating	 the	 pest	 population	 (Knipling,	 1955;	
Krafsur,	1998).	Pests	were	hardly	seen	to	develop	resistance	to	SIT	in	more	than	
50+	years	of	the	large-scale	SIT	programs	(Alphey	et	al.,	2010).	Additionally,	SIT	
is	 considered	 a	 cost-effective	 strategy	 and	 has	 been	 successfully	 applied	
worldwide	 for	 the	 long-term	 suppression	 or	 elimination	 of	 some	 pest	 insects,	
such	 as	 the	 screwworm	 fly	 Cochliomyia	 hominivorax	 (Lindquist	 et	 al.,	 1992).	
Currently,	radiation	is	a	common	sterilisation	method	in	SIT.	The	disadvantage	of	
irradiation	is	that	it	reduces	the	sterile	insects’	fitness	and	that	it	is	laborious	to	
separate	 the	 males	 from	 the	 females.	 Efficient	 male	 isolation	 methods	 are	
required	to	improve	SIT,	such	as	developing	genetic	sexing	strains	(GSS)	relying	
on	 sex-specific	 mutations	 for	 sex	 separation.	 In	 the	 Mediterranean	 fruit	 fly,	
Ceratitis	capitata,	genetic	sexing	strains	(GSS)	are	based	on	temperature	sensitive	
lethal	(tsl)	and	white	pupae	 (wp)	mutations	(Robinson,	2002).	Female	offspring	
from	 this	 strain	 are	 killed	 by	 exposing	 eggs	 to	 a	 certain	 temperature.	
Traditionally,	 development	 of	 GSS	 includes	 complex	 physical	 and	 genetic	
manipulations	 that	 also	 reduces	 the	 sterile	 insects’	 fitness	 (Munhenga	 et	 al.,	
2016).	 Characterising	 the	 male-determining	 gene(s)	 of	 Musca	 domestica,	
combined	 with	 recently	 developed	 gene-editing	 techniques	 (Gantz	 and	 Bier,	
2015),	 may	 help	 to	 develop	 new	 methods	 for	 male	 production	 using	 sexing	
strains	to	improve	SIT.	
	

1.5	Molecular	identification	of	a	Musca	domestica	
male-determining	gene:	Mdmd	
	
As	mentioned	above,	in	M.	domestica,	sex	is	determined	through	the	interaction	
of	Mdtra	 and	a	male-determining	gene(s)	 that	 is	 only	 expressesed	 in	 the	male.	
Mdtra	male-specifically	spliced	transcripts	first	appear	in	embryos	2-3	hrs	after	
egg	laying,	indicating	that	the	male-determining	gene(s)	must	be	expressed	at	a	
very	early	 stage	of	 egg	development	 to	 stop	 the	 female	 splice	variant	of	Mdtra	
(Hediger	et	al.,	2010).	A	differential	gene	expression	analysis	of	male	and	female	
embryos	 is	 thus	 a	 way	 to	 identify	 the	 gene	 that	 is	 responsible	 for	 male	
development.	 While	 it	 is	 impossible	 to	 distinguish	 the	 sex	 of	 embryos	
morphologically,	 fortunately,	 M.	 domestica	 provides	 a	 unique	 opportunity	 to	
generate	 unisexual	 embryos.	 Sharma	 et	 al.	 (2017)	 exploited	 the	 various	 sex	
determination	 systems	 of	M.	 domestica	 to	 produce	 only	male	 and	 only	 female	
progenies.	Ag/+	females	produce	male	offspring	with	no-M	(Ag/+	or	+/+).	When	
such	no-M	males	 are	 crossed	with	wild	 type	 females,	 they	produce	 exclusively	
daughters	 (Fig.	 1.6).	 Males	 of	 the	 MdtraD	 strain	 are	 homozygous	 for	 the	
male-determining	 locus	 (the	M-locus)	 on	 autosome	 III.	 When	 these	 males	 are	
crossed	with	wild-type	females,	they	produce	only	sons	(Fig.	1.6).	
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Figure	1.6:	Crossing	scheme	to	generate	unisexual	offspring.	Females	(Ag/+)	from	the	Ag	strain	
produce	only	male	offspring	(Ag/+	or	+/+).	When	such	males	are	crossed	with	wild	type	females,	
they	 produce	 exclusively	 daughters.	 Males	 from	 the	 MdtraD	 strain	 are	 homozygous	 for	 the	
male-determining	locus	(the	M-locus)	on	autosome	III.	When	these	males	are	crossed	with	wild	
type	females,	they	produce	only	sons	(From	Sharma	et	al.,	2017).	
	
In	a	differential	expression	study	of	early	male	and	female	embryos,	four	contigs	
(ORM#1,	 ORM#2,	 ORM#3	 and	 ORM#6)	 of	 the	 same	 transcript	were	 identified	
among	the	top	male-specifically	expressed	contigs	that	were	absent	in	the	female	
genome,	 and	 therefore	 called	 orphan	 contigs	 (Scott	 et	 al.,	 2014;	 Sharma	 et	 al.,	
2017).	 This	 candidate	male-determining	 gene	 from	 the	MIII	 strain	 (M-locus	 on	
autosome	 III)	was	 named	Mdmd	 (for	Musca	 domestica	male	 determiner)	 and	 a	
BLAST	search	of	the	Mdmd	sequence	against	the	published	female	genome	(Scott	
et	al.,	2014)	showed	that	Mdmd	has	a	high	sequence	similarity	with	the	splicing	
regulatory	gene	CWC22/ncm	(nucampholin)	(Sharma	et	al.,	2017).	Mdmd	is	only	
present	 in	 the	male	 genome	 and	 zygotic	Mdmd	 transcripts	were	 first	 detected	
within	 2-3	 hrs	 after	 egg	 laying	 (cellularised	 blastoderm	 stage)	 (Sharma	 et	 al.,	
2017),	 which	 corresponds	 to	 the	 timing	 of	 the	 appearance	 of	 Mdtra	
male-specifically	spliced	transcripts	(Hediger	et	al.,	2010).	Mdmd	is	continuously	
expressed	 in	 adult	 male	 flies,	 indicating	 that	 male	 development	 might	 need	
continuous	activation	of	Mdmd	(Sharma	et	al.,	2017).	
	
The	 complete	 sequence	 of	 Mdmd	 and	 its	 embedding	 in	 the	 M-locus	 remains	
unknown,	 as	 the	 regions	 adjacent	 to	 the	Mdmd	 orphan	 contigs	 have	 not	 been	
analysed.	Identifying	genomic	regions	adjacent	to	the	orphan	contigs	will	help	to	
identify	the	complete	sequence	of	Mdmd	as	well	as	provide	molecular	evidence	
for	 organisation	 of	 the	 M-locus.	 As	 mentioned	 previously,	 the	 M-locus	 that	
contains	the	male-determining	gene(s)	can	be	present	on	different	chromosomes.	
It	 has	 been	 a	 longstanding	 question	 whether	 the	 M-loci	 on	 different	
chromosomes	 are	 similar	 or	 contain	 different	 male-determining	 genes,	 as	 the	
M-loci	 remained	 uncharacterised.	 There	 are	 MI	 (M-locus	 on	 autosome	 I),	 MII	

(M-locus	 on	 autosome	 II),	 MIII	 (M-locus	 on	 autosome	 III),	 MV	 (M-locus	 on	
autosome	 V),	 and	 MY	 (M-locus	 on	 Y-chromosome)	 strains	 in	 our	 laboratory.	
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Characterising	 the	M-loci	 in	 different	M.	 domestica	 strains	will	 help	 to	 identify	
the	 responsible	 mechanisms	 for	 their	 widespread	 distribution	 among	
chromosomes.	 In	addition,	M-carrying	autosomes	can	be	considered	as	nascent	
sex	chromosomes.	Elucidating	the	organisation	of	M-loci	will	shed	lights	on	early	
sex	chromosome	evolution.	
	

1.6	Functional	analysis	of	Mdmd	
	
Knockdown	 of	Mdmd	 by	 RNAi	 silencing	 confirms	 that	Mdmd	 is	 necessary	 for	
testes	 differentiation	 (Fig.	 1.7;	 Sharma	 et	 al.,	 2017).	 56-88%	 of	 RNAi	 treated	
males	developed	ovaries	instead	of	testes	and	are	sterile.	All	females	treated	by	
RNAi	 had	normal	 female	 phenotype	with	 fully	 developed	 ovaries.	 Additionally,	
knock-out	of	Mdmd	by	CRISPR-Cas9	system	results	in	complete	feminisation	(Fig.	
1.8;	 Sharma	 et	 al.,	 2017).	When	 CRISPR-Cas9	 targeted	males	 are	 crossed	with	
virgin	 females	 from	 the	 same	 strain,	 some	 of	 their	 offspring	 developed	 into	
sex-reversed	 fertile	 phenotypic	 females	 with	 fully	 differentiated	 ovaries	 (Fig.	
1.8).	 This	 indicates	 that	 targeted	 disruption	 of	 Mdmd	 by	 CRISPR-Cas9	 turns	
genotypic	males	into	females.	
	

	
	
Figure	1.7:	Embryonic	silencing	of	Mdmd	by	RNAi	leads	to	development	of	male	individuals	with	
fully	differentialted	ovaries.	Left:	A	male	with	external	male	genitalia	and	internal	ovaries.	Middle:	
Ovaries	dissected	from	this	male.	Right:	DAPI	staining	of	these	fully	differentiated	eggs	showing	
normal	cysts	with	nurse	cells	and	egg	chambers	(From	Sharma	et	al.,	2017).	 	 	

	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	
Figure	1.8:	Targeted	disruption	of	Mdmd	by	CRISPR-Cas9	system	 leads	 to	 female	development.	
Left:	 Black	 female	 (pw+;	 bwb+)	 with	 disrupted	Mdmd.	 Middle:	 Black	 male	 (pw+;	 bwb+)	 with	
wildtype	Mdmd.	Right:	Brown	female	(pw;	bwb)	with	no	Mdmd	(Sharma	et	al.,	2017).	 	
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As	predicted	based	on	its	position	at	the	top	of	the	cascade,	disruption	of	Mdmd	
affected	the	regulation	of	its	downstream	gene	Mdtra	and	Mddsx	(Sharma	et	al.,	
2017).	When	Mdmd	is	disrupted	by	CRISPR-Cas9,	splicing	of	Mdtra	and	Mddsx	is	
shifted	 to	 the	 female	 variant.	 These	 results	 confirm	 that	 Mdmd	 plays	 an	
important	role	 in	male	development	and	serves	as	 the	primary	signal	 in	 the	M.	
domestica	sex-determining	pathway.	
	
Examining	 the	 expression	 pattern	 of	 Mdmd	 in	 developing	 embryos	 will	
contribute	to	understanding	when	and	where	 it	provides	the	male-determining	
function.	Furthermore,	it	is	still	not	known	whether	Mdmd	 is	sufficient	for	male	
determination.	This	can	be	tested	by	transiently	expressing	Mdmd	in	a	genotypic	
female	background.	If	transient	expression	of	Mdmd	turns	genotypic	females	into	
males,	 it	 would	 conclusively	 demonstrate	 that	 Mdmd	 is	 sufficient	 for	 male	
determination.	 Alternatively,	Mdmd	 alone	 may	 not	 be	 sufficient	 but	 requiring	
additional	sequences	in	the	M-loci	to	direct	male	differentiation.	Elucidating	the	
molecular	 function	 of	Mdmd	 will	 clear	 the	 picture	 on	 how	 sex	 determination	
genes	interact	at	the	top	of	the	cascade	to	specify	male	and	female	fates.	
	

1.7	Aim	of	this	research	and	thesis	overview	
	
The	 goal	 of	 my	 PhD	 thesis	 was	 to	 further	 characterise	 different	M-loci	 of	M.	
domestica	in	terms	of	genomic	structure	and	gene	organisation.	The	second	main	
objective	 was	 to	 analyse	 the	 expression	 pattern	 and	 function	 of	 the	
male-determining	 gene	Mdmd.	Referring	 to	 the	 first	 objective,	 I	 aim	 to	 answer	
the	 following	 questions:	What	 is	 the	 genomic	 organisation	 of	M-loci?	 To	what	
extent	do	different	M-loci	contain	similar	genes?	What	is	the	complete	sequence	
of	Mdmd?	What	 is	 the	evolutionary	relationship	between	Mdmd	and	its	paralog	
CWC22/nucampholin	in	various	animal	species?	For	the	second	objective,	I	like	to	
answer	 the	 following	 questions:	 When	 and	 where	 is	 Mdmd	 expressed?	 Does	
Mdmd	 provide	 all	male	 functions	 needed	 for	 complete	 female-male	 reversion?	
Answering	 these	 questions	 will	 help	 us	 to	 disclose	 the	 evolutionary	 links	
between	the	different	M-loci	and	to	understand	the	precise	role	of	Mdmd	in	the	M.	
domestica	sex	determination	pathway.	
	
In	Chapter	2,	I	investigate	the	complex	nature	of	the	M-loci	in	two	autosomal	M	
strains,	MIII	and	MV.	I	provide	evidence	that	M-loci	on	autosome	III	and	V	contain	
multiple	copies	of	Mdmd	sequences,	with	various	level	of	homology	to	each	other.	
Cladogram	 analysis	 further	 illustrated	 that	 sequences	 in	 the	MIII-locus	 and	 the	
MV-locus	 could	 be	 divided	 into	 different	 clades,	 with	 sequences	 within	 clades	
being	more	similar	 than	sequences	between	clades.	 Interestingly,	 the	MIII-locus	
and	 the	MV-locus	share	some	similar	 sequences.	On	 the	basis	of	 these	common	



General	introduction	

21	

sequences,	 I	 try	 to	 identify	an	open	reading	 frame	(ORF)	 that	 is	assumed	to	be	
the	coding	sequence	of	Mdmd,	which	will	be	presented	in	the	following	chapter.	
	
In	Chapter	3,	I	present	the	coding	sequence	of	Mdmd	and	describe	the	cloning	of	
the	MdmdV	cDNA	from	the	MV	strain,	which	allows	the	design	of	specific	primers	
to	amplify	Mdmd	sequences	from	other	M-loci.	Sequences	with	high	similarity	to	
the	Mdmd	 ORF	 are	 detected	 in	MII,	MIII,	MV	 and	MY	 strains,	 except	 for	 the	MI	

(M-locus	on	autosome	I)	strain,	which	probably	has	a	different	male-determining	
gene(s).	 I	 show	that	Mdmd	 arose	by	duplication	of	 the	splicing	regulatory	gene	
CWC22/nucampholin.	As	Mdmd	seems	to	be	the	only	conserved	gene	in	different	
M.	 domestica	 strains,	 I	 hypothesise	 that	 Mdmd	 is	 sufficient	 to	 perform	 the	
male-determining	 function	and	 that	MdmdV	will	also	act	 similarly	as	MdmdIII	 in	
the	MIII	 strain.	 To	 test	 this	 hypothesis,	 it	 was	 necessary	 to	 perform	 transient	
expression	studies	of	MdmdV	as	discussed	in	the	following	chapter.	
	
In	Chapter	4,	I	present	the	temporal	and	spatial	distribution	of	Mdmd	mRNA	in	
developing	 embryos.	 High	 levels	 of	 uniform	 staining	 are	 found	 from	 the	
blastoderm	 stage	 to	 the	 dorsal	 closure	 stage.	This	 suggests	 that	 embryos	 need	
continuous	 activation	 of	 Mdmd	 to	 maintain	 their	 male	 development.	 In	 this	
chapter,	 I	 also	 aim	 to	 determine	 whether	 Mdmd	 is	 sufficient	 for	 male	
determination	in	M.	domestica.	To	this	end,	I	decide	to	transiently	express	MdmdV	
by	 injecting	 capped	 and	polyadenylated	MdmdV	 RNA	 in	 early	blastoderm	 stage	
embryos.	However,	 transient	 expression	 of	 capped	 and	 polyadenylated	MdmdV	
RNA	did	not	yield	any	visible	level	of	male	transformation.	These	results	suggest	
that	 MdmdV	 may	 not	 be	 sufficient	 to	 turn	 genotypic	 females	 into	 males.	
Alternatively,	 failure	 to	 transform	 genotypic	 females	 into	 males	 by	 injecting	
capped,	 polyadenylated	 MdmdV	 RNA	 may	 also	 be	 caused	 by	 an	 insufficient	
translation	 of	MdmdV	 mRNA.	 An	 alternative	 approach	 towards	 answering	 the	
question	whether	expression	of	Mdmd	is	sufficient	to	turn	genotypic	females	into	
males,	would	be	to	use	piggyBac	germline	transformation	to	repeatedly	express	
MdmdV	 during	 the	 whole	 life-cycle	 of	 the	 housefly.	 In	Box	 4.1,	 I	 describe	 the	
cloning	of	 a	pBac[3×P3-EGFP,	hsp70-MdmdV]	 transgene.	This	 transgene	will	 be	
used	in	future	experiments	to	assess	the	masculinising	activity	of	MdmdV.	 	
	
In	the	final	Chapter	5	I	summarise	my	results	and	discuss	how	my	findings	have	
contributed	 to	 our	 knowledge	 of	 the	 molecular	 mechanism	 underlying	 sex	
determination	in	the	housefly.	I	also	propose	some	directions	for	future	research.	
I	 compare	my	 findings	 on	 the	male-determining	 gene	with	 those	 published	 in	
other	 insects	 and	 discuss	 the	 genomic	 processes	 that	 are	 responsible	 for	 the	
complex	M-loci	 structure.	 I	 present	 hypotheses	 about	 the	 interaction	 between	
Mdmd	and	Mdtra	in	the	M.	domestica	sex	determination	pathway.	I	also	propose	
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a	 model	 for	 the	 evolution	 of	 the	 male-determining	 gene	 and	 a	 nascent	
Y-chromosome	 in	M.	domestica.	Lastly,	 I	consider	 the	possible	 forces	 that	drive	
transitions	between	sex	determination	systems	in	M.	domestica	in	particular	and	
in	insects	in	general.	 	
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