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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	

SD	
SA	
SA	

SA	

SA	
SD	

A	 A	 Y	 Y	 Y	X	 X	 X	Proto-X	 Proto-Y	 Proto-X	 Proto-Y	

1	 2	 3	 4	 5	
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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	
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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.	 	



Characterisation	of	the	complex	nature	of	M-loci	in	Musca	domestica	

23	

Chapter	2	
Characterisation	of	the	complex	nature	of	M-loci	
in	Musca	domestica	

	
	
	
	
	
	
Part	of	this	chapter	is	published	in:	Sharma,	A.,	Heinze,	S.D.,	Wu,	Y.,	Kohlbrenner,	
T.,	 Morilla,	 I.,	 Brunner,	 C.,	 Wimmer,	 E.A.,	 Zande,	 L.	 van	 de,	 Robinson,	 M.D.,	
Beukeboom,	L.W.,	Bopp,	D.	(2017).	Male	sex	in	houseflies	is	determined	by	Mdmd,	
a	paralog	of	the	generic	splice	factor	gene	CWC22.	Science	356,	642–645.	
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2.1	Abstract	
	
The	 housefly	 (Musca	 domestica)	 is	 a	 perfect	 model	 to	 study	 insect	 sex	
determination	 as	 it	 harbours	 various	 systems.	 An	 M-locus	 that	 contains	 the	
male-determining	gene(s)	is	typically	located	on	the	Y-chromosome,	but	can	also	
be	 present	 on	 any	 of	 the	 five	 autosomes	 or	 even	 the	 X-chromosome.	Recently,	
based	 upon	 a	 differential	 transcriptome	 analysis	 of	 early	 male	 and	 female	
embryos,	“orphan	reads”	(ORMs)	were	identified	as	possible	transcripts	from	the	
male-determining	gene,	Mdmd	(for	Musca	domestica	male	determiner),	to	reside	
in	the	M-locus.	To	further	investigate	the	nature	of	the	M-locus,	I	used	these	ORM	
sequences	 to	 find	 adjacent	 genomic	DNA	 sequences.	 I	 found	 that	 the	MIII-locus	
(M-locus	 on	 chromosome	 III)	 and	 the	 MV-locus	 (M-locus	 on	 chromosome	 V)	
contain	 multiple	 copies	 of	 sequences,	 with	 various	 level	 of	 homology	 to	 each	
other.	Cladogram	analysis	further	demonstrated	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.	These	results	are	most	
easily	 explained	 by	 assuming	 that	 there	 have	 been	 independent	 amplification	
events	before	and	after	the	translocation	of	the	M-locus	to	autosomes	III	and	V,	
possibly	from	the	Y-chromosome.	
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2.2	Introduction	
	
Various	insect	sex	determination	systems	exist	that	can	be	variable	even	within	
species	 (Sánchez,	 2004;	 Bachtrog	 et	 al.,	 2014;	 Beukeboom	 and	 Perrin,	 2014;	
Blackmon	et	 al.,	 2017).	How	 this	diversity	of	 insect	 sex	determination	 systems	
has	 evolved	 still	 remains	 unclear.	 The	 housefly,	 Musca	 domestica,	 harbours	
several	sex	determination	systems	and	is	therefore	a	perfect	model	to	study	the	
evolution	of	 sex	determination.	An	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	 (Wagoner,	 1969;	 Inoue	 and	 Hiroyoshi,	
1982;	 Denholm	 et	 al.,	 1983;	 Inoue	 et	 al.,	 1986).	Md-transformer	 (Mdtra)	 was	
identified	as	the	female-determining	gene	in	the	M.	domestica	sex	determination	
pathway	(Hediger	et	al.,	2010).	Mdtra	mRNA	and	Mdtra2	mRNA	are	maternally	
provided	to	kick-start	a	positive	autoregulatory	feed-back	loop	of	female-specific	
splicing	 of	Mdtra	 mRNA	 in	 the	 zygote	 (Bopp,	 2010).	 MdTRA	 protein	 leads	 to	
female-specific	 splicing	 of	Mdtra	 mRNA	 with	 the	 assistance	 of	 other	 essential	
co-factors	 such	as	MdTRA2	protein	 (Hediger	et	al.,	2010).	The	mRNA	of	 the	M.	
domestica	 doublesex	 homologue,	 Mddsx,	 is	 spliced	 by	 MdTRA	 protein	 and	 its	
co-factor	 MdTRA2	 protein	 into	 the	 female	 variant,	 which	 leads	 to	 female	
development	 (Burghardt	 et	 al.,	 2005;	 Hediger	 et	 al.,	 2010).	 The	 action	 of	 the	
male-determining	 gene(s)	 is	 the	 interruption	 of	 this	 autoregulatory	 loop.	 This	
results	 in	 male-specific	 splicing	 of	 Mdtra	 mRNA,	 yielding	 a	 non-functional	
MdTRA	 truncated	 protein	 (Hediger	 et	 al.,	 2010).	 Hence,	 in	 the	 presence	 of	 a	
male-determining	gene(s),	Mddsx	is	spliced	into	its	male-specific	isoform,	leading	
to	male	development.	
	
A	differential	transcriptome	analysis	on	early	unisexual	embryos	identified	four	
transcript	parts	among	the	top	male-specifically	expressed	sequences	that	were	
also	absent	in	the	female	genome	(Scott	et	al.,	2014;	Sharma	et	al.,	2017).	These	
“orphan	sequences”	were	termed	ORM#1,	ORM#2,	ORM#3	and	ORM#6	(Sharma	
et	 al.,	 2017).	 PCR	 amplification	 from	 the	 genomes	 of	 MIII	 males	 (M-locus	 on	
autosome	III)	with	primers	located	in	these	ORMs	confirmed	that	all	four	ORMs	
belong	 to	 the	 same	 gene.	 This	 candidate	 male-determining	 gene	 was	 named	
Mdmd	(for	Musca	domestica	male	determiner)	(Sharma	et	al.,	2017).	Mdmd	is	only	
present	 in	 the	male	 genome	 (Sharma	 et	 al.,	 2017).	 Fig.	 2.1	 shows	 the	 order	 of	
ORMs	in	the	Mdmd	assembly.	
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Figure	2.1:	The	position	of	ORMs	in	Mdmd:	ORM#1	is	located	on	the	5’region	and	ORM#6	on	the	
3’region.	ORM#3	is	spanning	a	small	 intron	and	ORM#2	is	 located	 in	 the	middle	part	of	Mdmd.	
MIF4G	and	MA3	are	two	conserved	domains.	
	
Silencing	 of	 Mdmd	 by	 RNAi	 confirmed	 that	 Mdmd	 is	 necessary	 for	 testes	
differentiation	 (Sharma	 et	 al.,	 2017).	 Moreover,	 knockout	 of	 Mdmd	 by	
CRISPR-Cas9	 resulted	 in	 complete	 feminisation,	 indicating	 that	Mdmd	 plays	 an	
important	 role	 in	 male	 development.	 Disruption	 of	 Mdmd	 also	 affected	 its	
downstream	gene	Mdtra	and	Mddsx.	When	Mdmd	 is	disrupted	by	CRISPR-Cas9,	
Mdtra	is	spliced	in	the	female	variant	in	sex-reversed	individuals	(Sharma	et	al.,	
2017).	 Similarly,	 the	 female	 splice	 variant	 of	 Mddsx	 was	 also	 detected	 in	
sex-reversed	 individuals,	 in	contrast	 to	the	male	splice	variant	of	control	males	
(Sharma	 et	 al.,	 2017).	 These	 results	 confirmed	 that	Mdmd	 plays	 an	 important	
role	 in	male	development	and	serves	as	 the	primary	signal	 in	 the	M.	domestica	
sex	determination	pathway.	 	
	
Several	questions	remain	about	the	structure	of	the	M-locus	and	the	function	of	
Mdmd.	 How	 Mdmd	 is	 embedded	 in	 the	 M-locus	 remains	 unknown,	 and	 the	
regions	adjacent	to	the	Mdmd	ORMs	have	not	been	determined	yet.	Moreover,	it	
is	 not	 yet	 known	 whether	 expression	 of	 Mdmd	 is	 sufficient	 to	 turn	 genotypic	
females	 into	males	 or	whether	 additional	 genes	 are	 involved.	 Identifying	 these	
genomic	regions	adjacent	to	the	orphan	contigs	will	provide	molecular	evidence	
for	 the	 organisation	 of	 the	 M-locus	 and	 help	 to	 charaterize	 the	 complete	
sequence	 of	Mdmd.	 In	 this	 chapter,	 I	 describe	 the	 genomic	 regions	 adjacent	 to	
ORM#1	and	ORM#6	in	two	autosomal	M	strains,	MIII	(M-locus	on	chromosome	III)	
and	MV	(M-locus	on	 chromosome	V)	by	genome	walking	 (Siebert	 et	 al.,	 1995).	 I	
present	 evidence	 that	 the	 M-loci	 in	 both	 strains	 contain	 multiple	 copies	 of	
sequences,	 that	 all	 show	 various	 level	 of	 homology	 to	 each	 other.	 I	 further	
investigate	whether	the	M-loci	also	contain	interspersed	genomic	sequences	that	
exist	both	in	the	male	and	the	female	genome.	In	addition,	I	describe	the	common	
sequences	shared	by	the	MIII-locus	and	the	MV-locus.	These	results	contribute	to	
a	further	understanding	of	sex	chromosome	evolution	in	M.	domestica.	
	 	

Mdmd  
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2.3	Materials	and	Methods	
	
2.3.1	Musca	domestica	strains	and	culturing	
	
Two	different	M.	domestica	 strains	were	used	 for	genome	walking	analysis.	 (1)	
3-6	MIII	strain:	M	is	located	on	autosome	III.	Females	have	genotypes	X/X;	pw	bwb	
w/pw	bwb	w	and	males	X/X;	pw+	MIII	bwb+	w/pw	+	bwb	w.	pw	stands	for	pointed	
wings,	 bwb	 for	 brown	 body	 and	w	 for	 white	 eyes,	 all	 being	 recessive	 visible	
markers	 on	 autosome	 III.	 Females	 have	 brown	 body,	 white	 eyes	 and	 notched	
wings.	Males	are	heterozygous	for	M	and	they	have	black	body,	white	eyes	and	
normal	wings.	(2)	35-4	MV	strain:	M	is	located	on	autosome	V.	Females	are	X/X;	
bwb/bwb;	 ocra/ocra,	 males	 are	 X/X;	 bwb/bwb;	 MV	 ocra+/+	 ocra.	 ocra	 is	 a	
recessive	yellow	eye	colour	marker	on	autosome	V.	Females	are	phenotypically	
brown	 body	 with	 yellow	 eyes.	 Males	 are	 heterozygous	 for	 M	 and	 they	 have	
brown	body	with	red	eyes.	Strains	were	reared	at	25°C	as	described	previously	
(Schmidt	et	al.,	1997).	 	
	
2.3.2	Genome	walking	
	
DNA	 of	 single	 adult	 males	 from	 the	 MIII	 and	 MV	 strains	 was	 extracted	 by	
NucleoSpin®	Tissue	Genomic	DNA	purification	kit	from	Macherey	Nagel	(Düren,	
Germany).	 Genome	 walking	 was	 performed	 according	 to	 Universal	
GenomeWalkerTM	 2.0	 User	 Manuel	 from	 Clontech	 (Fig.	 2.2;	 California,	 United	
States).	 The	 concentration	 of	 experimental	 genomic	 DNA	 was	 checked	 in	
Nanodrop	from	Thermo	Fisher	Scientific	(Massachusetts,	United	States).	The	size	
and	the	quality	of	genomic	DNA	were	checked	on	a	0.6%	agarose/EtBr	gel	and	
the	 size	 of	 genomic	DNA	 should	 be	 larger	 than	50kb	with	minimum	 smearing.	
Subsequently,	 to	 test	whether	 the	 genomic	DNA	 can	be	digested	by	 restriction	
enzymes,	the	experimental	genomic	DNA	was	digested	by	DraI	(TTT|AAA)	with	
the	 following	concentrations:	5	µL	Experimental	genomic	DNA	(0.1	µg/µL),	1.6	
µL	DraI	(10	units/µL),	2	µL	10×DraI	Restriction	Buffer	in	a	total	volume	of	20	µL.	
After	incubation	at	37°C	overnight,	5	µL	of	digested	products	were	analysed	on	a	
0.6%	 agarose/EtBr	 gel	 along	with	 0.5	 µL	 of	 undigested	 experimental	 genomic	
DNA	 as	 a	 control.	 A	 smear	 was	 observed	 in	 the	 gel,	 indicating	 that	 the	
experimental	 genomic	 DNA	 can	 be	 digested	 by	 restriction	 enzymes.	
Subsequently,	genomic	DNA	was	digested	separately	by	four	enzymes	provided	
by	 the	 kit:	 DraI	 (TTT|AAA),	 EcoRV	 (GAT|ATC),	 PvuII	 (CAG|CTG)	 and	 StuI	
(AGG|CTT).	 Each	 enzyme	 digested	 the	 genomic	 DNA	 separately	 with	 the	
following	 concentrations:	 25	 µL	 Genomic	 DNA	 (0.1	 µg/µL),	 8	 µL	 Restriction	
enzyme	(10	units/µL),	10	µL	10×Restriction	enzyme	buffer	in	a	total	volume	of	
100	 µL.	 After	 incubation	 at	 37°C	 for	 2	 hrs,	 the	 reaction	was	 vortexed	 at	 slow	
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speed	 for	 5-10	 sec	 and	 incubated	 at	 37°C	 overnight	 afterwards.	 The	 reaction	
products	were	checked	on	0.6%	agarose/EtBr	gel.	 	
	
After	digestion,	DNA	 fragments	were	purified	by	 the	NucleoSpin®	Gel	 and	PCR	
Clean-up	 kit	 from	 Macherey	 Nagel	 (Düren,	 Germany)	 and	 ligated	 to	 the	
GenomeWalker	 adaptors	 to	 establish	 so-called	 GenomeWalkerTM	 “libraries”.	
After	 building	 four	 libraries,	 a	 primary	 “touchdown”	 PCR	was	 performed	with	
primer	 pairs	 GSP1	 and	 AP1	 for	 5’_genome	 walking	 and	 GSP3	 and	 AP1	 for	
3’_genome	walking	 (Fig.	 2.2,	 primer	 sequences	were	 shown	 in	 appendix).	 The	
following	 concentrations	 and	 conditions	were	 used	 for	 the	 primary	 PCR:	 1	 µL	
DNA	library,	0.5	µL	10	µM	forward	primer,	0.5	µL	10	µM	reverse	primer,	0.5	µL	
10	 mM	 dNTP,	 2.5	 µL	 10×Advantage	 2	 PCR	 Buffer	 and	 0.5	 µL	 Advantage	 2	
Polymerase	Mix	(50×)	in	a	total	volume	of	25	µL;	7	cycles	of	94°C	denaturation	
for	25	sec,	annealing/extension	for	6	min	at	72°C,	followed	by	32	cycles	of	94°C	
denaturation	 for	 25	 sec,	 annealing/extension	 at	 67°C	 for	 6	 min,	 and	 finally	
extension	at	67°C	for	7	min.	
	
After	 primary	 PCR,	 a	 secondary	 (nested)	 “touchdown”	 PCR	was	 performed	 by	
taking	1	µL	of	50×diluted	primary	PCR	product.	The	primers	 for	 the	secondary	
PCR	are	AP2	and	GSP2a	or	GSP2b,	respectively,	for	5’_genome	walking	and	AP2	
and	 GSP4a	 or	 GSP4b,	 respectively,	 for	 3’_genome	 walking.	 Compound	
concentrations	were	the	same	as	for	the	primary	PCR.	The	following	conditions	
were	 used	 for	 the	 secondary	 PCR:	 5	 cycles	 of	 94°C	 denaturation	 for	 25	 sec,	
annealing/extension	 for	 6	 min	 at	 72°C,	 followed	 by	 20	 cycles	 of	 94°C	
denaturation	 for	 25	 sec,	 annealing/extension	 at	 67°C	 for	 6	 min,	 and	 finally	
extension	at	67°C	for	7	min.	PCR	products	were	analysed	on	a	1%	agarose/EtBr	
gel.	 	
	
Target	fragments	were	purified	with	the	NucleoSpin®	Gel	and	PCR	clean-up	kit	
from	Macherey	Nagel	 (Düren,	Germany)	 and	 subsequently	 cloned	 according	 to	
the	TA	Cloning®	Kit,	with	pCR®II	vector	from	Clontech	(California,	United	States)	
under	the	following	concentrations	and	conditions:	1-5.5	µL	DNA	(DNA	from	gel	
purification	was	diluted	 in	20	µL	water),	2	µL	5×Express	LinkTM	T4	DNA	Ligase	
Buffer,	1.5	µL	linearised	pCR®II	vector	(25	ng/µL)	with	a	total	volume	of	9	µL,	1	
µL	Express	LinkTM	T4	DNA	Ligase	(5	Weiss	units)	was	added	into	the	reaction	to	
reach	 the	 final	volume	of	10	µL.	Alternatively,	 if	 the	PCR	products	only	show	a	
single	 fragment,	 1	 µL	 of	 PCR	 products	 can	 be	 directly	 ligated	 into	 the	 pCR®II	
vector	without	gel	and	PCR	purification.	The	ligation	concentrations	for	the	rest	
of	 the	 components	 were	 the	 same	 as	 above.	 Ligation	 was	 performed	 at	 16°C	
overnight.	 The	 construct	 was	 used	 to	 transform	 competent	 E.	 coli	 DH5α.	 The	
pCR®II	 vector	 contains	 the	 lacZα	 gene	 that	 allows	 for	 blue-white	 screening	 of	
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positive	 colonies	 by	 α-complementation.	 White	 colonies	 were	 cultured	 in	
Luria-Bertani	(LB)	medium	that	contain	100	µg/mL	ampicillin	at	37°C	overnight.	
Plasmids	 were	 extracted	 the	 following	 day	 and	 the	 size	 of	 inserted	 DNA	
fragments	 was	 checked	 by	 EcoRI-HF®	 (G|AATTC)	 from	 NEB	 (Massachusetts,	
United	 States)	 digestion.	 LGC	 Genomics	 (Berlin,	 Germany)	 carried	 out	
sequencing	 of	 the	 candidate	 fragments	 by	 using	 the	 primers	M13F	 and	M13R	
located	in	the	vector.	
	
The	 primers	 GSP_Dra52_R2	 and	 GSP_Dra52_R1	 combined	 with	 AP1	 and	 AP2,	
respectively,	were	used	for	a	second	round	of	5’_genome	walking	of	both	the	MIII	
and	MV	 strains.	 MIII_GSP_Stu93_F1	 and	 MIII_GSP_Stu93_F2	 combined	 with	 AP1	
and	AP2,	respectively,	were	used	for	a	second	round	of	3’_genome	walking	of	the	
MIII	strain.	MV_GSP_Dra13B_F1	and	MV_GSP_Dra13B_F2	combined	with	AP1	and	
AP2,	respectively,	were	used	for	another	second	round	of	3’_genome	walking	of	
the	MV	 strain.	 A	 third	 round	 of	 genome	 walking	 was	 performed	 after	 having	
obtained	new	sequences	from	the	second	round	of	genome	walking.	The	primers	
MIII_GSP_Pvu3B_R1	 and	 MIII_GSP_Pvu3B_R2	 combined	 with	 AP1	 and	 AP2,	
respectively,	were	used	for	a	third	round	of	5’_genome	walking	of	the	MIII	strain.	
MV_GSP_Pvu7B_R1	 and	 MV_GSP_Pvu7B_R2	 combined	 with	 AP1	 and	 AP2,	
respectively,	were	used	for	another	third	round	of	5’_genome	walking	of	the	MV	
strain.	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
Figure	2.2:	Genome	walking.	Genomic	DNA	was	digested	by	four	enzymes:	DraI,	EcoRV,	PvuII	and	
StuI.	 Each	 enzyme	 digested	 the	 genomic	 DNA	 separately.	 After	 digestion,	 GenomeWalkerTM	
adaptors	 were	 annealed	 to	 the	 DNA.	 Gene	 specific	 primer	 GSP1	 and	 adaptor	 primer	 AP1	 are	
primers	for	primary	PCR.	GSP2	and	AP2	are	primers	for	secondary	PCR.	N:	Amine	group	blocks	
extension	of	the	3’	end	of	the	adaptor-ligated	genomic	fragments,	preventing	the	generation	of	an	
AP1	binding	site	 in	 lower	adaptor	strand	(if	double-stranded	adaptor	sequences	are	present	at	
both	 ends,	 they	 will	 form	 a	 “panhandle”	 structure	 that	 cannot	 be	 extended)	 (modified	 from	
Universal	GenomeWalkerTM	2.0	User	Manual	from	Clontech,	California,	United	States).	 	
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2.3.3	Rapid	amplification	of	cDNA	ends	(RACE)	
	
5’_RACE	 PCR	 and	 3’_RACE	 PCR	 were	 performed	 using	 the	 SMARTEerTM	 RACE	
cDNA	Amplification	Kit	from	Clontech	(California,	United	States)	according	to	the	
SMARTEerTM	RACE	cDNA	Amplification	Kit	User	Manual.	RNA	was	purified	from	
0-24	 hrs	 embryos	 from	 the	MIII	 strain	with	 the	 ZR	 Tissue	&	 Insect	 RNA	Micro	
PrepTM	kit	 from	 Zymo	 Research	 (California,	 United	 States).	 First-strand	 of	 the	
5’_RACE_Ready	 cDNA	and	 the	3’_RACE_Ready	 cDNA	was	 synthesised	according	
to	the	SMARTEerTM	RACE	cDNA	Amplification	Kit	User	Manual.	 	
	
After	 synthesis	 of	 first-strand	 of	 the	 5’_RACE_Ready	 cDNA	 and	 the	
3’_RACE_Ready	 cDNA,	 a	 “touchdown”	 PCR	 was	 performed	 with	 primer	 pairs	
Universal	Primer	A	Mix	(UPM)	and	GSP1	or	GSP2b,	respectively,	for	5’_RACE	PCR	
and	 UPM	 and	 GSP4b	 for	 3’_RACE	 PCR.	 The	 following	 concentrations	 and	
conditions	were	used	for	the	PCR:	2.5	µL	RACE_Ready	cDNA,	1	µL	50×UPM,	1	µL	
10	 µM	 primer,	 1	 µL	 10	mM	dNTP,	 5	 µL	 10×Advantage	 2	 PCR	Buffer	 and	 1	 µL	
Advantage	2	Polymerase	Mix	(50×)	 in	a	total	volume	of	50	µL;	5	cycles	of	94°C	
denaturation	 for	 30	 sec,	 annealing/extension	 for	 5	min	 at	 72°C,	 followed	 by	 5	
cycles	of	94°C	denaturation	for	30	sec,	annealing	at	70°C	for	30	sec	and	extension	
at	72°C	for	5	min,	and	finally	25	cycles	of	94	°C	denaturation	for	30	sec,	annealing	
at	 68°C	 for	 30	 sec	 and	 extension	 at	 72°C	 for	 5	 min.	 The	 PCR	 products	 were	
checked	 on	 1%	 agarose/EtBr	 gel.	 The	 cloning	 procedure	was	 the	 same	 as	 the	
cloning	 step	 in	 genome	walking.	 Plasmids	 from	white	 colonies	were	 extracted	
and	 the	 size	 of	 inserted	DNA	 fragments	was	 checked	by	EcoRI-HF®	(G|AATTC)	
from	NEB	(Massachusetts,	United	States)	digestion.	Sequencing	of	the	candidate	
fragments	with	 the	 primers	M13F	 and	M13R	 in	 the	 vector	was	 carried	 out	 by	
LGC	Genomics	(Berlin,	Germany).	
	
2.3.4	PCR	amplification	of	M-locus	sequences	
	
PCR	was	 performed	 on	 single	male	 housefly	 gDNA	 and	 cDNA	with	 the	 primer	
combinations	GSP2b-Dra-52-F	or	GSP1-9-F	and	GSP3-R	or	GSP4b-R,	respectively.	
GSP2b-Dra-52-F	 and	 GSP1-9-F	 are	 located	 on	 the	 newly	 yield	 sequences	 from	
genome	walking	 and	 RACE.	 The	 following	 concentrations	 and	 conditions	were	
used	 in	 gDNA	PCR:	100	ng	gDNA,	0.5	µL	10	µM	 forward	primer,	0.5	µL	10	µM	
reverse	primer,	3	µL	2.5	mM	dNTP,	3	µL	10×Advantage	2	PCR	Buffer	and	0.5	µL	
Advantage	 2	 Polymerase	 Mix	 (50×)	 in	 a	 total	 volume	 of	 30	 µL;	 followed	 by	
denaturation	at	94°C	 for	2	min,	 then	30	cycles	of	94°C	denaturation	 for	30	sec,	
annealing	at	70°C	for	30	sec	and	extension	at	72°C	for	7	min,	and	lastly	extension	
at	 72°C	 for	 10	 min.	 For	 the	 cDNA	 PCR,	 cDNA	 was	 first	 synthesised	 with	 the	
Thermo	 Fisher	 Scientific	 (Massachusetts,	 United	 States)	 Maxima	 First	 Strand	
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cDNA	 Synthesis	 Kit	 with	 the	 following	 concentrations	 and	 conditions:	 4	 µL	
5×Reaction	Mix,	2	µL	Maxima	Enzyme	Mix	and	1.5	µL	template	RNA	(1.2	µg/µL)	
in	 a	 total	 volume	 of	 20	 µL.	 The	 mixture	 was	 incubated	 at	 25°C	 for	 10	 min	
followed	by	30	min	at	50°C.	The	reaction	was	terminated	by	incubating	at	85°C	
for	5	min.	The	cDNA	was	diluted	5×	with	nuclease-free	water	after	synthesis	and	
1	µL	cDNA	was	used	in	each	PCR	reaction.	The	cDNA	PCR	was	performed	under	
the	same	conditions	as	gDNA	PCR.	 	
	
PCR	products	were	analysed	on	a	1%	agarose/EtBr	gel.	The	cloning	procedure	
was	 the	 same	 as	 the	 cloning	 step	 in	 genome	 walking.	 Plasmids	 from	 white	
colonies	were	extracted	and	the	size	of	inserted	DNA	fragments	was	checked	by	
EcoRI-HF®	 (G|AATTC)	 from	 NEB	 (Massachusetts,	 United	 States)	 digestion.	The	
candidate	 fragments	 from	 positive	 plasmids	were	 sequenced	with	 the	 primers	
M13F	 and	 M13R	 in	 the	 vector	 combined	 with	 PCR	 primers	 by	 LGC	 Genomics	
(Berlin,	Germany).	
	
2.3.5	Sequence	analysis	
	
Sequencing	data	were	analysed	with	“Geneious”	(Kearse	et	al.,	2012).	Nucleotide	
multiple	alignment	was	used	in	the	data	processing.	A	BLAST	survey	of	all	unique	
Mdmd	 sequences	 against	 database	 Genome	 (Musca_domestica-2.0.2	 reference	
Annotation	Release	102)	and	organism	Musca	domestica	 (taxid:	7370)	(Scott	et	
al.,	 2014)	was	 performed	 using	 the	NCBI	 on-line	 blast	 tool.	 Phylogenetic	 trees	
were	 built	with	 the	 Geneious	 tree	 builder	 that	was	 based	 on	 the	 Jukes-Cantor	
genetic	 distance	 model	 and	 the	 Neighbor-joining	 method	 combined	 with	 the	
bootstrap	resampling	method	(1000	replicates).	
	

2.4	Results	
	
2.4.1	The	MIII-locus	consists	of	multiple	copies	of	Mdmd	
	
The	 sequences	 obtained	 from	 genome	 walking	 revealed	 that	 the	 MIII-locus	
consists	of	multiple	copies	of	sequences,	with	various	level	of	homology	to	each	
other	 (Fig.	 2.3).	 The	 first	 round	 of	 genome	 walking	 yielded	 four	 new	 and	
different	 sequences	 (sequences	 #1-4)	 with	 ORM#1	 based	 primers	 and	 six	
(sequences	#5-10)	with	ORM#6	based	primers.	Each	sequence	from	3’_genome	
walking	might	be	connected	to	any	sequence	from	5’_genome	walking.	Hence,	the	
MIII-locus	 contains	at	 least	 six	 copies	of	Mdmd.	Among	 the	obtained	 sequences,	
the	 longest	 is	 around	 2.4kb	 (sequence	 #5),	 and	 the	 shortest	 260bp	 (sequence	
#2).	Sequences	#1,	#9	and	#10	contain	genomic	sequences	that	exist	in	both	the	
male	and	the	female	genome.	The	genomic	sequences	in	sequences	#9	and	#10	
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share	 identical	 parts.	 Among	 these	 ten	 newly	 obtained	 sequences,	 some	 are	
completely	different	 from	each	other,	but	some	are	partly	similar	(displayed	 in	
similar	 colours:	 from	 dark	 green	 to	 light	 green	 (sequences	 #4	 and	 #5)	 in	 Fig.	
2.4A,	 from	dark	 blue	 to	 light	 blue	 (sequences	 #6,	 #7	 and	#8)	 in	 Fig.	 2.4B	 and	
from	 red	 to	 light	 red	 (sequences	 #9	 and	#10)	 in	 Fig.	 2.4C.	 Alignment	 of	 these	
partly	 similar	 sequences	 reveals	 that	 they	 have	 indels	 (insertion	 or	 deletion	
mutations)	 and	 nucleotide	 variations.	 Since	 the	 genomic	 DNA	 comes	 from	 a	
single	male,	nucleotide	variations	cannot	be	population	polymorphism,	but	most	
come	from	independent	repeats	of	the	MIII-locus.	
	

	
	
Figure	2.3:	The	MIII-locus	consists	of	multiple	copies	of	sequences	with	various	level	of	homology	
to	 each	 other.	 5’_genome	 walking	 started	 from	 ORM#1	 and	 3’_genome	 walking	 started	 from	
ORM#6	on	the	MIII	strain	genomic	DNA.	GSP1	and	GSP2b	are	primers	for	5’_genome	on	ORM#1.	
GSP3	and	GSP4b	are	primers	for	3’_genome	walking	on	ORM#6.	Sequences	#1-4	overlapped	with	
ORM#1.	 Sequences	 #5-10	 overlapped	 with	 ORM#6.	 Different	 sequences	 are	 colour	 coded	 (5’	
yellow,	 orange,	 grey	 and	 green,	 3’	 green,	 blue	 and	 red).	 Partly	 similar	 sequences	marked	with	
different	colour	 intensities	 (e.g.	 sequences	marked	 from	dark	green	 to	 light	green)	and	 labeled	
with	 A,	 B	 and	 C.	 The	 dotted	 line	 represents	 potential	Mdmd	 homologous	 sequences	 of	 so	 far	
unknown	 variations.	 The	 shaded	 boxes	 indicate	 sequences	 that	 exist	 in	 both	 the	male	 and	 the	
female	genome.	
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Figure	2.4:	Alignment	of	partly	similar	sequences	obtained	from	genome	walking	of	the	MIII	strain.	
A:	Alignment	of	similar	sequences	marked	from	dark	green	to	light	green	(sequences	#4	and	#5).	
B:	Alignment	of	similar	sequences	marked	from	dark	blue	to	light	blue	(sequences	#6,	#7	and	#8).	
C:	 Alignment	 of	 similar	 sequences	 marked	 from	 red	 to	 light	 red	 (sequences	 #9	 and	 #10).	
Sequence	#4	was	obtained	from	5’_genome	walking	with	the	primers	GSP1	and	GSP2b	in	ORM#1.	
Sequences	#5,	#6,	#7,	#8,	#9	and	#10	were	obtained	from	3’_genome	walking	with	the	primers	
GSP3	and	GSP4b	in	ORM#6.	All	these	partly	similar	sequences	can	align	with	each	other	but	with	
indels	 (insertion	or	deletion	mutations)	and	nucleotide	variations.	The	horizontal	bars	 indicate	
the	presence	of	 the	 same	sequences	and	 the	 lines	 indicate	 indels.	The	vertical	 lines	 in	 the	bars	
indicate	nucleotide	variations	among	sequences.	 	
	
More	 evidence	 indicated	 that	 the	MIII-locus	 contains	multiple	 copies	 of	Mdmd.	
Sequence	 #4	might	 be	 a	 “bridge”	 between	Mdmd	 homologous	 sequences	 as	 it	
went	 out	 from	ORM#1	and	 into	ORM#6	 (Fig.	 2.5).	 Also,	 sequence	#5,	which	 is	
similar	 to	 sequence	 #4,	 went	 out	 from	 ORM#6	 and	 into	 ORM#1	 and	 part	 of	
ORM#3	 (Fig.	 2.5).	 These	 results	 demonstrate	 that	 the	 MIII-locus	 consists	 of	
tandem	copies	of	Mdmd	repeats	and	some	of	the	copies	are	quite	similar.	
	

	
	
Figure	2.5:	Sequences	 from	genome	walking	 linked	several	 copies	of	Mdmd.	 Sequence	#4	went	
from	 ORM#1	 into	 ORM#6.	 Sequence	 #5	 went	 from	 ORM#6	 into	 ORM#1	 and	 part	 of	 ORM#3.	
Sequence	#4	was	obtained	from	5’_genome	walking	with	the	primers	GSP1	and	GSP2b	in	ORM#1.	
Sequence	#5	was	obtained	from	3’_genome	walking	with	the	primers	GSP3	and	GSP4b	in	ORM#6.	
The	 dotted	 lines	 are	 undefined	 sequences	 of	 potential	Mdmd	 repeats,	 and	 the	 solid	 lines	 are	
known	sequences.	 	
	
The	 MIII-locus	 contains	 interspersed	 genomic	 sequences	 that	 exist	 in	 both	 the	
male	 and	 the	 female	 genome.	 However,	 those	 sequences	 represent	 mostly	
repetitive	sequences	 that	cannot	be	used	to	design	primers	 for	 further	genome	
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walking.	For	example,	sequence	#1	contains	such	sequences,	as	shown	in	Fig.	2.3.	
To	 characterise	 the	whole	MIII-locus,	 I	 performed	 a	 second	 and	 third	 round	 of	
5’_genome	walking	based	on	some	of	the	male	specific	sequences	acquired	in	the	
previous	round.	 I	obtained	three	new	sequences	containing	genomic	sequences	
that	exist	 in	both	the	male	and	the	 female	genome.	Walking	out	 from	sequence	
#2	 yielded	 sequences	 #2-1	 and	 #2-2	 (Fig.	 2.6A).	 Interestingly,	 sequence	 #2-1	
overlapped	with	Musca_Mariner_Like_Elements	 (MLEs),	and	sequence	#2-2	with	
sequences	 from	 tapeworms	 and	 trematodes.	 In	 the	 third	 round	 of	 5’_genome	
walking,	 I	 used	 primers	 in	 the	 male	 specific	 part	 of	 sequence	 #2-2,	 yielding	
sequence	 #2-2-1	 (Fig.	 2.6B).	 This	 sequence	 also	 overlapped	 with	
Musca_Mariner_Like_Elements	(MLEs).	 	
	
When	walking	out	from	sequence	#9	in	the	second	round	of	3’_genome	walking,	I	
acquired	four	diverse	sequences.	All	of	them	contained	genomic	sequences	that	
exist	 in	 both	 the	male	 and	 the	 female	 genome	 (Fig.	 2.6C).	 Sequences	#9-3	 and	
#9-4	are	very	similar	with	two	nucleotide	differences	(Fig.	2.6C).	Sequences	#9-2,	
#9-3	and	#9-4	overlapped	with	 the	Musca	domestica	 pre-mRNA-splicing	 factor	
CWC22	 homolog,	 which	 contains	 two	 conserved	 domains	 MIF4G	 and	 MA3.	
Genomic	 sequences	 “b”	 in	 #9-3	 and	 “c”	 in	 #9-4	 are	 identical,	 which	 are	 also	
similar	with	“a”	in	#9-2.	Since	ORM#3	overlapped	with	conserved	domain	MIF4G,	
I	also	aligned	sequences	#9-2,	#9-3	and	#9-4	with	ORM#3.	I	found	that	sequence	
#9-2	 overlapped	 with	 part	 of	 ORM#3	 (Fig.	 2.7A).	 Sequences	 #9-3	 and	 #9-4	
overlapped	with	part	of	ORM#3	and	with	part	of	sequence	#9	(Fig.	2.7B).	These	
results	 confirmed	 that	 the	 MIII-locus	 consists	 of	 multiple	 tandemly	 repeated,	
partially	truncated	copies	of	Mdmd	interspersed	by	genomic	sequences	that	exist	
in	both	the	male	and	the	female	genome.	 	
	
In	 addition,	 I	 performed	 RACE	 PCR	 to	 characterise	 the	MIII-locus	 at	 the	 cDNA	
level.	 I	 obtained	 eight	 sequences	 (Fig.	 2.8A).	 Interestingly,	 sequences	 #1-RACE	
and	 #2-RACE	 are	 identical	 with	 sequences	 #1	 and	 #2	 from	 genome	 walking,	
respectively.	 When	 I	 compared	 sequence	 #3-RACE	 with	 sequence	 #2	 from	
genome	walking,	I	only	found	one	nucleotide	change	(data	not	shown).	Sequence	
#4-RACE	is	partly	similar	with	sequence	#2	from	genome	walking	and	sequence	
#5-RACE	 is	partly	 similar	with	 sequence	#4	 from	genome	walking.	The	 results	
from	RACE	PCR	indicated	that	some	of	the	copies	in	the	M-locus	are	transcribed	
into	RNA.	 I	 also	performed	PCR	with	primers	 in	 the	newly	obtained	sequences	
and	in	ORM#6,	yielding	two	sequences	(Fig.	2.8B).	Alignment	of	these	two	partly	
similar	sequences	shows	that	they	have	indels	(insertion	or	deletion	mutations)	
and	nucleotide	variations	(Fig.	2.8C).	 	
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Figure	2.6:	Results	of	second	and	third	round	of	genome	walking	of	the	MIII	strain.	The	MIII-locus	
contains	interspersed	genomic	sequences	that	exist	in	both	the	male	and	the	female	genome.	A:	
Second	 round	 of	 5’_genome	 walking	 started	 from	 sequence	 #2,	 yielding	 two	 new	 sequences:	
sequences	 #2-1	 and	 #2-2.	 B:	 Third	 round	 of	 5’_genome	 walking	 started	 from	 sequence	 #2-2,	
yielding	one	new	sequence:	sequence	#2-2-1.	C:	Second	round	of	3’_genome	walking	started	from	
sequence	#9,	yielding	four	new	sequences:	sequences	#9-1,	#9-2,	#9-3	and	#	9-4.	“a”,	“b”	and	“c”	
are	 similar	 genomic	 sequences.	 GSP_Dra52_R2	 and	 GSP_Dra52_R1	 are	 primers	 for	 the	 second	
round	 of	 5’_genome	 walking.	 MIII_GSP_Pvu3B_R1	 and	 MIII_GSP_Pvu3B_R2	 are	 primers	 for	 the	
third	round	of	5’_genome	walking.	MIII_GSP_Stu93_F1	and	MIII_GSP_Stu93_F2	are	primers	for	the	
second	round	of	3’_genome	walking.	The	shaded	boxes	indicate	sequences	that	exist	in	both	the	
male	 and	 the	 female	 genome.	 The	 dotted	 lines	 are	 undefined	 sequences	 of	 potential	 Mdmd	
repeats.	 In	sequence	alignment,	the	horizontal	bars	indicate	the	presence	of	the	same	sequences	
and	the	vertical	lines	in	the	bars	indicate	nucleotide	variations	among	sequences.	 	 	
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Figure	 2.7:	 Sequences	 from	 genome	 walking	 showing	 the	 complexity	 of	 the	 MIII-locus.	 A:	
Sequence	#9-2	 overlapped	with	 part	 of	 ORM#3.	 B:	 Sequences	#9-3	 and	#9-4	 overlapped	with	
part	of	ORM#3	and	with	part	of	sequence	#9.	Sequences	#9-2,	#9-3	and	#9-4	were	obtained	from	
the	 second	 round	 of	 3’_genomic	 DNA	 walking	 with	 the	 primers	 MIII_GSP_Stu93_F1	 and	
MIII_GSP_Stu93_F2.	 The	 shaded	 boxes	 indicate	 sequences	 that	 exist	 in	 both	 the	 male	 and	 the	
female	 genome.	 The	 dotted	 lines	 are	 undefined	 sequences,	 and	 the	 solid	 lines	 are	 known	
sequences	of	potential	Mdmd	repeats.	 	
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Figure	2.8:	RACE	PCR	to	determine	the	MIII-locus	on	the	cDNA	level.	A:	The	5’_RACE	PCR	started	
from	 ORM#1.	 GSP1	 or	 GSP2b	 are	 the	 primers	 for	 the	 5’_RACE	 PCR	 on	 ORM#1.	 Sequences	
#1-6-RACE	overlapped	with	ORM#1.	The	3’_RACE	PCR	started	from	ORM#6.	GSP4b	is	the	primer	
for	 the	 3’_RACE	 PCR	 on	 ORM#6.	 Sequences	 #7-8-RACE	 overlapped	with	 ORM#6.	 B:	 PCR	with	
primers	 GSP1-9-F	 and	 GSP2b-Dra52-F	 in	 the	 newly	 obtained	 sequences	 and	 primers	 GSP4b-R	
and	 GSP3-R	 in	 ORM#6,	 respectively,	 yielding	 two	 sequences.	 C:	 Alignment	 of	 these	 two	 partly	
similar	sequences	shows	that	they	have	indels	(insertion	or	deletion	mutations)	and	nucleotide	
variations.	The	dotted	lines	are	undefined	sequences,	and	the	solid	lines	are	known	sequences	of	
potential	Mdmd	repeats.	In	sequence	alignment,	the	horizontal	bars	indicate	the	presence	of	the	
same	 sequences	 and	 the	 lines	 indicate	 indels.	The	vertical	 lines	 in	 the	bars	 indicate	nucleotide	
variations	among	sequences.	
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2.4.2	Multiple	copies	of	Mdmd	exist	in	MII,	MIII,	MV	and	MY	males	
	
Genomic	DNA	 from	MI,	MII,	MIII,	MV	 and	MY	males	was	 amplified	with	 divergent	
primers	 localised	 at	ORM#1	 and	ORM#6.	 The	 results	 are	 displayed	 in	 Fig.	 2.9,	
which	 was	 kindly	 provided	 by	 Claudia	 Brunner.	 It	 revealed	 that	 there	 are	
multiple	copies	of	Mdmd	in	males	from	the	MII,	MIII,	MV	and	MY	strains	but	not	the	
MI	 strain,	 which	 probably	 has	 a	 different	 male-determining	 gene(s).	 The	
MIII-locus	 contains	 at	 least	 six	 copies	 of	 Mdmd.	 The	 MV-locus	 seems	 less	
complicated,	as	there	are	only	two	fragments	amplified	with	divergent	primers.	
For	 finding	 sequences	 adjacent	 to	 ORM#1	 and	 ORM#6	 in	 the	MV	 strain,	 I	 also	
performed	genome	walking	in	this	strain.	 	
	
	

	
	 	
	
	 	
	
	
	
	
	
	

	
	
	
	
	
	
Figure	 2.9:	 Multiple	 copies	 of	Mdmd	 exist	 in	MII,	MIII,	MV	 and	MY	males.	 A:	 Sequences	 between	
Mdmd	were	amplified	by	divergent	primers	1as	localised	at	ORM#1	and	6as	localised	at	ORM#6.	
B:	 Multiple	 fragments	 were	 amplified	 in	MII,	MIII,	MV	 and	MY	males	 indicating	 that	 there	 were	
multiple	tandemly	repeated	copies	in	the	M-loci.	The	dotted	lines	are	undefined	sequences.	This	
figure	was	kindly	provided	by	Claudia	Brunner	from	University	of	Zürich.	
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2.4.3	The	MV-locus	consists	of	multiple	copies	of	Mdmd	
	
Genome	 walking	 in	 the	 MV	 strain	 revealed	 that	 the	 MV-locus	 also	 contains	
repetitive	 sequences	 (Fig.	2.10).	The	 first	 round	of	genome	walking	yielded	six	
new	 and	 different	 sequences	 (sequences	 #11-16)	 with	 ORM#1	 based	 primers	
and	 four	 (sequences	#17-20)	with	ORM#6	based	primers.	Each	 sequence	 from	
5’_genome	walking	might	be	connected	to	any	sequence	from	3’_genome	walking.	
Hence,	 the	MV-locus	 contains	 at	 least	 six	 copies	 of	Mdmd.	 Among	 the	 obtained	
sequences,	the	longest	is	around	2.1kb	(sequence	#20),	and	the	shortest	is	195bp	
(sequence	#16).	Sequence	#20	contains	genomic	sequences	that	exist	in	both	the	
male	and	the	female	genome.	Similar	sequences	are	displayed	in	similar	colours:	
from	 dark	 purple	 to	 light	 purple	 (sequences	 #12,	 #13	 and	 #14)	 in	 Fig.	 2.11A,	
from	 dark	 orange	 to	 light	 orange	 (sequences	 #15	 and	 #16)	 in	 Fig.	 2.11B	 and	
from	 dark	 pink	 to	 light	 pink	 (sequences	 #18,	 #19	 and	 #20)	 in	 Fig.	 2.11C.	
Alignment	 of	 these	 partly	 similar	 sequences	 shows	 that	 they	 have	 indels	
(insertion	 or	 deletion	mutations)	 and	 nucleotide	 variations.	 Since	 the	 genomic	
DNA	 comes	 from	 a	 single	 male,	 nucleotide	 variations	 cannot	 be	 population	
polymorphism,	but	most	come	from	independent	repeats	of	the	MV-locus.	
	

	
	
Figure	2.10:	The	MV-locus	consists	of	multiple	copies	of	sequences	with	various	level	of	homology	
to	 each	 other.	 5’_genome	 walking	 started	 from	 ORM#1	 and	 3’_genome	 walking	 started	 from	
ORM#6	 on	 the	MV	 strain	 genomic	 DNA.	 The	 primer	 GSP1	 combined	 with	 GSP2a	 and	 GSP2b,	
respectively,	were	used	for	5’_genome	walking	on	ORM#1	and	the	primer	GSP3	combined	with	
GSP4a	and	GSP4b,	respectively,	were	used	for	3’_genome	walking	on	ORM#6.	Sequences	#11-16	
overlapped	with	 ORM#1.	 Sequences	 #17-20	 overlapped	with	 ORM#6.	 Different	 sequences	 are	
colour	 coded.	 Partly	 similar	 sequences	 are	 marked	 with	 different	 colour	 intensities	 (e.g.	
sequences	marked	from	dark	purple	to	light	purple)	and	labeled	with	A,	B	and	C.	The	dotted	line	
is	an	undefined	sequence.	The	shaded	boxes	 indicate	sequences	that	exist	 in	both	the	male	and	
the	female	genome.	 	
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Figure	 2.11:	 Alignment	 of	 partly	 similar	 sequences	 obtained	 from	 genome	 walking	 of	 the	MV	

strain.	 A:	 Alignment	 of	 similar	 sequences	marked	 from	dark	 purple	 to	 light	 purple	 (sequences	
#12,	#13	and	#14).	B:	Alignment	of	similar	sequences	marked	from	dark	orange	to	light	orange	
(sequences	#15	and	#16).	C:	Alignment	of	similar	sequences	marked	from	dark	pink	to	light	pink	
(sequences	 #18,	 #19	 and	 #20).	 Sequences	 #12,	 #14	 and	 #16	 were	 obtained	 from	 5’_genome	
walking	with	 the	 primers	 GSP1	 and	 GSP2a	 in	 ORM#1.	 Sequences	 #13	 and	#15	were	 obtained	
from	 5’_genome	 walking	 with	 the	 primers	 GSP1	 and	 GSP2b	 in	 ORM#1.	 Sequence	 #18	 was	
obtained	from	3’_genome	walking	with	the	primers	GSP3	and	GSP4a	in	ORM#6.	Sequences	#19	
and	#20	were	obtained	from	3’_genome	walking	with	the	primers	GSP3	and	GSP4b	in	ORM#6.	All	
these	partly	similar	sequences	can	be	aligned	but	with	 indels	 (insertion	or	deletion	mutations)	
and	nucleotide	variations.	The	horizontal	bars	indicate	the	presence	of	the	same	sequences	and	
the	 lines	 indicate	 indels.	 The	 vertical	 lines	 in	 the	 bars	 indicate	 nucleotide	 variations	 among	
sequences.	
	
To	 characterise	 the	 whole	MV-locus,	 I	 performed	 a	 second	 and	 third	 round	 of	
5’_genome	walking	based	on	some	of	the	male	specific	sequences	acquired	in	the	
previous	 round,	 particularly	 chose	 those	 sequences	 that	 are	 shared	 with	 the	
MIII-locus	(see	following	part).	I	obtained	five	new	sequences.	Walking	out	from	
sequence	#15	yielded	sequences	#15-1	and	#15-2	(Fig.	2.12A).	Sequences	#15-1	
and	#15-2	are	very	similar	(Fig.2.12A).	In	the	third	round	of	5’_genome	walking,	
I	used	primers	 in	 the	male	 specific	part	of	 sequence	#15-2,	yielding	 sequences	
#15-2-1,	#15-2-2	and	#15-2-3	(Fig.	2.12B).	Sequences	#15-2-2	and	#15-2-3	are	
very	 similar	 with	 two	 nucleotide	 differences	 (data	 not	 shown).	 Interestingly,	
sequences	 #15-2-1,	 #15-2-2	 and	 #15-2-3	 overlapped	 with	
Musca_Mariner_Like_Elements	 (MLEs),	 and	 Musca	 domestica	 clone	 MdAG226	
microsatellite	sequences.	 	
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When	walking	out	from	sequence	#20	in	the	second	round	of	3’_genome	walking,	
I	 acquired	 three	 sequences.	 All	 of	 them	 include	 #20,	 which	 contains	 similar	
genomic	 sequences	 that	 exist	 in	 both	 the	 male	 and	 the	 female	 genome	 (Fig.	
2.12C).	Genomic	sequences	“a”	in	#20,	“b”	in	#20-1,	“c”	in	#20-2	and	“d”	in	#20-3	
are	 similar.	 Sequences	 #20-2	 and	 #20-3	 are	 very	 similar	with	 four	 nucleotide	
differences	 (Fig.	 2.12C).	 These	 results	 confirmed	 that	 the	MV-locus	 consists	 of	
repetitive	 sequences	 interspersed	 by	 genomic	 sequences	 that	 exist	 in	 both	 the	
male	and	the	female	genome.	 	
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Figure	2.12:	Results	of	second	and	third	round	of	genome	walking	of	the	MV	strain.	The	MV-locus	
contains	interspersed	genomic	sequences	that	exist	in	both	the	male	and	the	female	genome.	A:	
Second	 round	 of	 5’_genome	walking	 started	 from	 sequence	 #15,	 yielding	 two	 new	 sequences:	
sequences	#15-1	and	#15-2.	B:	Third	round	of	5’_genome	walking	started	from	sequence	#15-2,	
yielding	 three	 new	 sequence:	 sequences	 #15-2-1,	 #15-2-2	 and	 #15-2-3.	 C:	 Second	 round	 of	
3’_genome	walking	started	from	sequence	#20,	yielding	three	new	sequences:	sequences	#20-1,	
#20-2	 and	 #20-3.	 “a”,	 “b”,	 “c”	 and	 “d”	 are	 similar	 genomic	 sequences.	 GSP_Dra52_R2	 and	
GSP_Dra52_R1	are	primers	 for	 the	 second	 round	of	5’_genome	walking.	MV_GSP_Pvu7B_R1	and	
MV_GSP_Pvu7B_R2	are	primers	 for	 the	 third	 round	of	5’_	 genome	walking.	MV_GSP_13B_F1	and	
MV_GSP_13B_F2	 are	 primers	 for	 the	 second	 round	 of	 3’_genome	 walking.	 The	 shaded	 boxes	
indicate	 sequences	 that	 exist	 in	 both	 the	 male	 and	 the	 female	 genome.	 The	 dotted	 lines	 are	
undefined	 sequences.	 In	 sequence	 alignment,	 the	 horizontal	 bars	 indicate	 the	 presence	 of	 the	
same	 sequences	 and	 the	 lines	 indicate	 indels.	The	vertical	 lines	 in	 the	bars	 indicate	nucleotide	
variations	among	sequences.	
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2.4.4	MIII-locus	and	MV-locus	share	intergenic	sequences	between	Mdmd	
repeats	 	
	
Interestingly,	 in	5’_genome	walking	of	 the	MV	 strain,	 I	 obtained	 sequences	 that	
were	 very	 similar	 to	 some	 of	 the	 sequences	 in	 the	 MIII-locus	 (Fig.	 2.13A).	
Alignment	 of	 the	 sequences	 revealed	 only	 few	 nucleotide	 differences.	 In	
3’_genome	walking,	I	also	found	similarities	between	sequences	of	the	MIII-locus	
and	 the	MV-locus	(Fig.	 2.13B).	These	 results	 indicate	 that	 the	MIII-locus	 and	 the	
MV-locus	share	some	similar	sequences.	
	
	

	

	
	
Figure	 2.13:	 Sequence	 alignments	 from	 genome	 walking	 sequences	 of	 the	MIII	 and	MV	 strains	
reveal	 similarity.	 A:	 Sequence	 #2	 was	 obtained	 from	 5’_genome	walking	 of	 the	MIII	strain	 and	
sequences	#15	and	#16	were	obtained	from	5’_genome	walking	of	the	MV	strain.	B:	Sequences	#9	
and	#10	were	obtained	 from	3’_genome	walking	of	 the	MIII	 strain	and	sequences	#18,	#19	and	
#20	were	 obtained	 from	3’_genome	walking	 of	 the	MV	 strain.	 The	 horizontal	 bars	 indicate	 the	
presence	 of	 the	 same	 sequences	 and	 the	 lines	 indicate	 indels.	 The	 vertical	 lines	 in	 the	 bars	
indicate	nucleotide	variations	among	sequences.	
	
I	 composed	 a	 cladogram	 of	 the	 sequences	 from	 5’_genome	 walking	 in	 the	
MIII-locus	and	 the	MV-locus	and	of	 sequence	#5	 from	3’_genome	walking	 in	 the	
MIII-locus	by	trimming	the	variable	end.	It	turns	out	that	these	sequences	belong	
to	six	clades,	which	I	labeled	A-F.	Sequences	#2,	#15	and	#16	belong	to	clade	A,	
sequences	#12,	#13	and	#14	belong	to	clade	B	and	sequences	#4	and	#5	belong	
to	clade	C	(Fig.	2.14).	Sequences	#1,	#3	and	#11	form	their	own	clades.	Similarly,	
I	also	composed	a	cladogram	of	the	sequences	from	3’_genomic	DNA	walking	in	
MIII-locus	and	 the	MV-locus	and	of	 sequence	#4	 from	5’_genome	walking	 in	 the	
MIII-locus	by	trimming	the	variable	end.	It	turns	out	that	these	sequences	belong	
to	 five	 clades,	 which	 I	 labeled	 A-E	 (N.B.	 different	 clades	 than	 from	 the	
5’cladogram).	Sequences	#9,	#18,	#19	and	#20	belong	to	clade	A,	sequences	#6,	
#7	and	#8	belong	 to	 clade	C,	 and	sequences	#4	and	#5	belong	 to	clade	D	 (Fig.	
2.15).	Sequences	#10	and	#17	form	their	own	clades.	Cladogram	confirmed	that	
the	MIII-locus	and	the	MV-locus	share	some	similar	sequences.	
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Figure	2.14:	Cladogram	of	5’_genome	walking	sequences	in	the	MIII-locus	and	the	MV-locus	and	of	
sequence	#5	from	3’_genome	walking	in	the	MIII-locus.	They	belong	to	six	clades,	sequences	#2,	
#15	and	#16	 to	 clade	A,	 sequences	#12,	#13	and	#14	 to	 clade	B,	 and	 sequences	#4	and	#5	 to	
clade	C.	The	branch	labels	show	the	percentage	of	consensus	support.	The	scale	bar	indicates	the	
number	of	substitutions	per	site.	The	bottom	table	shows	the	percentage	of	bases/residues	that	
are	identical	between	two	sequences.	High	similarities	between	two	sequences	are	indicated	by	
white	numbers	in	dark	cells	and	low	similarities	by	dark	numbers	in	light	cells.	
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Figure	2.15:	Cladogram	of	3’_genome	walking	sequences	in	the	MIII-locus	and	the	MV-locus	and	of	
sequence	#4	from	5’_genome	walking	in	the	MIII-locus.	They	belong	to	five	clades,	sequences	#9,	
#18,	#19	and	#20	to	clade	A,	sequences	#6,	#7	and	#8	to	clade	C,	and	sequences	#4	and	#5	to	
clade	D.	The	branch	labels	show	the	percentage	of	consensus	support.	The	scale	bar	indicates	the	
number	of	substitutions	per	site.	The	bottom	table	shows	the	percentage	of	bases/residues	that	
are	identical	between	two	sequences.	High	similarities	between	two	sequences	are	indicated	by	
white	numbers	in	dark	cells	and	low	similarities	by	dark	numbers	in	light	cells.	
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2.5	Discussion	
	
The	objective	of	 this	study	was	 to	determine	 the	structure	of	 the	M-loci	 in	 two	
autosomal	M	 strains,	MIII	 and	MV,	 through	 genome	 walking.	 I	 first	 performed	
genome	walking	to	identify	genomic	regions	adjacent	to	the	Mdmd	ORMs	in	the	
MIII	 strain.	 I	 found	 that	 the	MIII-locus	 consists	 of	multiple	 copies	 of	 sequences,	
which	all	show	homology	to	each	other.	The	MIII-locus	contains	at	least	six	copies	
of	Mdmd,	which	was	confirmed	by	genomic	DNA	amplification	with	the	divergent	
primers	localised	at	ORM#1	and	ORM#6	in	the	MIII	strain.	The	MV-locus	seems	to	
have	 fewer	 copies,	 as	 there	were	only	 two	 fragments	 amplified	with	divergent	
primers	in	Fig.	2.9,	indicating	that	it	might	contain	a	minimum	of	three	copies	of	
Mdmd.	 However,	 genome	walking	 on	 the	MV	strain	 revealed	 that	 it	 contains	 at	
least	 six	 copies	 of	Mdmd.	 The	 different	 results	 obtained	 from	 genome	walking	
and	 genomic	 DNA	 amplification	 with	 divergent	 primers	 indicate	 that	 various	
methods	 are	 required	 to	 determine	 the	 structure	 of	 the	 M-loci	 in	 other	 M.	
domestica	strains.	 	
	
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.	 These	 results	 are	most	 easily	
explained	 by	 assuming	 that	 there	 have	 been	 independent	 amplification	 events	
before	 and	 after	 translocation	 of	 the	M-locus	 to	 autosomes	 III	 and	 V,	 possibly	
from	the	Y-chromosome.	In	addition,	some	sequences	are	always	interspersed	by	
identical	or	similar	genomic	sequences	that	exist	in	both	the	male	and	the	female	
genome,	 indicating	 that	amplification	of	Mdmd	occurred	with	 inclusion	of	 their	
flanking	 genomic	 regions.	 Also,	 it	 is	 still	 not	 known	 how	 many	 repetitive	
sequences	 exist	 in	 the	 M-loci	 from	 different	 M.	 domestica	 strains.	 Further	
characterisation	 of	 the	M-loci	 by	 Pacific	 Biosciences	 (PacBio)	 sequencing	 that	
produces	 long	 reads	will	be	 required	 to	determine	 the	precise	 structure	of	 the	
M-loci	in	different	M.	domestica	strains.	 	
	
One	 of	 the	 most	 striking	 findings	 regarding	 the	 structure	 of	 the	M-loci	 is	 the	
presence	 of	 transposable	 element	 sequences	 that	 are	 homologous	 to	
Musca_Mariner_Like_Elements	(MLEs).	MLEs	belong	to	class	II	transposons/DNA	
transposons	 that	 are	 characterised	 by	 cut-and-paste	 transposition.	 DNA	
transposons	 are	 known	 to	 play	 a	 role	 in	 gene	 duplification	 and	 translocation	
(Feschotte	 and	 Pritham,	 2007).	 M-loci	 that	 contain	 multiple	 copies	 of	 Mdmd	
flanked	by	MLEs,	may	suggest	 that	TEs	have	played	a	role	 in	generating	Mdmd	
duplications.	 In	 addition,	 transposons	may	 be	 involved	 in	 translocation	 of	 the	
M-loci.	 For	 example,	 the	 Tc1/mariner	 element	 was	 found	 to	 be	 capable	 of	
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transposing	 host	 sequences	 in	 Drosophila	 melanogaster,	 Lucilia	 cuprina	 and	
Bactrocera	tryoni	(Coates	et	al.,	1997).	An	alternative	explanation	is	that	they	are	
not	functionally	involved	in	the	M-locus	evolution,	but	merely	have	landed	there	
after	 amplification	 and	 translocation	 of	 Mdmd.	 Besides	 the	 presence	 of	
transposable	 element	 sequences	 in	 the	 Mdmd	 region,	 I	 also	 observed	 the	
insertion	of	microsatellite	sequences	 in	 the	MV-locus.	Microsatellites	are	simple	
sequence	 repeats	 (SSR),	which	 have	 high	mutation	 rates	 (Li	 et	 al.,	 2002).	 It	 is	
currently	unknown	how	the	transposable	element	sequences	and	microsatellite	
sequences	 inserted	 in	 the	M-loci	and	what	 their	role	might	have	been	 in	Mdmd	
amplification	 and	 translocation.	 Further	 study	 is	 required	 to	 determine	 the	
causes	 and	 effects	 of	 the	 observed	 association	 between	 the	M-loci	 and	 these	
repetitive	sequences	in	the	housefly	genome.	 	 	
	
The	 question	 of	 how	 sex	 chromosomes	 evolve	 is	 currently	 receiving	 a	 lot	 of	
attention	given	that	we	now	have	the	genomic	tools	to	address	this	question	in	a	
number	 of	 systems	 (Beukeboom	 and	 Perrin,	 2014).	 The	 housefly	 polymorphic	
sex	 determination	 systems	 can	 be	 uniquely	 used	 to	 study	 Y-chromosome	
evolution.	Based	on	my	results,	I	am	able	to	formulate	a	hypothesis	for	the	M-loci	
evolution	 in	 the	 context	 of	 the	 generally	 accepted	 model	 for	 Y-chromosome	
evolution	 (Fig.	 2.16;	 Charlesworth,	 1996;	 Rice,	 1996;	 Beukeboom	 and	 Perrin,	
2014).	The	 initial	 stage	of	 the	Y-chromosome	evolution	 is	 considered	 to	be	 the	
acquisition	 of	 a	 sex-determining	 gene	by	 a	 standard	 chromosome.	 First,	Mdmd	
must	have	evolved	as	a	new	male-determining	gene	and	taken	up	a	position	at	
the	top	of	the	M.	domestica	sex	determination	hierarchy.	Whether	this	happened	
on	 the	 ancestral	 Y	 or	 an	 autosomal	 pair	 that	 was	 not	 yet	 involved	 in	 sex	
determination	cannot	be	answered	at	this	moment.	The	next	stage	would	be	the	
reduction	of	recombination	in	the	surrounding	Mdmd	region,	as	predicted	by	the	
theory	 of	 sex	 chromosome	 evolution	 (Rice,	 1996).	 This	 would	 be	 followed	 by	
accumulation	 of	 transposable	 elements	 and	 deleterious	 mutations,	 including	
repetitive	DNA	sequences	and	transposons	due	to	a	lack	of	recombination	on	the	
proto-sex	chromosomes	(Bachtrog,	2005,	2006,	2013).	I	indeed	found	that	M-loci	
contain	 transposable	 elements	 and	 repetitive	 sequences.	 Insertions	 of	
transposons	 may	 play	 a	 dynamic	 and	 early	 role	 in	 proto-Y	 chromosome	
degeneration	 and	 may	 cause	 functional	 genes	 to	 gradually	 lose	 their	 function	
(Bachtrog,	 2005).	 Also,	 accumulation	 of	 transposable	 elements	 and	 related	
repeats	can	induce	heterochromatin	(Lippman	et	al.,	2004).	In	at	least	one	other	
study	of	novel	 sex	determination	genes	 in	 the	 fish	Oryzias	 latipes,	 it	was	 found	
that	 the	 young	 Y-chromosome	 accumulated	 inactive	 repetitive	 elements	 and	
transposable	 element-like	 sequences	 in	 the	male-specific	 region	 (Nanda	 et	 al.,	
2002;	Kondo	et	al.,	2004).	The	finding	of	transposable	element	insertions	close	to	
Mdmd	 homologous	 sequences	 in	 my	 study	 is	 consistent	 with	 this	 model	 of	
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Y-chromosome	degeneration.	 	
	
Over	evolutionary	 time,	 lack	of	 recombination	and	accumulation	of	deleterious	
mutations	was	counteracted	by	the	amplification	of	Mdmd	on	the	Y-chromosome,	
thus	 forming	 the	 M-locus	 that	 contains	 multiple	 copies	 of	 sequences,	 with	
various	 level	 of	 homology	 to	 each	 other.	 In	 a	 more	 advanced	 phase	 of	
Y-chromosome	evolution,	the	M-locus	may	translocate	again	to	an	autosome	and	
form	 a	 new	 proto-Y	 chromosome,	 starting	 the	 whole	 cycle	 over	 again.	 The	
finding	of	multiple	copies	of	Mdmd	in	MIII	and	MV	males	may	reflect	this	process.	
The	M-locus	may	 have	 translocated	multiple	 times	 from	 the	 Y	 to	 an	 autosome	
and/or	subsequently	between	autosomes.	In	addition,	my	cladogram	analysis	of	
sequences	obtained	from	genome	walking	revealed	that	to	some	extent	different	
sequences	 exist	 in	 different	 autosomes,	 indicating	 that	 after	 translocation,	 the	
M-locus	 underwent	 further	 independent	 amplification	 on	 each	 autosome.	 The	
existence	of	multiple	different	autosomal	M	 variants	 in	 the	housefly	provides	a	
unique	 opportunity	 for	 further	 study	 of	 early	 stages	 of	 sex	 chromosome	
evolution.	
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Figure	2.16:	Model	 for	 the	evolution	of	M-loci.	Mdmd	 evolved	as	a	new	male-determining	gene,	
generating	 a	 proto-Y	 chromosome.	 Lack	 of	 recombination	 and	 accumulation	 of	 deleterious	
mutations	was	counteracted	by	the	amplification	of	Mdmd	on	the	Y	and	formed	the	M-locus.	After	
amplification,	 the	M-locus	 translocated	 from	 the	 Y	 to	 autosomes,	 either	multiple	 times	 and/or	
subsequently	 between	 autosomes.	 After	 translocation,	 the	 M-locus	 underwent	 independent	
amplification	on	each	autosome.	The	differently	coloured	boxes	indicate	repetitive	sequences	in	
the	M-loci	 that	are	partly	 shared	between	chromosomes.	The	shaded	boxes	 indicate	 sequences	
that	exist	in	both	the	male	and	the	female	genome.	
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2.7	Appendix	
	
2.7.1	Primer	sequences	
	
GSP1:	5’-TCTACTGGGTGTTCATTTGAATCCGTTGTG-3’	
GSP2b:	5’-CCAATACGACTTCCCTTTGCCCTGATAG-3’	
GSP2a:	5’-TTCGAGATTCGGCGTCGGTGGCR(A/G)TTCAT-3’	
GSP3:	5’-GGTW(A/T)GACGCGGACAATCAACGAGATATT-3’	
GSP4b:	5’-AGTGAAATTAAAAGACGCCGGGAAGAGC-3’	
GSP4a:	5’-R(A/G)GCAGAATCATGAAATATCACAACGTCATG-3’	
AP1:	5’-GTAATACGACTCACTATAGGGC-3’	
AP2:	5’-ACTATAGGGCACGCGTGGT-3’	
GSP_Dra52_R1:	5’-TCCCTAATTATAGGGTGGCTCAGAACATCG-3’	
GSP_Dra52_R2:	5’-CCGTCTTTTAATACCCAAAGTTCTGAAACG-3’	
MIII_GSP_Stu93_F1:	5’-CTTCTGTTGTTGGCCCTTCCACCTTTAG-3’	
MIII_GSP_Stu93_F2:	5’-GCTGCAATGTCAGATTGTGCATGGGTTAC-3’	
MV_GSP_Dra13B_F1:	5’-AAAGCTGTTCTCTCATCCATACAATTCGTG-3’	
MV_GSP_Dra13B_F2:	5’-ATGTATACCTACCCAAACTTCGGTGTCCTG-3’	
MIII_GSP_Pvu3B_R1:	5’-AGAAACATTTAACGGCACCGGGACACCTC-3’	
MIII_GSP_Pvu3B_R2:	5’-GCTGTTTGCCTTGGGCTTAGTTTGTGTGC-3’	
MV_GSP_Pvu7B_R1:	5’-TTGGGCTTGACTTGTGTGTATTTTTTCTGC-3’	
MV_GSP_Pvu7B_R2:	5’-AAACTTGTTGTTGCAAAATGGTAAGCCTGG-3’	 	 	
UPM	for	RACE:	 	
Long:	5’-ATTAACCCTCACTAAAGGGAAAGCAGTGGTATCAACGCAGAGT-3’	 	
Short:	5’-ATTAACCCTCACTAAAGGGA-3’	
GSP2b-Dra-52-F:	5’-TGGAAAATTACGATGTTCTGAGCCACCCTA-3’	
GSP3-R:	5’-AATATCTCGTTGATTGTCCGCGTCAACC-3’	
GSP1-9-F:	5’-CAAACCACCCTGACGACCAGAAGATGATG-3’	
GSP4b-R:	5’-GCTCTTCCCGGCGTCTTTTAATTTCACT-3’	
M13F:	5’-GTAAAACGACGGCCAGTG-3’	
M13R:	5’-CAGGAAACAGCTATGAC-3’	
1as:	5’-GATTGGCTCAGATCGGCGTA-3’	
6as:	5’-GGTTGACGCGGACAATCAAC-3’	
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Chapter	3	
Comparative	analysis	of	Mdmd	genes	located	on	
different	chromosomes	of	Musca	domestica	 	

	
	
	
Part	of	this	chapter	is	published	in:	Sharma,	A.,	Heinze,	S.D.,	Wu,	Y.,	Kohlbrenner,	
T.,	 Morilla,	 I.,	 Brunner,	 C.,	 Wimmer,	 E.A.,	 Zande,	 L.	 van	 de,	 Robinson,	 M.D.,	
Beukeboom,	L.W.,	Bopp,	D.	(2017).	Male	sex	in	houseflies	is	determined	by	Mdmd,	
a	paralog	of	the	generic	splice	factor	gene	CWC22.	Science	356,	642–645.	
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3.1	Abstract	
	
The	 primary	 signals	 on	 top	 of	 the	 sex	 determination	 cascade	 vary	 greatly	
between	 insect	 species.	 How	 this	 diversity	 of	 primary	 signals	 evolved	 remains	
unclear.	 In	 the	 housefly,	 Musca	 domestica,	 the	 absence	 or	 presence	 of	 a	
male-determining	gene(s)	is	the	primary	signal	for	sexual	differentiation.	A	locus	
that	contains	the	male-determining	gene(s)	(M-locus)	is	typically	located	on	the	
Y-chromosome,	but	can	also	be	present	on	any	of	the	five	autosomes	or	even	the	
X-chromosome.	 Recently,	 based	 upon	 differential	 expression	 analysis,	 a	
male-determining	gene	was	identified	and	termed	Mdmd	(Musca	domestica	male	
determiner).	 The	MIII-locus	 and	 the	MV-locus	 have	 a	 complex	 organisation	 and	
contain	 repetitive	 sequences.	 A	 cladogram	 analysis,	 based	 on	 the	 M-locus	
sequences,	 revealed	 that	 the	 MIII-locus	 and	 the	 MV-locus	 share	 some	 highly	
similar	 sequences.	 Here,	 I	 identified	 an	 open	 reading	 frame	 (ORF)	 that	 is	
assumed	 to	 be	 the	 coding	 sequence	 of	 Mdmd	 on	 the	 basis	 of	 these	 shared	
sequences.	To	further	investigate	whether	this	ORF	is	also	present	in	the	M-loci	
located	 on	 other	 chromosomes,	 I	 cloned	 the	MdmdV	cDNA	 containing	 this	 ORF	
located	on	autosome	V.	Cloning	of	the	MdmdV	cDNA	allowed	the	design	of	specific	
primers	 to	 amplify	 Mdmd	 cDNA	 from	 other	 M-loci.	 I	 found	 high	 sequence	
similarity	for	Mdmd	ORF	sequences	in	M.	domestica	strains	with	the	M-locus	on	
autosomes	II,	III	and	V	and	on	the	Y-chromosome	but	not	on	autosome	I,	which	
apparently	 has	 a	 different	 male-determining	 gene(s).	 This	 high	 sequence	
similarity	 suggests	 that	 all	Mdmd	 genes	 originated	 from	 a	 common	 ancestral	
sequence.	Comparison	of	Mdmd	protein	sequences	and	its	paralog	CWC22/NCM	
suggests	 a	 scenario	 of	M-locus	 evolution,	 whereby	 the	male-determining	 gene	
Mdmd	evolved	 from	a	 single	duplication	event	of	Md-ncm	 generating	a	proto-Y	
chromosome,	with	subsequent	translocation	to	other	chromosomes.	
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3.2	Introduction	
	
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).	In	particular,	the	bottom	gene	
and	 to	 some	 extent	 the	 transductory	 gene	 seem	 to	 be	 conserved,	whereas	 the	
primary	 signals	 on	 top	 of	 the	 cascade	 vary	 greatly	 between	 different	 insect	
species	 (Bopp	 et	 al.,	 2013).	 For	 example,	 in	 the	 housefly,	 Musca	 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	the	silkworm,	Bombyx	mori	(Lepidotera),	a	
single	 non-coding	 RNA	 (piRNA)	 is	 the	 primary	 signal	 for	 female	 development	
(Kiuchi	 et	 al.,	 2014).	 How	 this	 diversity	 of	 primary	 signals	 has	 evolved	 still	
remains	unclear.	Genetic	and	molecular	study	of	the	various	primary	signals	may	
aid	 in	understanding	the	evolution	of	sex	determination	diversity	among	insect	
species.	 	
	
In	M.	domestica,	a	locus	that	contains	the	male-determining	gene(s)	(the	M-locus)	
is	 typically	 located	 on	 the	 Y-chromosome,	 but	 can	 also	 be	 present	 on	 any	
autosome	 or	 even	 the	 X-chromosome	 (Wagoner,	 1969;	 Inoue	 and	 Hiroyoshi,	
1982;	Denholm	et	al.,	1983;	Inoue	et	al.,	1986).	Recently,	based	upon	differential	
expression	analysis,	a	male-determining	gene	was	 identified	and	termed	Mdmd	
(Musca	domestica	male	determiner)	(Sharma	et	al.,	2017).	Knockdown	of	Mdmd	
by	RNAi	silencing	confirmed	that	Mdmd	 is	necessary	for	male	development	and	
knockout	of	Mdmd	by	CRISPR-Cas9	resulted	in	complete	feminisation	(Sharma	et	
al.,	2017).	This	shows	that	Mdmd	plays	a	crucial	role	in	male	development.	
	
Structural	 analysis	 of	 the	M-loci	 on	 autosomes	 III	 and	 V,	 as	 described	 in	 the	
previous	chapter,	demonstrated	that	the	M-loci	 in	both	strains	contain	multiple	
copies	 of	 sequences	 that	 show	 various	 degrees	 of	 homology	 to	 each	 other.	 A	
cladogram	analysis,	based	on	the	M-locus	sequences,	revealed	that	the	MIII-locus	
and	 the	MV-locus	 share	 some	 highly	 similar	 sequences.	 On	 the	 basis	 of	 these	
common	 sequences,	 I	 try	 to	 identify	 an	 open	 reading	 frame	 (ORF)	 that	 is	
assumed	to	be	the	coding	sequence	of	Mdmd.	 	
	
An	additional	question	was	whether	this	ORF	is	also	present	in	the	M-loci	located	
on	the	other	chromosomes.	Cloning	the	MdmdV	cDNA	containing	a	complete	ORF	
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will	 help	 to	 design	 specific	 primers	 to	 amplify	 Mdmd	 sequences	 from	 other	
M-loci	and	make	functional	analysis	of	Mdmd	more	attainable.	 In	this	chapter,	 I	
describe	 the	 cloning	 of	 the	MdmdV	 cDNA	 containing	 the	 complete	 ORF	 of	 the	
M-locus	on	chromosome	V	using	a	two-step	procedure	based	on	intron-spanning	
primers.	 The	M-locus	 on	 chromosome	 V	was	 chosen	 because	 of	 its	 potentially	
lower	complexity	compared	to	other	M-loci	(see	chapter	2).	Next,	to	gain	a	better	
understanding	of	the	origin	of	Mdmd,	 I	compare	Mdmd	nucleic	acid	and	protein	
sequences	derived	from	the	ORFs	on	autosomes	II,	III,	V	and	the	Y-chromosome.	I	
further	compare	Mdmd	protein	sequences	with	NCM	from	several	insect	species	
and	CWC22	protein	sequences	from	vertebrate	and	yeast	species,	as	Mdmd	and	
CWC22/ncm	 are	 paralogs.	 The	 results	 are	 discussed	 in	 the	 light	 of	 Mdmd	
evolution.	
	

3.3	Material	and	Methods	
	
3.3.1	Musca	domestica	strains	
	
Four	different	M.	domestica	strains	were	used	in	this	chapter.	(1)	3-6	MIII	strain:	
M	is	located	on	autosome	III.	Females	have	genotypes	X/X;	pw	bwb	w/pw	bwb	w	
and	males	X/X;	pw+	MIII	bwb+	w/pw	+	bwb	w.	pw	stands	for	pointed	wings,	bwb	
for	 brown	 body	 and	w	 for	 white	 eyes,	 all	 being	 recessive	 visible	 markers	 on	
autosome	III.	Females	have	brown	body,	white	eyes	and	pointed	wings.	Males	are	
heterozygous	for	M	and	have	black	body,	white	eyes	and	normal	wings.	(2)	35-4	
MV	 strain:	M	 is	 located	 on	 autosome	 V.	 Females	 are	X/X;	bwb/bwb;	ocra/ocra,	
males	are	X/X;	bwb/bwb;	MV	ocra+/+	ocra.	ocra	 is	a	recessive	yellow	eye	colour	
marker	on	autosome	V.	Females	are	phenotypically	brown	body	with	yellow	eyes.	
Males	are	heterozygous	for	M	and	they	have	brown	body	with	red	eyes.	(3)	23-1	
MII	strain:	M	is	located	on	autosome	II.	Females	are	X/X;	ar/ar;	pw	bwb/pw	bwb,	
males	 are	 X/X;	 MII	 ar+/+	 ar;	 pw	 bwb/pw	 bwb.	 ar	 stands	 for	 aristapedia,	 a	
recessive	 mutation	 on	 chromosome	 II.	 Females	 from	 this	 strain	 have	 brown	
body,	 pointed	wings	 and	 leg-like	 antennae.	Males	 are	 heterozygous	 for	M	 and	
they	have	brown	body,	pointed	wings	and	normal	antennae.	(4)	0-3	MY	strain:	M	
is	located	on	the	Y-chromosome.	Males	are	MY/X;	+/+	and	females	are	X/X;	+/+.	
Strains	were	reared	at	25	°C	as	described	previously	(Schmidt	et	al.,	1997).	 	
	
3.3.2	Cloning	of	MdmdV	cDNA	
	
Total	RNA	was	purified	 from	0-8hrs	old	embryos	of	 the	MV	 strain	according	 to	
the	 ZR	 Tissue	&	 Insect	 RNA	Micro	 PrepTM	Kit	 from	 Zymo	Research	 (California,	
United	 States).	 cDNA	 was	 synthesised	 with	 the	 Thermo	 Fisher	 Scientific	
(Massachusetts,	United	States)	Maxima	First	Strand	cDNA	Synthesis	Kit	with	the	
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following	 concentrations	 and	 conditions:	 4	 µL	 5×Reaction	 Mix,	 2	 µL	 Maxima	
Enzyme	Mix	and	1	µL	template	RNA	(1.8	µg/µL)	in	a	total	volume	of	20	µL.	The	
mixture	 was	 incubated	 at	 25°C	 for	 10	 min	 followed	 by	 30	 min	 at	 50°C.	 The	
reaction	was	terminated	by	incubating	at	85°C	for	5	min.	
	
The	TA	Cloning®	Kit	Dual	Promoter	with	pCR®II	vector	from	Clontech	(California,	
United	States)	was	chosen	for	the	cloning	experiment	because	it	allows	for	direct	
cloning	of	 the	PCR	products	 into	 the	 vector	 at	 the	 insertion	 site	 flanked	by	T7	
and	 SP6	 promoters,	 enabling	 transcription	 to	 start	 from	 either	 side	 into	 the	
insert	to	produce	sense	or	anti-sense	products.	Advantage	2	polymerase	mix	was	
used	in	the	separate	amplification	of	the	5’	and	the	3’	parts	of	MdmdV	because	it	
adds	a	single	deoxyadenosine(A)	to	the	3’	end	of	the	PCR	products,	which	enable	
the	direct	ligation	of	the	PCR	products	to	the	linearised	pCR®II	vector	with	single	
3’	 deoxythymidine(T)	 overhang,	 and	 it	 also	 posseses	 proofreading	 ability	 to	
minimize	 PCR	 induced	 mutations.	 In	 addition,	 the	 pCR®II	 vector	 contains	 the	
lacZα	 gene	 that	 allows	 for	 blue-white	 screening	 of	 positive	 colonies	 by	
α-complementation.	
	
The	MdmdV	cDNA	was	amplified	and	ligated	into	the	pCR®II	vector	in	two	parts	
separately.	 The	 first	 5’	 1702bp	 containing	 part	 was	 amplified	 by	 the	 primer	
combinations	 Mdmd_Intron_as	 and	 F1	 or	 F2,	 respectively,	 (primer	 sequences	
were	 shown	 in	 appendix).	 The	 next	 1823bp	 part	 towards	 the	 3’	 end	 was	
amplified	 by	 the	 primer	 combination	Mdmd_Intron	 and	R4.	 F1,	 F2	 and	R4	 are	
specific	primers	for	amplifying	the	ORF	of	Mdmd.	PCR	was	carried	out	with	the	
Advantage	 2	 polymerase	Mix	 of	 Clontech	 (California,	 United	 States)	 under	 the	
following	concentrations	and	cycling	conditions:	0.5	µL	MdmdV	cDNA,	0.5	µL	10	
µM	 forward	 primer,	 0.5	 µL	 10	 µM	 reverse	 primer,	 2	 µL	 2.5	mM	 dNTP,	 2.5	 µL	
10×Advantage	2	PCR	Buffer	and	0.5	µL	Advantage	2	Polymerase	Mix	(50×)	in	a	
total	volume	of	25	µL;	followed	by	denaturation	at	94°C	for	2	min,	then	35	cycles	
of	94°C	denaturation	for	30	sec,	annealing	at	59°C	for	30	sec	and	72°C	for	2:30	
min,	and	finally	extension	at	72°C	for	10	min.	 	
	
The	 PCR	 products	 were	 checked	 on	 1%	 agarose/EtBr	 gel	 and	 the	 target	
fragments	were	 purified	with	 the	NucleoSpin®	Gel	 and	 PCR	 clean-up	 kit	 from	
Macherey-Nagel	(Düren,	Germany)	and	subsequently	cloned	according	to	the	TA	
Cloning®	 Kit,	 with	 the	 pCR®II	vector	 from	 Clontech	 (California,	 United	 States).	
The	constructs	were	used	to	 transform	competent	E.	coli	DH5α.	White	colonies	
were	 selected	 and	 cultured	 in	 Luria-Bertani	 (LB)	medium	 that	 containing	 100	
µg/mL	 ampicillin	 at	 37°C	 overnight.	 Plasmids	 from	 white	 colonies	 were	
extracted	 and	 the	 size	 of	 inserted	 DNA	 fragments	 was	 checked	 by	 EcoRI	
(G|AATTC)	 from	 NEB	 (Massachusetts,	 United	 States)	 digestion.	 LGC	 Genomics	
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(Berlin,	 Germany)	 carried	 out	 sequencing	 of	 the	 candidate	 fragments	with	 the	
primers	M13F	and	M13R	located	in	the	vector.	
	
Plasmids	 from	 pCR®II+5’	 part	 and	 pCR®II+3’	 part	 were	 first	 digested	
independently	 by	 SmiI	 (ATTT|AAAT)	 from	 Takara	 with	 the	 following	
concentrations	 and	 conditions:	 1	 µg	 plasmid	 DNA,	 1	 µL	 SmiI	 (10	 u/µL),	 2	 µL	
10×H	Buffer	in	a	total	volume	of	20	µL;	followed	by	incubating	at	30°C	overnight.	
The	 digestions	 were	 checked	 by	 agarose	 electrophoresis	 and	 the	 target	
fragments	 were	 isolated	 by	 NucleoSpin®	 gel	 and	 PCR	 clean-up	 kit	 from	
Macherey-Nagel	 (Düren,	 Germany).	 The	 target	 fragment	 from	 pCR®II+5’	 part	
with	SmiI	digestion	was	digested	again	by	SpeI	(A|CTAGT;	10	u/µL)	from	Takara	
(California,	United	States)	with	the	following	concentrations	and	conditions:	1	µg	
plasmid	DNA,	1	µL	restriction	SpeI,	2	µL	10×M	Buffer	in	a	total	volume	of	20	µL.	
The	target	fragment	from	pCR®II+3’	part	with	SmiI	digestion	was	digested	again	
by	 XbaI	 (T|CTAGA;	 15	 u/µL)	 from	 Takara	 (California,	 United	 States)	 with	 the	
following	 concentrations	 and	 conditions:	 1	 µg	 plasmid	 DNA,	 1	 µL	 XbaI,	 2	 µL	
10×M	Buffer,	 2	 µL	 0.1%	BSA	 in	 a	 total	 volume	 of	 20	 µL.	 Both	 digestions	were	
incubated	at	37°C	for	3	hrs	and	were	checked	by	agarose	electrophoresis	and	the	
target	 fragments	were	 isolated	 by	 NucleoSpin®	 gel	 and	 PCR	 clean-up	 kit	 from	
Macherey-Nagel	(Düren,	Germany).	 	
	
After	 isolating	 the	 fragment	 containing	 the	 5’	 part	 by	 electrophoresis	 and	 gel	
extraction	by	NucleoSpin®	plasmid	kit	from	Macherey-Nagel	(Düren,	Germany),	
it	 was	 ligated	 into	 the	 plasmid	 containing	 the	 3’	 part	 with	 the	 following	
concentration	 and	 conditions:	 100	ng	 insert	DNA,	100	ng	vector	DNA,	1	µL	T4	
ligation	buffer	in	a	total	volume	of	9	µL,	1	µL	T4	ligase	from	NEB	(Massachusetts,	
United	States)	was	added	into	the	reaction	to	reach	the	final	volum	of	10	µL.	The	
ligation	 was	 performed	 at	 16°C	 overnight.	 The	 two	 halves	 ligated	 at	 the	
exon-exon	 junction	 made	 the	 full	 length	 of	MdmdV	 ORF.	 After	 transformation,	
colony	PCR	was	performed	by	picking	up	white	colonies.	Primers	 in	the	5’	part	
(46-GSP2b-Dra52-F)	 and	 the	 3’	 part	 (46-GSP2b-Dra52-R)	 were	 used	 to	 amply	
the	target	fragment.	The	following	concentrations	and	conditions	were	used	for	
PCR:	0.2	µL	10	µM	46-GSP2b-Dra52-F,	0.2	µL	10	µM	46-GSP2b-Dra52-R,	0.8	µL	
2.5	 mM	 dNTP,	 1	 µL	 10×Advantage	 2	 PCR	 Buffer	 and	 0.1	 µL	 Advantage	 2	
Polymerase	 Mix	 (50×)	 in	 a	 total	 volume	 of	 10	 µL.	 A	 single	 white	 colony	 was	
added	to	each	reaction	with	pipette	tip.	PCR	was	performed	by	denaturation	at	
94°C	 for	 2	 min,	 followed	 by	 30	 cycles	 of	 denaturation	 at	 94°C	 for	 30	 sec,	
annealing	at	55°C	for	30	sec	and	extension	at	72°C	for	2	min,	and	lastly	extension	
at	72°C	for	10	min.	PCR	products	were	analysed	on	a	1%	agarose/EtBr	gel.	When	
the	 colony	 revealed	 positive	 PCR	 results,	 plasmid	DNA	was	 extracted	with	 the	
NucleoSpin®	plasmid	kit	from	Macherey-Nagel	(Düren,	Germany).	Plasmids	were	
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checked	 by	 EcoRI	 (G|AATTC)	 and	 SacI	 (GAGCT|C)	 from	 NEB	 (Massachusetts,	
United	States)	 independent	digestion.	 LGC	Genomics	 (Berlin,	Germany)	 carried	
out	 sequencing	 of	 the	 candidate	 fragments	 from	 positive	 plasmids	 with	 the	
vector	 primers	 M13F	 and	 M13R	 combined	 with	 46-GSP2b-Dra52-F,	
46-GSP2b-Dra52-R	and	cDNA_R_MIII_MV.	
	
3.3.3	Sequence	analysis	 	
	
Sequence	 alignments	 of	 Mdmd	 from	 different	 M.	 domestica	 strains	 were	
performed	with	Geneious	(Kearse	et	al.,	2012).	Protein	sequences	of	Mdmd	from	
different	M.	domestica	strains,	NCM	from	several	insect	species	and	CWC22	from	
vertebrate	and	yeast	species	were	also	aligned.	NCM	protein	sequences	from	ten	
insect	 species	 (Musca	 domestica,	 Stomoxys	 calcitrans,	 Bactrocera	 dorsalis,	
Glossina	 morsitans,	 Ceratitis	 capitate,	 Drosophila	 melanogaster,	 Aedes	 aegypti,	
Bombyx	 mori,	 Tribolium	 castaneum	 and	 Nasonia	 vitripennis),	 five	 vertebrates	
(Homo	sapiens,	Mus	musculus,	Gallus	gallus,	Xenopus	laevis,	Danio	rerio)	and	two	
yeast	 species	 (Schizosaccharomyces	 pombe	 and	Saccharomyces	 cerevisiae)	were	
included.	 Phylogenetic	 trees	 were	 constructed	 with	 the	 Geneious	 tree	 builder	
based	 on	 the	 Jukes-Cantor	 genetic	 distance	 model	 and	 the	 Neighbor-joining	
method	combined	with	bootstrap	resampling	(1000	replicates).	
	

3.4	Results	
	
3.4.1	Identification	of	Mdmd	open	reading	frame	
	
The	 cloning	 of	 the	Mdmd	 cDNA	 is	 difficult	 owing	 to	 the	 short	 intron	 and	 the	
existence	of	many	expressed	pseudogenes	in	the	M-locus.	Using	specific	primers	
for	 highly	 similar	 sequences	 in	 the	 MIII-locus	 and	 the	 MV-locus,	 only	 intron	
containing	cDNA	was	amplified.	To	specifically	select	for	intron-less	cDNA,	the	5’	
part	that	contains	the	first	exon	of	MdmdV	ORF	and	the	3’	part	that	contains	the	
second	 exon	 of	 the	 MdmdV	 ORF	 were	 amplified	 separately	 by	 applying	
reverse-complementary	primers	that	span	the	intron	(Fig.	3.1).	
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Figure	 3.1:	 Sequences	 of	 primers	Mdmd_Intron	 and	Mdmd_Intron_as	 spanning	 the	 intron.	 The	
first	 seven	nucleotides	of	 primer	Mdmd_Intron	 anneal	 to	 the	3’	 end	of	 the	 first	 exon.	The	next	
nineteen	 nucleotides	 of	 primer	 Mdmd_Intron	 anneal	 to	 the	 5’	 end	 of	 the	 second	 exon.	
Mdmd_Intron_as	 is	 the	 reverse	 complement	 of	 Mdmd_Intron.	 Both	 primers	 contain	 the	
recognition	site	ATTTAAAT	of	SmiI	marked	in	red.	
	
To	 amplify	 the	 5’	 part	 of	 the	MdmdV	 cDNA,	 I	 carried	 out	 a	 PCR	 with	 primer	
combinations	F1	and	Mdmd_Intron_as	that	yielded	a	1.9kb	target	fragment	(Fig.	
3.2,	lane	1)	and	F2	and	Mdmd_Intron_as	that	yielded	a	1.8kb	target	fragment	(Fig.	
3.2,	 lane	 2).	 To	 amplify	 the	 3’	 part	 of	 the	 MdmdV	 cDNA,	 I	 used	 primer	
combination	Mdmd_Intron	and	R4	that	yielded	a	1.8kb	target	fragment	(Fig.	3.2,	
lane	3).	Each	target	fragment	was	inserted	into	the	pCR®II	vector.	The	fragments	
from	successful	insertions	were	checked	by	sequencing.	
	

	

	
	
Figure	3.2:	PCR	amplification	of	the	5’	and	the	3’	part	of	the	MdmdV	cDNA.	The	fragment	in	lane	1	
is	amplified	by	primer	combination	F1	+	Mdmd_Intron_as,	in	lane	2	by	F2	+	Mdmd_Intron_as	and	
in	lane	3	by	Mdmd_	Intron+	R4.	Primers	used	for	PCR	amplification	were	kindly	provided	by	Dr.	
Daniel	Bopp.	
	
Sequencing	 revealed	 that	 the	 5’	 and	 the	 3’	 parts	 of	 the	 MdmdV	 cDNA	 were	
successfully	 inserted	 into	 the	 pCR®II	 vector.	 The	 MdmdV	ORF	 contains	 3525	
nucleotides	of	mRNA	coding	sequence.	The	first	exon	has	1702	nucleotides	and	
the	second	exon	has	1823	nucleotides.	A	BLAST	search	of	 the	MdmdV	 sequence	
against	the	published	female	genome	(Scott	et	al.,	2014)	showed	that	Mdmd	has	a	
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high	 sequence	 similarity	 with	 the	 splicing	 regulatory	 gene	 CWC22/ncm	
(nucampholin).	 	
	
3.4.2	Molecular	cloning	of	the	MdmdV	cDNA	 	
	
The	MdmdV	cDNA	was	reconstructed	by	cloning	the	5’	part	and	the	3’	part	of	the	
MdmdV	 cDNA	 into	 the	 same	pCR®II	 vector.	 Plasmid	 candidates	#101	 for	 the	5’	
part	 and	 #20	 for	 the	 3’	 part	 were	 chosen	 to	 reconstruct	 the	MdmdV	 cDNA	 as	
these	 two	 plasmid	 candidates	 showed	 that	 there	 was	 no	 nucleotide	 mutation	
generated	 throughout	 the	 cloning	 process.	 Geneious	 revealed	 a	 unique	 SmiI	
(ATTT|AAAT)	 site	 in	 the	 reverse-complementary	 primers	 sequences	 that	 span	
the	intron	but	not	in	the	pCR®II	vector	(Fig.	3.1).	The	pCR®II	vector	contains	SpeI	
(A|CTAGT)	 and	 XbaI	 (T|CTAGA)	 sites	 on	 opposite	 sides	 of	 the	 insertion.	
Sequencing	 revealed	 that	 #101	 and	 #20	 inserted	 into	 of	 pCR®II	 vector	 with	
different	orientations:	pCR®II+5’	part	was	oriented	from	SpeI	site	to	XbaI	site	in	
#101,	whereas	 pCR®II+3’	 part	was	 oriented	 from	XbaI	 site	 to	 SpeI	 site	 in	#20	
(Fig.	3.3).	Sequence	analysis	by	Geneious	 revealed	 that	 there	 is	one	XbaI	site	 in	
the	5’	part	of	the	MdmdV	cDNA.	 	
	

	 	 	
	
Figure	3.3:	Sequences	#101	and	#20	inserted	into	the	pCR®II	vector	with	different	orientations.	
#101	is	a	candidate	for	the	5’	part	of	the	MdmdV	cDNA	and	#20	for	the	3’	part	of	the	MdmdV	cDNA.	 	
	
After	 the	5’	part	and	the	3’	part	of	 the	MdmdV	 cDNA	were	successfully	 inserted	
into	the	pCR®II	vector,	the	5’	part	of	the	MdmdV	cDNA	was	cut	out	from	pCR®II	
vector	and	ligated	into	pCR®II+3’	part	to	reconstruct	the	MdmdV	cDNA	(Fig.	3.4).	
Two	 unique	 enzymes	 SmiI	 and	 SpeI	were	 chosen	 to	 digest	 plasmid	 #101	 that	
yielded	a	1.8kb	target	fragment.	Two	unique	enzymes	SmiI	and	XbaI	were	chosen	
to	digest	plasmid	#20	that	yielded	a	5.7kb	target	fragment.	As	SpeI	and	XbaI	have	
compatible	cohesive	ends	after	digestion,	 the	5’	part	 that	was	digested	by	SmiI	
and	 SpeI	 and	 the	 3’	 part	 that	 was	 digested	 by	 SmiI	 and	 XbaI	 can	 be	 ligated	
together.	
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Figure	 3.4:	 Cloning	 strategy	 of	 the	MdmdV	cDNA.	 Primers	 46-GSP2b-Dra52-F	 in	 the	 5’	 part	 and	
46-GSP2b-Dra52-R	 in	 the	 3’	 part	 were	 chosen	 to	 perform	 colony	 PCR	 for	 successful	 ligation.	
EcoRI	 and	 SacI	 were	 chosen	 to	 perform	 the	 test	 digestion	 for	 selecting	 positive	 cloning	
candidates.	 	
	
I	 first	 digested	 plasmids	 #20	 and	 #101	 by	 SmiI,	 yielding	 target	 fragments	 of	
5.8kb	(Fig.	3.5A).	The	upper	fragments	were	purified	for	the	following	digestions	
as	the	lower	fragments	were	supposed	to	be	undigested	plasmid	DNA	because	of	
imcomplete	 digestion	 of	 SmiI.	 Afterwards,	 the	 linearised	 plasmid	 #20	 was	
digested	by	XbaI,	yielding	a	5.7kb	target	fragment,	while	the	linearised	plasmid	
#101	was	digested	by	SpeI,	yielding	two	fragments:	one	was	4kb	and	the	other	
one	 was	 1.8kb	 (Fig.	 3.5B).	 The	 5.7kb	 fragment	 containing	 the	 pCR®II+3’	 part	
digested	by	the	enzymes	SmiI	and	XbaI	and	the	1.8kb	fragment	containing	the	5’	
part	digested	by	enzymes	SmiI	and	SpeI	were	purified	for	the	following	ligation.	
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Figure	3.5:	Restriction	digestion	of	#20	and	#101.	A:	Lane	1	is	undigested	plasmid	DNA	of	#20.	
Lanes	2-4	are	plasmid	DNA	of	#20	digested	by	SmiI.	Lane	5	is	undigested	plasmid	DNA	of	#101.	
Lanes	6-8	are	plasmid	DNA	of	#101	digested	by	SmiI.	B:	Lane	1	is	the	SpeI	digestion	of	#20	that	
was	linearised	by	SmiI	and	lane	2	is	the	XbaI	digestion	of	#101	that	was	linearised	by	SmiI.	The	
target	fragments	marked	by	arrows	were	purified	for	final	ligation.	
	

The	MdmdV	 cDNA	containing	 the	 complete	ORF	was	 successfully	 reconstructed	
(Fig.	3.6).	Successful	ligation	was	checked	using	colony	PCR,	in	which	fragments	
of	 1.9kb	 were	 amplified	 with	 primers	 46-GSP2b-Dra52-F	 in	 the	 5’	 part	 and	
46-GSP2b-Dra52-R	 in	 the	 3’	 part	 (Fig.	 3.4).	 The	 plasmids	 from	 these	 positive	
colonies	were	extracted	and	the	size	of	inserted	DNA	fragments	was	checked	by	
EcoRI	and	SacI	digestion.	There	are	two	EcoRI	sites	in	the	MdmdV	cDNA	and	two	
EcoRI	 cutting	 sites	 in	 the	 pCR®II	 vector	 (Fig.	 3.4).	 MdmdV	 cDNA	 containing	
plasmids	 should	 give	 four	 fragments	 of	 3.9kb,	 2.7kb,	 798bp	 and	 107bp	 upon	
digestion	with	EcoRI.	There	 is	 one	 SacI	 site	 in	 the	MdmdV	cDNA	and	one	 in	 the	
pCR®II	 vector	 (Fig.	 3.4).	 MdmdV	 cDNA	 containing	 plasmids	 should	 give	 two	
fragments	 of	 4.4kb	 and	 3.2kb	 upon	 digestion	 with	 SacI.	 Two	 colonies	 were	
obtained	that	contained	a	complete	ORF	as	insert	(Fig.	3.6).	Sequencing	of	#136	
confirmed	 that	 there	 was	 no	 nucleotide	 mutation	 generated	 throughout	 the	
cloning	process.	Hence,	MdmdV	cDNA	was	successfully	cloned.	 	
	
	

A	

B	
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Figure	 3.6:	 Reconstruction	 of	 the	 MdmdV	 cDNA.	 A:	 Colony	 PCR:	 successful	 ligation	 yielded	
fragments	of	1.9kb	in	the	colony	PCR	and	some	colonies	among	#132,	#133,	#134,	#135,	#136,	
#137,	#148,	#149	and	#150	showed	 the	 target	 fragments.	B:	EcoRI	 test	digestion	yielded	 four	
fragments	 (3.9kb,	2.7kb,	798bp	and	107bp),	 confirming	candidates	#133	and	#136	(the	107bp	
fragment	 is	 not	 visible	 in	 the	 gel	 picture	 because	 it	 ran	 out	 of	 the	 gel).	 C:	 SacI	 test	 digestion	
yielded	two	fragments	(4.4kb	and	3.2kb),	confirming	candidates	#133	and	#136.	 	

A	

B	

C	
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3.4.3	Comparison	of	Mdmd	ORFs	from	different	chromosomes	
	
High	 sequence	 similarity	 for	Mdmd	 sequences	 in	MII,	MIII	and	MY	M.	 domestica	

strains	with	autosomal	or	Y-chromosomal	M-loci	was	found,	with	the	exception	
of	 MI	 strain,	 which	 apparently	 has	 a	 different	 male-determining	 gene(s)	
(Supplementary	Fig.	 3.1).	Mdmd	ORFs	have	 in	 total	 3525	nucleotides	with	 two	
parts	coding	for	the	conserved	domains	MIF4G	(from	alignment	position	1045	to	
alignment	position	1590)	and	MA3	(from	alignment	position	1924	to	alignment	
position	2244).	 	
	
Most	 of	 the	 mutations	 exist	 in	 the	 flanking	 regions	 of	 the	 conserved	 domain	
coding	 sequences	 in	 supplementary	 Fig.	 3.1	 (Table	 3.1).	 Four	 nucleotide	
variations	are	 found	in	the	5’	 flanking	region	and	eight	nucleotide	variations	 in	
the	3’	flanking	region.	There	are	four	nucleotide	variations	in	the	middle	region	
located	between	the	domain	coding	sequences.	Only	one	nucleotide	variation	is	
found	in	the	MIF4G	domain	coding	sequence	and	none	in	the	MA3	domain	coding	
sequence.	
	
The	 protein	 sequence	 of	 Mdmd	 consists	 of	 1174	 amino	 acids.	 Alignment	 of	
Mdmd	protein	sequences	from	MII,	MIII,	MV	and	MY	strains	revealed	that	they	are	
very	conserved	with	only	a	few	amino	acid	variations	(Fig.	3.7).	
	
Table	 3.1:	 Nucleotide	 variations	 in	 Mdmd	 sequences	 from	 the	 MY,	 MII,	 MIII,	 MV	 strains.	
Non-synonymous	mutations	are	marked	in	red.	
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Figure	3.7:	Protein	sequence	alignments	for	Mdmd	from	the	MII,	MIII,	MV	and	MY	strains	revealed	
conservation	 of	 Mdmd	 protein	 sequences	 from	 different	M.	 domestica	 strains	 (Mdmd	 protein	
sequences	from	MII,	MIII	and	MY	strain	were	kindly	provided	by	Dr.	Daniel	Bopp).	The	differences	
are	marked	with	*.	
	
3.4.4	Comparison	of	Mdmd	protein	sequences	and	its	paralog	CWC22/NCM	
	
As	 Mdmd	 has	 a	 high	 sequence	 similarity	 with	 the	 splicing	 regulatory	 gene	
CWC22/ncm	(nucampholin),	MdmdII,	MdmdIII,	MdmdV,	MdmdY	and	CWC22/NCM	
protein	sequences	from	ten	insect	species,	five	vertebrates	and	two	yeast	species	
were	aligned.	Sequence	similarities	were	found	between	the	MIF4G	domain	and	
MA3	 domain,	 whereas	 the	 amino-terminal	 region	 and	 the	 carboxy-terminal	
region	displayed	substantial	sequence	divergence	(Supplementary	Fig.	2).	 	
	
I	 performed	 a	 phylogenetic	 analysis	 of	 the	 conserved	 central	 parts	 of	 these	
protein	 sequences	 by	 trimming	 the	 variable	 N	 (up	 to	 alignment	 position	 472)	
and	C	(from	alignment	position	1038)	termini.	The	phylogenetic	tree	in	Fig.	3.8	
shows	 clustering	 of	 the	 NCM	 protein	 sequences	 into	 clade	 that	 is	 generally	
consistent	 with	 evolutionary	 relationships.	 CWC22	 protein	 sequences	 of	
vertebrates	 and	 yeasts	 are	 distinct	 from	 the	 NCM	 protein	 sequences.	 All	 the	
Mdmd	 protein	 sequences	 are	 similar	 and	 belong	 to	 one	 clade,	 which	 has	 the	
closest	phylogenetic	relationship	with	Md-NCM.	This	suggests	 that	Mdmd	arose	
by	Md-ncm	duplication.	

*	

*	 *	 *	

*	*	

*	

*	

*	 *	

*	 *	

 * 	
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Figure	3.8:	Phylogenetic	analysis	of	conserved	central	parts	of	Mdmd,	NCM	and	CWC22	protein	
sequences	 by	 trimming	 the	 variable	 N	 (up	 to	 alignment	 position	 472)	 and	 C	 (from	 alignment	
position	 1038)	 termini	 (indicated	 by	 black	 lines)	 (see	 Supplementary	 Fig.	 3.2).	 The	 scale	 bar	
displays	 the	number	of	 substitutions	per	site.	Full	 species	and	strain	names	are	with	accession	
numbers	in	brackets:	Musca	domestica	(Md,	ART29446.1,	ART29448.1,	ART29445.1,	ART29447.1,	
XP_005185085.2),	 Stomoxys	 calcitrans	 (Stc,	 XP_013100431.1),	 Ceratitis	 capitata	 (Cc,	
XP_004537789.1),	 Bactrocera	 dorsalis	 (Bd,	 XP_011197544.1),	 Glossina	 morsitans	 (Gm,	
GMOY010984-RA),	 Drosophila	 melanogaster	 (Dm,	 NP_609877.2),	 Aedes	 aegypti	 (Aa,	
XP_001650254.1),	 Bombyx	 mori	 (Bm,	 XP_012548441.1),	 Tribolium	 castaneum	 (Tc,	
XP_001811305.1),	Nasonia	vitripennis	 (Nv,	XP_001601117.3),	Homo	sapiens	 (Hs,	NP_065994.1),	
Mus	 musculus	 (Mm,	 XP_006500496.1),	Gallus	 gallus	 (Gg,	 NP_001026421.2),	 Xenopus	 laevis	 (Xl,	
NP_001089418.1),	 Danio	 rerio	 (Dr,	 NP_001071037.2),	 Schizosaccharomyces	 pombe	 (Sp,	
NP_596256.4)	and	Saccharomyces	cerevisiae	(Sc,	AJR85293.1).	 	
	

3.5	Discussion	
	
Four	achieved	goals	are	described	in	this	chapter.	The	first	objective	was	to	find	
the	 potential	 open	 reading	 frame	 for	Mdmd.	 Second,	 I	 cloned	 the	 Mdmd	 cDNA	
sequence	from	autosome	V.	Third,	I	made	a	comparative	analysis	of	Mdmd	genes	
located	 on	 different	 chromosomes	 of	 the	 M.	 domestica	 genome.	 Finally,	 I	
compared	Mdmd	protein	sequences	and	its	paralog	NCM/CWC22	from	ten	insect	
species,	 five	 vertebrates	 and	 two	 yeast	 species.	 Comparative	 analysis	 of	Mdmd	
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aids	 in	 understanding	 the	 evolution	 of	 the	 male-determining	 gene(s)	 in	 M.	
domestica.	
	
Cloning	 of	 the	Mdmd	 cDNA	 was	 hindered	 by	 the	 multiple	 tandemly	 arranged	
copies	of	Mdmd	pseudogenes	with	high	sequence	variation,	 the	3.5kb	 length	of	
the	Mdmd	ORF,	and	the	fact	that	the	Mdmd	cDNAs	contain	only	one	small	intron	
of	56-58bp.	By	applying	a	two-step	cloning	procedure,	based	on	intron	spanning	
primers,	 the	 Mdmd	 cDNA	 of	 the	 MV	 strain	 was	 cloned	 successfully.	 Separate	
amplification	of	the	5’	part	and	the	3’	part	of	the	MdmdV	cDNA	by	intron	spanning	
primers	efficiently	reduced	the	chance	of	gDNA	contamination	and	enabled	the	
amplification	 of	 the	 5’	 part	 and	 the	 3’	 part	 of	 the	MdmdV	 cDNA.	My	 successful	
strategy	for	cloning	of	the	MdmdV	cDNA	can	also	be	applied	to	clone	long	cDNA	
fragments	 from	 other	 complicated	 genomic	 regions	 in	M.	 domestica	 or	 other	
species.	 	
	
Sequences	with	high	similarity	to	the	Mdmd	ORF	in	all	M.	domestica	strains	with	
autosomal	or	Y-chromosomal	M-loci	were	found,	with	the	exception	of	autosome	
I,	which	apparently	has	a	different	male-determining	gene(s).	This	high	sequence	
similarity	 suggests	 that	 all	 Mdmd	 genes	 of	 autosomes	 II,	 III,	 V	 and	 the	
Y-chromosome	 originated	 from	 a	 common	 ancestral	 sequence.	 The	
male-determining	 gene(s)	 on	 autosome	 I	might	 have	 taken	 a	 different	 path	 in	
evolution.	The	mutation	Ag	is	hypothesised	to	be	a	variant	of	a	male-determining	
gene	on	autosome	I,	which	is	too	weak	to	repress	Mdtra	activity	in	the	soma,	but	
strong	 enough	 to	 suppress	maternal	Mdtra	 activity	 in	 the	 germ	 line	 (Este	 and	
Rovati,	 1982;	 Dübendorfer	 et	 al.,	 2003;	 Hediger	 et	 al.,	 2010).	 However,	 the	
evolutionary	 relationships	 between	 Ag	 and	 the	 male-determining	 gene(s)	 on	
autosome	 I	 are	 still	 unclear	 as	 the	 sequence	 of	 Ag	 and	 the	 male-determining	
gene(s)	 on	 autosome	 I	 have	 not	 yet	 been	 characterised.	 Identification	 of	 the	
male-determining	gene(s)	on	autosome	I	will	shed	more	light	on	the	evolution	of	
various	sex-determining	genes	within	M.	domestica.	 	
	

Further	 experiments	 on	 the	 molecular	 function	 of	Mdmd	 are	 required.	 As	 the	
Mdmd	 ORF	 is	 conserved	 throughout	 M.	 domestica	 strains,	 I	 hypothesise	 that	
Mdmd	 is	 supposed	 to	 be	 solely	 sufficient	 to	 perform	 the	 male-determining	
function	in	M.	domestica	strains.	To	further	investigate	the	function	of	Mdmd	 in	
the	M.	domestica	sex	determination	pathway,	I	will	start	a	functional	analysis	by	 	
transiently	 expressing	Mdmd	 in	 female	 embryos.	 I	 will	 use	 the	 cloned	MdmdV	
gene	 to	 introduce	 it	 into	 early	 blastoderm	 embryos	 by	 injecting	 capped	
polyadenylated	RNA	 after	 in	 vitro	 synthesis.	 Transient	 expression	 of	MdmdV	 in	
the	 early	 blastoderm	 embryos	 will	 tell	 whether	MdmdV	 is	 sufficient	 for	 male	
development	in	M.	domestica.	The	results	of	this	study	are	reported	in	chapter	4.	
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My	phylogenetic	comparisons	provided	more	insight	into	the	possible	evolution	
of	 the	male-determining	gene(s)	of	M.	domestica.	Comparison	of	Mdmd	protein	
sequences	and	its	paralog	CWC22/NCM	revealed	that	Mdmd	protein	sequences	
have	 a	 closer	 phylogenetic	 relationship	 with	 Md-NCM,	 suggesting	 that	 the	
male-determining	gene	Mdmd	evolved	from	a	single	duplication	event	of	Md-ncm	
on	a	proto-Y	chromosome.	The	duplicated	copy	of	Md-ncm	somehow	acquired	a	
male	 sex	 determination	 function	 and	 became	Mdmd.	 Subsequent	 amplification	
events	 yielded	 additional	 Mdmd	 copies,	 thereby	 establishing	 the	 complex	
M-locus	that	subsequently	translocated	to	other	autosomal	locations.	
	
Gene	duplication	plays	an	important	role	in	the	origin	of	new	genes	(Lynch	and	
Katju,	2004).	There	is	some	evidence	that	sex	determination	genes	arose	from	a	
hormone-producing	gene	or	immunity-related	gene	by	duplication.	For	example,	
the	Amh	(anti-Müllerian	 hormone)	 in	 vertebrates	 is	 required	 for	 regression	 of	
the	Müllerian	duct	during	male	fetal	development	(Rey	et	al.,	2003).	However,	in	
the	teleost	fish	Odontesthes	hatcheri,	amh	duplicated	and	obtained	a	new	role	in	
being	 necessary	 for	male	 testicular	 differentiation	 (Hattori	 et	 al.,	 2012).	 In	 the	
rainbow	 trout	 Oncorhynchus	 mykiss,	 the	 gene	 sdY	 (sexual	 dimorphic	 on	 the	
Y-chromosome)	 is	expressed	only	 in	male	 testis	and	has	been	shown	to	be	not	
only	necessary	but	also	sufficient	to	trigger	testicular	differentiation	(Yano	et	al.,	
2012).	sdY	 is	supposed	to	be	a	truncated	and	divergent	copy	of	 irf9	(interferon	
regulatory	factor	9).	In	addition,	in	Xenopus	laevis,	Dmrt1	(double	sex	and	mab-3	
related	transcription	factor	1)	obtained	a	new	function	in	sex	determination	that	
suppresses	 male	 development	 by	 duplication,	 translocation	 and	 truncation	
(Yoshimoto	 et	 al.,	 2008).	 All	 these	 examples	 provide	 evidence	 that	 autosomal	
genes	 may	 adopt	 a	 new	 function	 in	 sex	 determination	 systems	 by	 gene	
duplication.	 The	 origin	 of	Mdmd	 from	 duplication	 of	Md-ncm	 in	 the	 housefly	
provides	another	convincing	example	for	this	evolutionary	path.	 	
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3.7	Appendix	 	
	
3.7.1	Primer	sequences	
	
F1:	5’-CACTCGTTTCAGAACTTTGGGT-3’	
F2:	5’-CACGTAACACCCGCAGTTTATC-3’	
R4:	5’-GTGTTTGATAGCAAGAATTAGGAGT-3’	
Mdmd_Intron:	5’-	ATATTGAACGAATTTAAATTCGACGA-3’	 	
Mdmd_Intron_as:	5’-TCGTCGAATTTAAATTCGTTCAATAT-3’	 	
cDNA_R_MIII_MV:	5’-	CGGAATTACTACCCGAACCGAAGGAGC-3’	
M13F:	5’-GTAAAACGACGGCCAGTG-3’	
M13R:	5’-CAGGAAACAGCTATGAC-3’	
46-GSP2b-Dra52-F-GSP4b-R-F:	5’-CCAGGGACAAGGACAATCGACTAAGACG-3’	
46-GSP2b-Dra52-F-GSP4b-R-R:	5’-AAGAACTTGATGATGAGGACGAGGGTGC-3’	
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Supplementary	 Figure	 3.1:	 Sequence	 alignment	 of	MdmdII,	MdmdIII,	MdmdV	 and	 MdmdY	 reveals	
only	few	nucleotide	differences.	Mdmd	ORFs	have	in	total	3525	nucleotides	with	two	parts	coding	
for	 the	 conserved	 domains	MIF4G	 (from	alignment	 position	 1045	 to	 alignment	 position	 1590)	
and	 MA3	 (from	 alignment	 position	 1924	 to	 alignment	 position	 2244).	 Sequences	 of	MdmdII,	
MdmdIII	 and	 MdmdY	were	 kindly	 provided	 by	 Dr.	 Daniel	 Bopp.	 The	 nucleotide	 differences	 are	
marked	with	gaps.	 	
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Supplementary	Figure	3.2:	 Sequence	conservation	of	Mdmd,	NCM	and	CWC22.	Multiple	protein	
sequence	alignment	of	Mdmd,	NCM	and	CWC22	from	seventeen	different	insect,	vertebrate	and	
yeast	species.	The	variable	N	(up	to	alignment	position	472)	and	C	(from	alignment	position	1038)	
termini	(indicated	by	black	lines)	from	this	alignment	were	trimmed,	to	use	only	the	conserved	
central	parts	of	the	proteins	for	phylogenetic	analysis.	
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Chapter	4	
Expression	pattern	and	functional	analysis	of	
Mdmd	in	Musca	domestica	 	
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4.1	Abstract	
	
In	 Musca	 domestica,	 a	 positive	 auto-regulatory	 feedback	 loop	 ensuring	
female-specific	splicing	of	Mdtra	mRNA	in	the	zygote	eventually	leads	to	female	
development.	The	male-determining	gene(s)	act	to	interrupt	this	loop,	resulting	
in	 male-specific	 splicing	 of	Mdtra	 mRNA	 and	 leads	 to	 male	 development.	 The	
M-locus	that	contains	the	male-determining	gene(s)	has	a	complex	organisation	
with	 repetitive	 sequences	of	which	only	one	appears	 to	 contain	an	 intact	open	
reading	frame	(ORF).	This	ORF	was	assumed	to	be	part	of	the	male-determining	
gene	Mdmd.	 The	Mdmd	 ORF	 sequences	 on	 autosomes	 II,	 III	 and	 V	 and	 on	 the	
Y-chromosome	are	highly	similar,	but	homologous	sequences	cannot	be	found	on	
autosome	 I,	 which	 apparently	 has	 a	 different	 male-determining	 gene(s).	
Knockdown	 of	Mdmd	 by	 RNAi	 silencing	 confirmed	 that	Mdmd	 is	 necessary	 for	
male	development	and	knockout	of	Mdmd	by	CRISPR-Cas9	resulted	in	complete	
feminisation.	 To	 identify	 the	 expression	 pattern	 of	Mdmd,	 in	 situ	 hybridisation	
(ISH)	 with	 DIG-labelled	 Mdmd	 RNA	 probe	 was	 performed.	 It	 unveiled	 the	
ubiquitous	 expression	 of	 Mdmd	 mRNA	 throughout	 embryonic	 development,	
indicating	 that	Mdmd	 already	 acts	 at	 a	 very	 early	 embryonic	 stage	 to	 stop	 the	
Mdtra	 loop	 and	 it	 is	 probably	 continuously	 needed	 to	 maintain	 male	
development	 of	 the	 zygote.	 This	 corroborates	 the	 transient	 effects	 observed	 in	
earlier	RNA	interference	experiments.	To	study	whether	Mdmd	activity	is	solely	
sufficient	for	male	development,	functional	MdmdV	capped,	polyadenylated	RNA	
was	injected	in	early	blastoderm	stage	embryos	that	are	a	mixed	set	of	male	and	
female	 embryos.	 If	 Mdmd	 is	 sufficient	 for	 male	 development,	 transient	
expression	 of	 MdmdV	 in	 genotypic	 female	 embryos	 should	 lead	 to	 all	 male	
offspring.	 However,	 no	 sex-reversed	 flies	 were	 obtained,	 although	 an	
insignificant	bias	towards	more	males	was	observed	in	injected	offspring.	These	
results	 either	 indicate	 that	 expression	 of	MdmdV	 alone	 is	 not	 sufficient	 to	 turn	
genotypic	 females	 into	 males	 or	 alternatively,	 it	 is	 caused	 by	 an	 insufficient	
translation	of	MdmdV	mRNA.	
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4.2	Introduction	
	
In	 the	 common	housefly,	Musca	 domestica,	Md-transformer	 (Mdtra)	mRNA	 and	
Mdtra2	 mRNA	 is	 maternally	 provided	 to	 kick-start	 a	 positive	 autoregulatory	
feed-back	loop	of	female-specific	splicing	of	Mdtra	mRNA	in	the	zygote	that	leads	
to	 female	development	 in	 the	absence	of	a	dominant	male-determining	gene(s)	
(Burghardt	et	al.,	2005;	Bopp,	2010,	Hediger	et	al.,	2010).	MdTRA	protein	leads	
to	female-specific	splicing	of	Mdtra	mRNA	with	the	assistance	of	other	essential	
co-factors	such	as	MdTRA2	protein	(Burghardt	et	al.,	2005;	Hediger	et	al.,	2010).	
MdTRA	protein	and	its	co-factor	MdTRA2	protein	subsequently	splice	the	mRNA	
of	M.	domestica	doublesex,	Mddsx,	 into	the	female	variant,	which	leads	to	female	
development	 (Burghardt	 et	 al.,	 2005;	 Hediger	 et	 al.,	 2010).	 The	
male-determining	gene(s)	act	to	interrupt	the	auto-regulatory	loop,	resulting	in	
male-specific	 splicing	 of	Mdtra	 mRNA	 and	 a	 non-functional	 MdTRA	 truncated	
protein	 (Hediger	 et	 al.,	 2010).	 Hence,	 in	 the	 presence	 of	 a	 male-determining	
gene(s),	Mddsx	mRNA	 is	 spliced	 into	 its	male-specific	 isoform,	 leading	 to	male	
development.	 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	 (Wagoner,	 1969;	 Inoue	 and	 Hiroyoshi,	 1982;	
Denholm	et	al.,	1983;	Inoue	et	al.,	1986).	
	
Recently,	based	upon	differential	expression	analysis,	the	male-determining	gene,	
Mdmd	 (Musca	 domestica	 male	 determiner)	 was	 identified	 in	 M.	 domestica	
(Sharma	 et	 al.,	 2017).	 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).	Structural	analysis	of	the	M-locus	revealed	multiple	copies	
of	partial	homologous	sequences	(reported	in	chapter	2).	Upon	analysis	of	these	
repetitive	sequences,	only	one	appeared	to	contain	an	intact	open	reading	frame	
(ORF).	 The	 Mdmd	 ORF	 sequences	 on	 autosomes	 II,	 III	 and	 V	 and	 on	 the	
Y-chromosome	 are	 highly	 similar	 to	 each	 other,	 but	 they	 cannot	 be	 found	 on	
autosome	 I,	 which	 apparently	 has	 a	 different	 male-determining	 gene(s)	
(reported	 in	 chapter	 3).	 This	 ORF	was	 assumed	 to	 be	 the	 coding	 sequence	 of	
Mdmd,	the	functional	male-determining	gene.	
	
Mdmd	 is	only	present	in	the	male	genome	and	zygotic	Mdmd	was	first	detected	
within	 2-3	 hrs	 after	 egg	 laying	 (cellularised	 blastoderm	 stage),	 which	
corresponds	with	the	timing	of	the	appearance	of	Mdtra	male-specifically	spliced	
transcripts	(Hediger	et	al.,	2010;	Sharma	et	al.,	2017).	Sharma	et	al.	shows	that	
Mdmd	 is	 continuously	 expressed	 in	 adult	 male	 flies,	 indicating	 that	 male	
development	 potentially	 needs	 continuous	 activation	 of	 Mdmd.	 Besides,	
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transcripts	of	Mdtra	and	its	co-factor	Mdtra2	are	abundantly	present	in	embryos	
(D.	Bopp,	unpublished	results;	Burghardt	et	al.,	2005).	In	this	chapter,	I	present	
the	temporal	and	spatial	distribtion	Mdmd	mRNA	in	developing	embryos	with	in	
situ	hybridisation	(ISH).	In	situ	hybridisation	is	a	powerful	tool	to	localise	specific	
nucleic	 acid	 sequences	 in	 tissues,	 providing	 insights	 into	 the	 regulation	 and	
organisation	of	target	genes.	In	situ	hybridisation	is	first	performed	on	a	8-10	hrs	
old	 mixed	 set	 of	 male	 and	 female	 embryos	 because	 a	 large	 amount	 of	Mdmd	
transcripts	is	expressed	during	this	stage	(Sharma	et	al.,	2017).	Next,	to	observe	
the	expression	pattern	of	Mdmd	 in	developing	embryos,	 in	situ	hybridisation	 is	
also	 performed	 on	 a	 0-24	 hrs	 old	 mixed	 set	 of	 male	 and	 female	 embryos.	
Localisation	of	Mdmd	expression	in	developing	embryos	by	in	situ	hybridisation	
will	 help	 to	 clarify	 the	 expression	 patterns	 of	 Mdmd	 and	 shed	 light	 on	 its	
regulation	of	Mdtra	in	the	M.	domestica	sex	determination	pathway.	
	
Knockdown	 of	Mdmd	 by	 RNAi	 silencing	 confirmed	 that	Mdmd	 is	 necessary	 for	
male	development	and	knockout	of	Mdmd	by	CRISPR-Cas9	resulted	in	complete	
feminisation	(Sharma	et	al.,	2017).	This	shows	that	Mdmd	plays	a	crucial	role	in	
male	development.	However,	these	experiments	did	not	show	whether	Mdmd	is	
solely	sufficient	for	male	determination.	Based	on	the	fact	that	the	Mdmd	ORF	is	
conserved	 throughout	 M.	 domestica	 strains,	 Mdmd	 is	 expected	 to	 be	 solely	
sufficient	to	perform	the	male-determining	function	in	M.	domestica	and	MdmdV	
will	 then	 act	 similarly	 as	MdmdIII	 in	 the	MIII	 strain.	 In	 this	 chapter,	 I	 aim	 to	
introduce	 functional	 MdmdV	 into	 early	 blastoderm	 stage	 embryos	 that	 are	 a	
mixed	set	of	male	and	female	embryos	 from	the	MIII	strain	by	 injecting	capped,	
polyadenylated	RNA	after	in	vitro	synthesis.	Transient	expression	of	MdmdV	with	
capped,	polyadenylated	RNA	in	embryos	 is	a	good	way	to	study	the	 function	of	
MdmdV	 as	 capped	RNA	of	MdmdV	mimics	 the	 function	of	 the	male-determining	
gene	 found	 in	 vivo.	 If	 transient	 expression	 of	MdmdV	 in	 the	 early	 blastoderm	
female	 embryos	 turns	 genotypic	 females	 into	 males,	 it	 means	 that	MdmdV	 is	
sufficient	for	male	development	in	M.	domestica.	 	
	

4.3	Materials	and	Methods	
	
4.3.1	Musca	domestica	strains	and	culturing	
	
The	 3-6	MIII	strain	 is	 used	 for	 in	 situ	 hybridisation	 and	 transient	 expression	 of	
MdmdV.	In	this	strain,	M	is	located	on	autosome	III.	Females	have	genotypes	X/X;	
pw	bwb	w/pw	bwb	w	and	males	X/X;	pw+	MIII	bwb+	w/pw	+	bwb	w.	pw	stands	for	
pointed	 wings,	 bwb	 for	 brown	 body	 and	w	 for	 white	 eyes,	 all	 being	 recessive	
visible	 markers	 on	 autosome	 III.	 Females	 have	 brown	 body,	 white	 eyes	 and	
pointed	wings.	Males	 are	 heterozygous	 for	M	 and	 they	 have	 black	 body,	white	
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eyes	 and	 normal	 wings.	 Strains	 were	 reared	 at	 25°C	 as	 described	 previously	
(Schmidt	et	al.,	1997).	
	
4.3.2	Embryo	collection	and	fixation	for	in	situ	hybridisation	
	
In	situ	hybridisation	was	performed	on	a	8-10	hrs	and	a	0-24	hrs	old	mixed	set	of	
male	and	 female	embryos.	8-10	hrs	old	embryos	were	selected	because	a	 large	
amount	of	Mdmd	is	expressed	during	this	stage	(Sharma	et	al.,	2017).	Embryos	of	
the	MIII	strain	were	collected	and	washed	in	Milli-Q	water.	The	embryos’	chorion	
was	removed	by	 treating	 them	with	50%	clorix	diluted	 in	Milli-Q	water	 for	2-3	
min.	 Embryos	 were	 fixed	 for	 25	 min	 in	 1.5	 mL	 Eppendorf	 tubes	 with	 a	 1:1	
mixture	of	4%	paraformaldehyde	(PFA)	and	n-Heptane	after	vigorously	shaking	
for	30	sec	to	allow	the	fix	to	penetrate	the	vitelline	membrane.	After	fixation,	the	
lower	phase	(fixation	solution)	was	removed	and	an	equal	amount	of	methanol	
was	 added.	 Tubes	 were	 then	 immediately	 shaken	 for	 15	 sec	 to	 remove	 the	
vitelline	membrane	and	 to	sink	embryos	 to	 the	bottom.	Embryos	were	washed	
twice	in	methanol	and	subsequently	stored	at	-20°C	prior	to	in	situ	hybridisation.	
	
4.3.3	Preparation	of	RNA	probe	for	Mdmd	
	
In	 situ	 probes	 were	 synthesised	 from	 a	 PCR	 template	 with	 the	Mdmd-specific	
primers	MdmdF	and	MdmdR1,	which	are	located	in	ORM#1.	ORM#1	is	one	of	the	
orphan	 contigs	 of	Mdmd	 that	 was	 identified	 among	 the	 top	 male-specifically	
expressed	 sequences	 that	 were	 absent	 in	 the	 female	 genome	 (Sharma	 et	 al.,	
2017).	 The	 ORM#1	 region	 is	 relatively	 dissimilar	 from	 Md-ncm	 to	 avoid	
interference	 with	Md-ncm	 during	 hybridisation.	 The	 reverse	 primer	 MdmdR1	
used	 to	 synthesise	 the	 antisense	 probe	 contains	 a	 T7	 promoter	 sequence.	 The	
forward	 primer	 MdmdF	 used	 to	 synthesise	 the	 sense	 probe	 contains	 an	 SP6	
promoter	 sequence	 (Fig.	 4.1).	 PCR	 conditions	 were:	 1	 µL	 plasmid	 DNA	 that	
contains	MdmdV	cDNA	(100	ng/µL),	0.5	µL	10	µM	MdmdF,	0.5	µL	10	µM	MdmdR1,	
2	µL	2.5	mM	dNTP,	5	µL	5×Phusion	HF	Buffer	and	0.5	µL	Phusion	enzyme	 in	a	
total	 volume	 of	 25	 µL.	 PCR	was	 performed	by	 denaturation	 at	 94°C	 for	 2	min,	
then	30	cycles	denaturation	at	94°C	for	30	sec,	annealing	at	70°C	for	30	sec	and	
extension	 at	 72°C	 for	 1	 min,	 and	 lastly	 extension	 at	 72°C	 for	 10	 min.	 PCR	
products	 were	 analysed	 on	 a	 1%	 agarose/EtBr	 gel.	 The	 target	 fragment	 was	
purified	with	 the	 NucleoSpin®	 Gel	 and	 PCR	 clean-up	 kit	 from	Macherey-Nagel	
Macherey-Nagel	(Düren,	Germany).	
	
In	situ	probes	were	synthesised	through	in	vitro	transcription.	The	transcription	
reaction	was	set	up	with	the	following	concentrations:	6.5	µL	mixture	containing	
300-500	 ng	 DNA	 template	 +	 DEPC	 water,	 1	 µL	 Dig	 labelling	 mix,	 1	 µL	



Chapter	4	

	
76	

10×transcription	buffer,	0.5	µL	RNasin	(40	U/µL),	1	µL	T7/SP6	RNA	polymerase	
in	a	total	volume	of	10	µL.	Transcription	was	performed	at	37°C	for	2	hrs,	after	
which	 the	 reaction	 mixture	 was	 diluted	 with	 40	 µL	 RNA	 free	 water.	 5	 µL	 of	
diluted	 probes	 were	 tested	 in	 the	 gel	 with	 25	 ng	 of	 template	 DNA	 in	 the	
neighbouring	 lane	as	a	control.	After	 testing,	5	µL	3	M	NaAc	and	125	µL	100%	
EtOH	were	added	to	the	probe,	followed	by	precipitation	at	-20°C	overnight.	The	
following	day,	the	mixture	was	centrifuged	at	16,000	g	at	4°C	for	30	min	and	the	
supernatant	was	 removed.	 1	mL	70%	EtOH	was	 added	 to	 the	 tube,	which	was	
then	 centrifuged	 at	 16,000	 g	 at	 4°C	 for	 10	min.	 The	 supernatant	was	 removed	
and	 the	 pellet	 air-dried.	 The	 pellet	 was	 re-suspended	 in	 50	 µl	 resuspension	
buffer	and	stored	at	-20°C.	
	

	 	 	 	
	
Figure	4.1:	Mdmd-specific	 primers	 used	 for	 in	 situ	 hybridisation	probes:	MdmdF	 and	MdmdR1	
are	both	located	in	the	ORM#1	region.	The	blue	sequence	is	the	SP6	promoter	sequence	and	the	
red	sequence	the	T7	promoter	sequence.	ORM#1,	ORM#2,	ORM#3	and	ORM#6	are	four	orphan	
contigs	of	Mdmd.	MIF4G	and	MA3	are	two	conserved	domains	(Sharma	et	al.,	2017).	
	
4.3.4	In	situ	hybridisation	of	Mdmd	in	embryos	
	
Fixed	 embryos	 stored	 at	 -20°C	 in	 methanol	 were	 gradually	 rehydrated	 by	
washing	in	50%	methanol/PBT	(1×),	then	twice	in	100%	1×PBT.	Embryos	were	
post-fixed	 in	1:1	mixture	of	1×PBT	and	4%	paraformaldehyde	 (PFA)	 in	1.5	mL	
Eppendorf	tubes	for	20	min.	They	were	then	washed	in	1×PBT	three	times	for	20	
min	 each.	 After	 that,	 embryos	were	 shortly	washed	 in	 a	 1:1	mixture	 of	 1×PBT	
and	Hybe	A	solution	before	being	shortly	washed	 in	 the	Hybe	A	solution	 three	
times.	Embryos	were	then	incubated	at	65°C	in	Hybe	A	solution	for	1	hr.	30	µL	
Hybe	 A	 solution	was	mixed	with	 1	 ng	 in	 situ	 probe,	 followed	 by	 incubating	 in	
95°C	for	2	min	to	degenerate	the	probes.	The	mixture	was	cooled	on	ice	for	1	min	
and	 pre-warmed	 to	 65°C.	 Embryos	 were	 subsequently	 incubated	 overnight	 at	
65°C	 in	 a	 mixture	 of	 probe	 +	 Hybe	 A	 solution.	 The	 following	 day,	 they	 were	
washed	 three	 times	 for	 20	 min	 at	 65°C	 in	 the	 Hybe	 A	 solution	 and	 shortly	
washed	 in	1:1	mixture	of	1×PBT	and	Hybe	A	 solution,	 followed	by	 three	 times	
washing	in	1×PBT	for	20	min	each.	Embryos	were	then	incubated	in	1×PBS	with	
anti-Dig	antibody	 (1:2000)	 for	1	hr.	This	was	 followed	by	 three	 times	washing	
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for	 20	 min	 in	 1×PBT.	 Hybridisation	 signals	 were	 visualised	 with	 an	 alkaline	
phosphatase-based	detection	system.	Embryos	were	washed	three	times	in	NBT	
buffer	for	5	min	each	prior	to	NBT/BCIP	staining	(4.5	µL	NBT	and	3.5	µL	BCIP	in	
1	mL	NBT	 buffer)	 in	 the	 dark.	 The	 staining	was	 stopped	 by	 several	washes	 in	
1×PBT.	After	that,	embryos	were	incubated	in	1×PBT	containing	1:1000	dilution	
of	4’,	6-diamidino-2-phenylindole	(DAPI)	for	30	min	in	the	dark.	Embryos	were	
washed	with	PBT	several	times	in	the	dark	before	being	stored	at	4°C	in	100%	
glycerole.	
	
4.3.5	Multiplex	single-embryonic	PCR	
	
To	 verify	 the	 sex	 of	 embryos,	 multiplex	 single-embryonic	 PCR	was	 performed	
according	to	the	modified	protocols	of	Horn	and	Wimmer	(2003).	Male-specific	
primer	combinations	F2	and	cDNA_R_MIII_MV	or	F1	and	R4	that	only	amplified	
target	fragments	of	Mdmd	in	males	were	used	to	distinguish	the	male	and	female	
embryos.	 Stained	 and	 unstained	 embryos	 from	 in	 situ	 hybridisation	 were	
independently	homogenized	 in	50	µL	squishing	buffer	plus	0.5	µL	proteinase	K	
(20	mg/mL).	The	homogenate	was	incubated	at	55	°C	for	1	hr	and	at	95°C	for	6-7	
min	 to	 inactive	 proteinase	 K.	 PCR	 was	 performed	 with	 the	 following	
concentrations	and	conditions:	5	µL	homogenate,	0.5	µL	10	µM	forward	primer,	
0.5	µL	10	µM	reverse	primer,	2	µL	2.5	mM	dNTP,	5	µL	5×Phusion	HF	Buffer	and	
0.5	µL	Phusion	enzyme	in	a	total	volume	of	25	µL;	samples	were	denaturated	at	
94°C	for	2	min,	followed	by	35	cycles	of	94°C	denaturation	for	30	sec,	annealing	
at	59°C	for	30	sec	and	72	°C	for	4	min,	and	finally	extension	at	72°C	for	10	min.	
PCR	 products	 were	 analysed	 on	 a	 1%	 agarose/EtBr	 gel.	 Primers	 F2	 and	
cDNA_R_MIII_MV	 or	 primers	 F1	 and	 R4	were	 used	 to	 identify	 the	 presence	 of	
Mdmd	that	only	exists	in	males.	Primers	MdncmF1	and	MdncmR1	were	used	to	
amplify	the	Md-ncm	that	is	present	in	both	males	and	females.	 	
	
4.3.6	Microscopy	
	
In	 situ	stained	 embryos	 were	 imaged	 on	 a	 Carl	 Zeiss	 (Oberkochen,	 Germany)	
Axioplan2e,	 10×Plan	 Neofluar	 objective	 (0.3	 Numerical	 aperture),	 1.4	 MP	
monochrome	 camera	 Retiga	 (Q-imaging,	 Surrey,	 Canada),	 with	 ImagePro	
software	 (version	 6.3,	 Media	 Cybernetics	 inc.,	 Silver	 Spring,	 United	 States).	
Differential	interference	contrast	(DIC)	was	used	to	image	the	in	situ	stainings	of	
the	embryos.	DAPI	staining	was	recorded	in	10	focal	planes	with	a	filter	set	from	
Zeiss	 (Set	 49).	 Extended	 depth	 of	 field	 (EDF)	imaging	 was	 performed	 with	
generate	 composite	 best-focus	 image	 (output	 options),	 large	 edges	 (focus	
regions),	 normalize	 illumination	 (focus	 analysis	 options)	 combined	 with	 top	
down	 stack	 order.	 Embryonic	 in	 situ	stainings	 were	 visualised	 under	 a	 Leica	
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M205	 FA	 fluorescence	 stereomicroscope	 (Wetzlar,	 Germany)	 and	 documented	
with	camera	MicroPublisher	5.0	RTV	(Q-imaging,	Surrey,	Canada)	and	ImagePro	
software	(version	7.01,	Media	Cybernetics	Inc.,	Silver	Spring,	United	States).	
	
4.3.7	Preparation	of	template	DNA	for	synthesising	functional	MdmdV	
mRNA	
	
A	 linearised	plasmid	DNA	 that	 contains	an	RNA	polymerase	promoter	 site	was	
used	as	template	for	in	vitro	transcription	of	MdmdV.	In	chapter	3,	I	described	the	
cloning	 of	 the	 MdmdV	 cDNA	 to	 the	 pCR®II	 vector	 that	 has	 a	 T7	 promoter	
sequence	upstream	and	an	SP6	promoter	sequence	downstream	of	the	insertion	
site	 (Fig.	 4.2).	MdmdV	cDNA	 contains	 90bp	 un-translated	 sequences	 upstream	
and	 17	 bp	 un-translated	 sequences	 downstream	 of	 the	 coding	 sequence.	 A	
unique	 restriction	 site	 for	 the	 enzyme	 SpeI	 (A|CTAGT)	 that	 is	 located	
downstream	of	the	MdmdV	insertion	is	chosen	to	linearise	the	plasmid	DNA	with	
the	following	concentrations	and	conditions:	1	µg	plasmid	DNA,	0.5	µL	SpeI	from	
Promega	(10	u/µL;	Wisconsin,	United	States),	0.2	µL	acetylated	BSA	(10	μg/μl),	2	
µL	 restricted	 enzyme	 10×Buffer	 B	 in	 a	 total	 volume	 of	 20	 µL;	 followed	 by	
incubating	at	37°C	for	3	hrs.	The	digestions	were	checked	on	a	1%	agarose/EtBr	
gel	and	the	target	fragments	were	isolated	by	Wizard®	SV	Gel	and	PCR	clean-up	
system	from	Promega	(Wisconsin,	United	States).	 	
	

	
	
Figure	 4.2:	 Map	 of	 pCR®II+MdmdV	 construct.	 There	 are	 a	 T7	 promoter	 upstream	 and	 an	 SP6	
promoter	 downstream	 of	 the	 MdmdV	 insertion	 site.	 The	 MdmdV	 cDNA	 contains	 90bp	
un-translated	sequences	upstream	and	17	bp	un-translated	sequences	downstream	of	the	coding	
sequence.	SpeI	is	a	unique	restriction	site	downstream	of	the	MdmdV	insertion.	
	
4.3.8	Capped	in	vitro	transcription	and	Poly(A)	tailing	of	MdmdV	
	
The	 linearised	 plasmid	 was	 used	 to	 synthesise	 capped	 and	 polyadenylated	
MdmdV	 mRNA	 in	 vitro	 by	 using	 the	 mMESSAGE	 mMACHINE®	 Kit	 and	 Poly(A)	
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Tailing	Kit	from	Ambion	(Massachusetts,	United	States).	The	reaction	was	set	up	
with	 5	 µL	 of	 linearised	 plasmid	 DNA	 template	 (171.3	 ng/µL),	 10	 μL	 of	 T7	
2×NTP/ARCA	(15	mM	ATP,	15	mM	CTP,	15	mM	UTP,	3	mM	GTP,	12	mM	ARCA),	2	
μL	10×T7	Reaction	Buffer,	2	μL	of	T7	enzyme	mix	and	1	μL	of	30	mM	GTP	in	a	
total	volume	of	20	µL,	followed	by	incubating	at	37°C	for	3	hrs.	After	the	in	vitro	
transcription,	 poly(A)	 tailing	 was	 performed	 by	 adding	 36	 μL	 of	 nuclease	
free-water,	20	μL	of	5×E-PAP	Buffer,	10	μL	of	25	mM	MnCl2,	10	μL	10	mM	ATP	
solution	into	20	μL	mMessage	mMachine	reaction.	2.5	μL	of	the	reaction	mixture	
was	 used	 as	 a	 negative	 control.	 After	 that,	 4	 uL	 of	 E-PAP	 was	 added	 to	 the	
remaining	 reaction	 mixture.	 The	 mixture	 was	 incubated	 for	 1	 hr	 at	 37°C	 and	
placed	 on	 ice	 afterwards.	 2.5	 μL	 was	 removed	 and	 checked	 on	 a	 denaturing	
agarose	gel	together	with	2.5	μL	of	the	reaction	mixture	without	the	poly(A)	tail.	
In	 the	 final	 step,	 RNA	 was	 recovered	 by	 the	 MEGAclear™	 Kit	 from	 Ambion	
(Massachusetts,	United	States).	 	
	
2%	denaturing	agarose	gel	were	prepared	with	the	following	concentration	and	
conditions:	 2	 g	 agarose	 (Standard	 Agarose,	 Type	 LE)	 from	BioConcept	 (Salem,	
United	States)	was	dissolved	 in	72	mL	DEPC	water	and	was	cooled	to	60°C.	18	
mL	 37%	 formaldehyde	 solution	 (12.3	M)	 and	 10	mL	 10×MOPS	 running	 buffer	
were	 added	 to	 the	 dissolved	 agarose.	 Before	 loading	 the	 gel,	 2.5	 μL	 of	 RNA	
sample	or	an	appropriate	RNA	marker	was	premixed	with	7.5	μL	Formaldehyde	
Load	Dye	that	contains	10	μg/mL	Ethidium	bromide.	Mixtures	were	heated	and	
denatured	 at	 75	 °C	 for	 10	min	 and	 then	10	 μL	 of	 samples/marker	was	 loaded	
onto	 the	 2%	denaturing	 agarose	 gel.	 The	 concentration	 of	 recovered	RNA	was	
checked	with	 NanoDrop	 from	 Thermo	 Fisher	 Scientific	 (Massachusetts,	 United	
States).	
	
4.3.9	Embryo	microinjection	for	germline	transformation	
	
Dechorionation	 and	 microinjection	 of	 embryos	 were	 performed	 as	 described	
previously	(Hediger	et	al.,	2001).	0-1	hr	old	early	blastoderm	mixed	set	of	male	
and	 female	 embryos	 from	 the	 MIII	 strain	 were	 collected	 for	 microinjection.	
Embryos	 were	 dechorionated	 by	 washing	 them	 with	 a	 sodium	 hypochlorite	
solution	 for	2-3	min,	 followed	by	several	washes	with	 tap	water	 to	remove	the	
remaining	sodium	hypochlorite,	and	 finally	rinsed	twice	with	Ringer’s	solution.	
Embryos	 were	 aligned	 along	 the	 edge	 of	 cover	 slips	 under	 the	 microscope,	
desiccated	for	3	min	in	a	chamber	filled	with	dry	Silica	gel	and	submerged	with	
10S:3S	 Voltalef	 oil	 of	 VWR	 (with	 4:1	 mix	 ratio;	 Pennsylvania,	 United	 States).	
Cover	slips	with	embryos	were	kept	on	a	glass	plate	on	ice	to	slow	down	embryo	
development.	Embryos	were	injected	in	the	posterior	end	with	a	sharpened	glass	
needle	filled	with	capped	and	polyadenylated	MdmdV	RNA.	After	microinjection,	
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Voltalef	oil	was	removed	and	cover	slips	were	put	on	an	agar	plate	and	incubated	
overnight	in	a	desiccator	filled	with	oxygen	at	18	°C.	Living	larvae	from	injected	
embryos	were	raised	on	porcine	faeces	as	it	is	difficult	to	keep	small	numbers	of	
larvae	on	standard	medium	(Hediger	et	al.,	2001).	Adult	flies	were	screened	after	
hatching	to	search	for	masculinised	individuals.	 	
	

4.4	Results	
	
4.4.1	Embryonic	Mdmd	expression	detected	by	in	situ	hybridisation	
	
Sense	 and	 antisense	 probes	 for	 in	 situ	 hybridisation	 were	 successfully	
synthesised	 using	 SP6	 polymerase	 and	 T7	 polymerase,	 respectively,	 (Fig.	 4.3).	
In-situ	 hybridisation	 with	 the	 anti-sense	 RNA	 probe	 revealed	 the	 presence	 of	
large	amounts	of	Mdmd	mRNA	in	8-10	hrs	old	embryos	(Fig.	4.4).	Some	embryos	
were	stained	and	some	were	not.	The	detected	Mdmd	mRNA	in	the	embryos	are	
male-specific,	 because	 no	Mdmd	 is	 detected	 in	 female	 embryos	 (Fig.	 4.5).	 The	
ubiquitous	 expression	 of	Mdmd	 started	 at	 early	 embryonic	 stage	 (blastoderm	
stage)	and	continued	until	late	embryogenesis	(dorsal	closure	stage)	(Fig.	4.6).	 	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	
Figure	4.3:	Probe	synthesis	of	Mdmd.	Lane1	 is	PCR	product	amplified	by	MdmdF	and	MdmdR1	
primer	 combination	 (DNA	 template).	 Lane	2	 is	 antisense	probe	and	 lane	3	 is	 sense	probe.	The	
DNA	template	is	660bp	in	length.	
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Figure	4.4:	Mdmd	is	ubiquitously	expressed	in	a	subset	of	8-10	hrs	old	embryos.	 	
	

	 	 	 	 	 	 	 	 	 	 	 	 	
	
	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	
Figure	4.5:	Mdmd	 is	male	specifically	expressed	 in	8-10	hrs	old	embryos.	A:	Embryo	stained	by	
antisense	 probe	 and	 PCR	 confirmed	 that	 it	 is	 a	male	 embryo.	 B:	 Embryo	 stained	 by	 antisense	
probe	and	PCR	confirmed	that	it	is	a	female	embryo.	C:	Embryo	stained	by	sense	probe	served	as	
a	 negative	 control.	 D:	 Embryos	 stained	 by	 apterous	 (ap)	 served	 as	 a	 positive	 control.	 ap	 is	
expressed	 in	 embryonic	 head	 and	 in	 segmentally	 repeated	 pattern	 (arrows).	 Primers	 F2	 and	
cDNA_R_MIII_MV	were	used	 to	 amplify	Mdmd	 that	 is	 only	present	 in	males.	 Primers	MdncmF1	
and	MdncmR1	were	used	to	amplify	Md-ncm	that	is	present	in	both	males	and	females.	 	
	 	

B
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Figure	4.6:	Mdmd	is	continuously	expressed	during	embryo	development.	High	levels	of	uniform	
staining	are	found	from	blastoderm	stage	(A)	to	dorsal	closure	stage	(B).	Embryos	are	staged	by	a	
counterstaining	with	DAPI.	 	
	
Mdmd	 could	not	be	detected	by	PCR	 in	some	of	 the	stained	embryos	 (Fig.	4.7).	
For	example,	embryos	#M2,	#M3	and	#M4	do	show	staining,	but	Mdmd	was	not	
detected	 in	 embryo	#M3	 (Fig.	4.7,	 lanes	2-4).	 Lanes	5	and	6	 contain	unstained	
embryos	 (embryos	#13	and	#14)	 and	 there	 is	 no	 target	 fragment	 amplified	 as	
expected.	The	absence	of	Mdmd	derived	products	could	be	due	to	polymorphism	
in	 the	primer	 regions	 in	different	 individuals.	To	 test	 this	hypothesis,	PCR	was	
performed	on	genomic	DNA	from	adult	flies	with	Mdmd-specific	primers.	Mdmd	
could	 be	 amplified	 from	 gDNA	 of	 all	 adult	 males,	 whereas	 no	 Mdmd	 was	
amplified	 from	 gDNA	 of	 adult	 females	 (Fig.	 4.8),	 suggesting	 that	 no	
polymorphism	 affecting	 the	 PCR	 exists	 in	 this	 region.	 Therefore	 sequence	
polymorphism	cannot	explain	why	Mdmd	could	not	be	detected	by	PCR	in	some	
of	 the	 stained	 embryos.	 Another	 explanation	 is	 background	 staining,	 which	 is	
further	discussed	in	the	discussion	section.	 	 	
	

	
	
Figure	4.7:	PCR	amplification	for	Mdmd	on	stained	and	unstained	embryos.	Lane	1	contains	male	
genomic	DNA	 that	 served	 as	 positive	 control.	 Lanes	 2-4	 contain	 stained	 and	 lanes	 5-6	 contain	
unstained	embryonic	DNA.	Lane	7	contains	female	genomic	DNA	that	served	as	negative	control.	
Primers	 F1	 and	 R4	 were	 used	 to	 amplify	 Mdmd	 that	 is	 only	 present	 in	 males	 and	 primers	

A	

B	
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MdncmF1	and	MdncmR1	were	used	to	amplify	Mdncm	that	is	present	in	both	males	and	females.	 	

	 	 	 	 	 	 	 	 	
	
Figure	4.8:	PCR	amplification	for	Mdmd	on	genomic	DNA	of	adult	flies.	Lanes	1-11	contain	gDNA	
of	 adult	 males.	 Lanes	 12-14	 contain	 gDNA	 of	 adult	 females.	 Primers	 F1	 and	 R4	 were	 used	 to	
amplify	Mdmd	that	is	only	present	in	males	and	primers	MdncmF1	and	MdncmR1	were	used	to	
amplify	Mdncm	that	is	present	in	both	males	and	females.	
	
4.4.2	Functional	analysis	of	MdmdV	by	transient	expression	
	
To	study	whether	Mdmd	is	solely	sufficient	to	turn	genotypic	females	into	males,	
functional	 MdmdV	 capped,	 polyadenylated	 RNA	 was	 injected	 in	 M.	 domestica	
early	blastoderm	stage	embryos	that	are	a	mixed	set	of	male	and	female	embryos	
from	 the	 MIII	 strain.	 Capped	 polyadenylated	 transcription	 of	 MdmdV	 was	
performed	prior	 to	microinjection	and	yielded	a	3.5kb	 transcript	 (Fig.	4.9,	 lane	
1).	Next,	poly(A)	tailing	of	capped	RNA	was	performed	to	increase	the	stability	of	
mRNA	 (Fig.	 4.9,	 lane	 2).	 Capped,	 polyadenylated	 RNA	 was	 purified	 for	
microinjection	(Fig.	4.9,	lane	3).	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	
Figure	4.9:	Capped	and	polyadenylated	RNA	synthesised	with	the	mMESSAGE	mMACHINE®	Kit.	
Lane	1	contains	untailed	capped	RNA,	lane	2	tailed	capped	RNA	and	lane	3	purified	tailed	capped	
RNA	by	MEGAclear™	Kit	from	Ambion	(Massachusetts,	United	States).	
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Transient	 expression	 of	MdmdV	 did	 not	 yield	 masculinised	 individuals	 among	
1906	injected	embryos.	63	males	and	43	females	survived	to	adulthood,	among	
which	all	males	had	black	bodies	and	normally	shaped	wings	and	all	females	had	
brown	 bodies	 with	 pointed	 wings	 (Table	 4.1).	 None	 of	 the	 females	 showed	
external	 masculinisation.	 Groups	 that	 were	 injected	 with	 different	
concentrations	of	MdmdV	capped,	polyadenylated	RNA	did	not	have	significantly	
different	sex	ratios	 (χ2	=	0,0686,	p	=	0,7933,	d.f.	=	1).	However,	a	bias	 towards	
more	males	was	observed	in	both	groups,	which	was	marginally	insignificant	(χ2	
=	3,8397,	p	=	0,05005,	d.f.	=	1).	As	capped	polyadenylated	RNA	expression	could	
be	 transient,	 it	 may	 have	 only	 influenced	 gonads	 of	 developing	 embryos.	
Therefore,	 all	 43	 females	were	 dissected	 but	 found	 to	 have	 ovaries,	 indicating	
that	transient	expression	of	MdmdV	in	the	early	blastoderm	female	embryos	did	
not	reverse	genotypic	females	into	males.	 	
	
Table	4.1:	Results	of	microinjection	of	MdmdV	capped,	polyadenylated	RNA.	106	Flies	out	of	1906	
injected	embryos	survived	into	the	adult	stage.	Microinjection	of	capped,	polyadenylated	MdmdV	
RNA	did	not	transform	the	genotypic	females	into	males.	 	
	

	 	 	 	 	
*	 Adults	 from	 embryos	 injected	 by	 500	 ng/μL	 and	 1	 μg/	 μL	 capped	 polyadenylated	 RNA	 are	
counted	together.	
	

4.5	Discussion	
	
In	 this	 study,	 I	 had	 two	main	 objectives	 regarding	 the	 function	 of	Mdmd	 in	M.	
domestica.	The	first	objective	was	to	determine	the	expression	pattern	of	Mdmd	
in	developing	embryos	to	better	understand	its	regulation	in	sex	determination.	
The	 second	 objective	 was	 to	 find	 out	 whether	 expression	 of	Mdmd	 is	 solely	
sufficient	to	turn	genotypic	females	into	males.	 	
	
High	levels	of	uniform	staining	are	found	in	developing	embryos.	In	M.	domestica,	
female	 sex	 is	 promoted	by	maternally	 inherited	Mdtra,	which	needs	 to	 remain	
continuously	 active	 to	 maintain	 the	 female	 promoting	 function.	 However,	
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presence	 of	 Mdmd	 inhibits	 the	 Mdtra	 auto-regulatory	 loop,	 promoting	 male	
differentiation.	Male-specific	Mdtra	 transcripts	 first	 appeared	2-3	hrs	 after	 egg	
laying,	 indicating	 that	Mdmd	 acts	 very	 early	 during	 development	 to	 stop	 the	
Mdtra	 loop	 (Hediger	 et	 al.,	 2010).	 In	 situ	 hybridisation	 revealed	 that	 Mdmd	
mRNA	 are	 present	 in	 early	 blastoderm	 stage	 embryos.	 In	 addition,	 a	 large	
amount	 of	 Mdmd	 mRNA	 was	 detected	 throughout	 embryo	 development,	
indicating	that	Mdmd	starts	to	act	very	early	during	embryonic	development	to	
stop	 the	 Mdtra	 loop	 and	 embryos	 need	 continuous	 activation	 of	 Mdmd	 to	
maintain	 their	 male	 development.	 This	 corroborates	 the	 transient	 effects	
observed	 in	 earlier	 RNA	 interference	 experiments	 of	 Mdmd,	 which	 leads	 to	
development	of	male	individuals	with	fully	differentiated	ovaries,	indicating	that	
Mdmd	 restored	 its	 activity	 at	 late	 embryonic	 stage	 and	 caused	 the	 incomplete	
feminisation	(Sharma	et	al.,	2017).	
	
Following	 in	 situ	 hybridisation,	 some	 of	 the	 stained	 embryos	 failed	 to	 yield	 an	
Mdmd-specific	 product	 in	 PCR.	 PCR	 amplification	with	 the	 same	primer	 set	 on	
genomic	DNA	from	adult	flies	successfully	detected	Mdmd	 in	all	males,	whereas	
Mdmd	could	not	be	amplified	in	females.	Therefore,	it	is	unlikely	that	Mdmd	was	
not	amplified	in	some	of	the	stained	embryos	due	to	polymorphism	in	the	primer	
sequences	 in	 different	 individuals.	 Other	 factors,	 such	 as	 background	 staining,	
may	 explain	 the	 observed	 false-positives.	 Reabsorbing	 the	 antibodies,	 reusing	
previously	utilized	antibodies	or	 stopping	 the	antibody	 reaction	as	 soon	as	 the	
staining	in	male	embryos	appears,	may	help	to	reduce	such	background	staining.	 	
	
There	are	many	successful	studies	of	gene	function	by	in	vitro	synthesised	mRNA	
and	microinjection	of	ectopic	transcripts	into	embryos.	For	example,	Krzywinska	
et	al.,	(2016)	injected	Yob	mRNA	into	Anopheles	gambiae	embryos	to	confirm	its	
male-determining	 function.	 Transient	 expression	 of	 MdmdV	 with	 capped,	
polyadenylated	 RNA	 did	 not	 yield	 any	 masculinised	 flies	 in	 my	 study.	 One	
possible	 explanation	 is	 that	 a	 synthetic	 copy	 was	 not	 sufficient	 to	 transform	
genotypic	 females	 into	 males,	 which	 may	 indicate	 that	 additional	 genes	 along	
with	MdmdV	 are	 required	 to	 induce	 male	 development.	 Hediger	 et	 al.	 (1998)	
reported	 that	 there	 are	 at	 least	 two	 male-determining	 factors	 (M)	 located	 on	
each	arm	of	the	Y-chromosome.	They	showed	that	the	M	on	the	short	arm	of	the	
Y-chromosome	 provides	 almost	 full	 masculinising	 activity,	 whereas	 the	 M	
located	on	the	long	arm	has	a	weak	masculinising	activity.	However,	due	to	lack	
of	 sequence	 information	 of	M,	 it	 is	 not	 clear	 whether	 these	 two	M	 copies	 are	
identical	 or	 represent	 two	 different	 genes	 that	 perform	 the	 male-determining	
function.	At	this	moment,	the	results	presented	here	combined	with	results	from	
previous	 studies	 (Hediger	 et	 al.,	 1998)	 suggest	 that	 additional	 genes	 may	 be	
involved	in	male	determination.	 	
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An	 alternative	 explanation	 is	 that	 MdmdV	 actually	 is	 sufficient	 for	 male	
determination,	 but	 this	 could	 not	 be	 adequately	 proven	 due	 to	 technical	
shortcomings.	 First,	 it	 is	 difficult	 to	 control	 the	 translational	 timing	 of	mRNAs	
(Mimoto	 and	Christian,	 2011).	 In	 some	 cases,	 translated	mRNA	 can	 persist	 for	
several	days	 in	 embryos,	but	 it	may	also	persist	 for	only	 a	 few	hours.	 I	 cannot	
exclude	 that	 mRNA	 was	 translated	 immediately	 after	 microinjection	 and	 only	
persisted	for	some	hours.	 	
	
Second,	 the	 stability	 of	 capped	 RNA	 greatly	 depends	 on	 the	 poly	 (A)	 tail	 that	
increases	the	stability	of	the	mRNA	and	the	efficiency	of	its	translation	(Harland	
and	Misher,	1988;	Bernstein	and	Ross,	1989;	Gallie,	1991).	For	example,	 in	 the	
developing	Xenopus	embryo,	the	half-life	of	capped	RNA	transcripts	that	have	a	
long	 poly	 (A)	 tail	 of	 200	 nucleotides	 is	 6-8	 hrs,	 twice	 as	 long	 as	 capped	 RNA	
transcripts	that	 lack	a	poly	(A)	tail	(Harland	and	Misher,	1988).	Poly(A)	tails	of	
60-80	nucleotides	do	not	have	a	reliable	stabilisation	effect	on	injected	RNAs	in	
embryos	 (Harland	 and	 Misher,	 1988).	 I	 did	 not	 observe	 size	 differences	 in	
capped	 RNA	 before	 and	 after	 polyadenylation,	 but	 as	 the	 poly(A)	 tail	 is	 only	
approximately	150bp,	 the	 gel	 running	 time	may	not	have	been	 long	 enough	 to	
see	such	small	difference.	Alternatively,	polyadenylation	may	also	have	failed	to	
produce	 a	 poly(A)	 tail	 of	 adequate	 length.	 If	 so,	 transcripts	 may	 have	 been	
degraded	 in	 less	 than	 8	 hrs.	 If	 transcripts	 of	 MdmdV	 was	 degraded	 before	
completely	halting	the	activity	of	the	Mdtra	feedback	loop,	the	feedback	loop	may	
have	re-established	its	own	activity,	thereby	inducing	female	development.	 	
	
Third,	 the	 complete	 sequences	 for	 5′	 and	 3′	 un-translated	 regions	 (UTRs)	 of	
MdmdV	cDNA	are	still	unknown.	The	5′	and	3′	UTRs	contain	sequence	elements	
that	 are	 essential	 for	 the	 post-transcriptional	 regulation	 (Barrett	 et	 al.,	 2012).	
The	 incomplete	 sequences	 in	 5′	 and	3′	UTRs	of	MdmdV	 cDNA	 could	hinder	 the	
efficient	translation	of	MdmdV	mRNA.	A	fourth	possible	technical	problem	may	be	
that	 MdmdV	 encodes	 a	 long	 3.5kb	 transcript,	 which	 prevents	 efficient	
transcription	of	MdmdV,	and	generates	 truncated	 transcripts.	Truncated	MdmdV	
transcripts	would	not	yield	any	functional	Mdmd	protein,	resulting	in	a	failure	to	
halt	the	activity	of	the	Mdtra	feedback	loop	and	consequently	no	masculinisation	
of	 genotypic	 females.	 Finally,	 the	 concentration	 of	 capped	 and	 polyadenylated	
MdmdV	RNA	might	not	have	been	adequate	to	disrupt	the	Mdtra	auto-regulatory	
loop.	
	
To	 overcome	 the	 technical	 problems	 in	microinjection	 of	MdmdV	with	 capped,	
polyadenylated	RNA	and	to	answer	the	question	whether	expression	of	Mdmd	is	
actually	sufficient	to	turn	genotypic	females	into	males,	two	experiments	need	to	
be	 done	 in	 the	 near	 future.	 The	 major	 advantage	 of	 injecting	 capped,	
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polyadenylated	RNA	is	that	it	can	be	used	to	study	the	function	of	genes	in	vivo	
without	germline	transformation,	which	is	more	laborious	because	one	needs	to	
select	 a	 suitable	 transposable	 element	 and	 construct	 a	 transgene.	 Thus,	
microinjection	 needs	 to	 be	 repeated	 with	 higher	 concentrations	 of	 capped,	
polyadenylated	 RNA.	 Cloning	 the	 intact	 cDNA	 of	 Mdmd	 is	 also	 required	 for	
efficient	 translation	 of	Mdmd	 mRNA.	 Larger	 sample	 sizes	 of	 injected	 eggs	 are	
required	to	overcome	the	high	mortality	rates	 in	the	experiments.	Additionally,	
female-only	offspring	from	the	Ag	strain	(reported	in	chapter	1)	can	be	used	for	
microinjection.	Microinjection	of	functional	Mdmd	mRNA	in	female-only	embryos	
will	 increase	 the	 efficiency	 to	 generate	 sex-reversed	males.	A	 second	approach	
would	be	to	repeatedly	express	MdmdV	throughout	the	developmental	period	of	
M.	domestica,	by	generating	MdmdV	transgenic	flies	via	piggyBac	 transformation.	
If	MdmdV	 is	 the	 only	male-determining	 gene	 performing	 the	male-determining	
function,	repeated	expression	of	MdmdV	should	transform	genotypic	females	into	
males.	The	cloning	of	a	pBac[3×P3-EGFP,	hsp70-MdmdV]	transgene	is	described	
in	Box	4.1.	
	
There	 are	 several	 reasons	 for	 determining	 whether	 Mdmd	 performs	 the	
male-determining	function	and	is	solely	sufficient	for	male	development.	First,	it	
would	show	that	a	single	gene	that	is	expressed	during	early	embryogenesis	can	
be	 responsible	 for	male	development.	 Second,	 as	 it	 is	 quite	 common	 in	 insects	
that	male	sex	is	determined	by	a	dominant	male-determining	factor	(Marıń	and	
Baker,	 1998;	Beukeboom	and	Perrin,	 2014),	male-determining	 factors	 in	 other	
insect	 species	 may	 act	 the	 same	 as	 Mdmd.	 Third,	 knowledge	 of	 the	
male-determining	 mechanism	 may	 be	 useful	 in	 pest	 control.	 It	 may	 help	 to	
generate	 transgenic	 insects	 that	 only	 produce	 male	 progeny	 to,	 for	 example,	
improve	 the	 sterile	 insect	 technique	 (SIT)	 that	 relies	 on	mass	 release	of	males	
only.	Thus,	 clarifying	 the	role	of	 sex-determining	genes	 in	 the	M.	domestica	sex	
determination	 pathway	 will	 provide	 fundamental	 insights	 into	 insect	 sex	
determination	systems,	but	may	also	have	applied	relevance.	
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4.7	Appendix	
	
4.7.1	Primer	sequences	
	
MdmdF:	
5’-ATTTAGGTGACACTATAGCAACAAAAATATGAATGCCACCGAC-3’	
MdmdR1:	
5’-GAAATTAATACGACTCACTATAGGCTTAGTCGATTGTCCTTGTCCCTGG-3’	
F1:	5’-CACTCGTTTCAGAACTTTGGGT-3’	
R4:	5’-GTGTTTGATAGCAAGAATTAGGAGT-3’	
MdncmF1:	 	
5’-AAGCTATTTAGGTGACACTATAGGAGAAGAATGGACGCCAGAAAAAGG-3’	
MdncmR1:	
5’-GAAATTAATACGACTCACTATAGGTTTCCGTCTTAGTTGGTTCTCCTTATCG-3’	
	
4.7.2	Buffers	
	
1L	10×PBS:	add	0.07	M	Na2HPO4.7H2O,	1.4	M	NaCl,	0.03	M	KH2PO4,	dissolve	the	
reagents	in	800	mL	H2O	and	adjust	the	pH	to	7.4	then	add	H2O	to	1	L,	followed	by	
autoclaving.	
PBT:	1×PBS	and	0.1%	Triton.	 	
4%	PFA:	add	4	g	of	EM	grade	paraformaldehyde	to	50	mL	of	H2O.	Add	1	mL	of	1	
M	NaOH	and	stir	gently	on	a	heating	block	at	~60°C	until	the	paraformaldehyde	
is	 dissolved.	 Add	 10	 mL	 of	 10×PBS	 and	 allow	 the	 mixture	 to	 cool	 to	 room	
temperature.	Adjust	 the	pH	 to	7.4	with	1	M	HCl	 (~1	mL),	 then	adjust	 the	 final	
volume	 to	 100	mL	with	H2O.	 Filter	 the	 solution	 through	 a	 0.45	 μm	membrane	
filter	 to	 remove	 any	 particulate	 matter.	 Make	 the	 paraformaldehyde	 solution	
fresh	prior	to	use,	or	store	in	aliquots	at	-20°C	for	several	months.	 	
20×SSC:	add	175.3	g	NaCl,	88.2	g	Trisodium	citrate.2H2O,	dissolve	the	chemicals	
in	800	mL	dd	H2O	and	adjust	pH	to	5.5	with	HCl,	add	dd	H2O	to	1	L.	
Hybe-A	solution:	add	50	mL	Formamid,	25	mL	20×SSC,	25	mL	deionized	water,	
then	 add	 500	 uL	 20	 mg/mL	 Yeast	 RNA,	 100	 µL	 50	 mg/mL	 Heparin,	 2	 mL	
sonicated	salmon	sperm	DNA	(10	mg/mL)	that	should	be	boiled	for	10	minutes	
and	3	minutes	on	ice	before	adding.	
NBT	buffer:	1	mL	1	M	Tris	pH	9.5,	500	µL	1	M	MgCl2,	200	µL	5	M	NaCl,	50	µL	20%	
Triton,	add	ddH2O	to	10	mL.	
Resuspension	buffer:	add	500	µL	Formamid,	5	µL	20%	Tween	20,	250	µL	20×SSC,	
0.4	µL	50	mg/mL	Heparin	and	245	µL	DEPC	H2O.	
Squishing	buffer:	add	10	mM	Tris	(pH	8.2),	1	mM	EDTA;	25	mM	NaCl	and	0.02	
mg/mL	proteinase	K.	
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10×	MOPS	(1	L):	83.7	g	of	MOPS	(3-Morpholinopropane-1-sulfonic	acid),	33.3	μl	
of	NaAc	and	20	μl	of	0.5	M	EDTA	(pH	7.0).	
Sodium	hypochlorite	solution:	1:10	dilution	of	14%	NaOCl	with	tap	water.	
Ringer’s	solution	(pH	7.3-7.4)	(1	L):	dissolve	7.2	g	NaCl,	0.17	g	CaCl2	and	0.37	g	
KCl	in	Milli-Q	water	and	bring	the	final	volume	to	1	L.	pH	was	adjusted	to	7.3-7.4.	
Once	 thoroughly	dissolved,	 the	solution	was	 filter	 through	a	0.22	μm	 filter	and	
aliquoted	into	single-use	volumes	(25-50	mL),	followed	by	autoclaving.	
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Box	4.1	
Transgene	construction	for	repeated	expression	
of	Mdmd	in	Musca	domestica	
	
	
	
	
	
Microinjection	 of	MdmdV	with	 capped,	 polyadenylated	 RNA	 did	 not	 yield	 any	
masculinised	 flies,	 which	 may	 be	 due	 to	 various	 technical	 reasons,	 such	 as	
transient	 decay	 of	 the	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.	 The	 piggyBac-EGFP	
vector-marker	system	was	effectively	used	in	M.	domestica	before	(Hediger	et	al.,	
2001,	 2004,	 2010).	 Here,	 I	 describe	 the	 cloning	 of	 a	 pBac[3×P3-EGFP,	
hsp70-MdmdV]	 transgene.	 This	 transgene	 will	 be	 used	 in	 germline	
transformation	 to	 generate	 transgenic	 flies,	 in	which	MdmdV	 can	be	 repeatedly	
expressed	under	the	control	of	the	hsp70	promotor.	Such	experiments	will	help	
to	assess	the	masculinising	activity	of	MdmdV.	
	
1.	Molecular	cloning	of	the	MdmdV	cDNA	to	pSLfaHsfa	
	
To	 achieve	 repeated	 expression	 of	MdmdV,	 a	 pBac[3×P3-EGFP,	 hsp70-MdmdV]	
transgene	was	 constructed	 for	 germline	 transformation.	 The	MdmdV	cDNA	was	
first	cloned	to	the	versatile	cloning	shuttle	vector	pSLfaHSfa	as	follows	(Box	4.1	
fig.	1;	Ramos	et	al.,	2006).	A	restriction	site	for	NotI	(GC|GGCCGC)	was	supposed	
to	be	introduced	upstream	of	the	MdmdV	coding	region	by	PCR	with	the	primers	
31_GSP2b-Dra52_GSP3_consensus_F1	 and	 M13R,	 yielding	 a	 fragment	 of	 3.7kb	
(Box	 4.1	 fig.	 2),	 which	was	 supposed	 to	 contain	 the	 SpeI	 (A|CTAGT)	 and	 NotI	
restriction	sites	at	opposite	ends.	Next,	the	enzymes	SpeI	and	NotI	were	chosen	
to	digest	the	purified	PCR	product	and	ligated	into	the	pSLfaHSfa	vector,	which	
was	digested	by	 the	enzymes	XbaI	 (T|CTAGA)	and	NotI.	As	SpeI	 and	XbaI	have	
compatible	 cohesive	 ends,	 the	 pCR®II+MdmdV	 construct	 that	 was	 digested	 by	
SpeI	and	NotI	and	the	pSLfaHSfa	vector	that	was	digested	by	XbaI	and	NotI	can	
be	ligated	together.	
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Box	 4.1	 figure	 1:	 Cloning	 strategy	 to	 obtain	 pSLfaHSfa+MdmdV.	 A	 restriction	 site	 for	 NotI	 was	
supposed	 to	 be	 introduced	 upstream	 of	 the	 MdmdV	 coding	 region	 by	 PCR	 with	 primers	
31_GSP2b-Dra52_GSP3_consensus_F1	 and	 M13R.	 The	 enzymes	 SpeI	 and	 NotI	 were	 chosen	 to	
digest	the	PCR	product	and	ligate	into	the	pSLfaHSfa	vector,	which	was	digested	by	the	enzymes	
XbaI	and	NotI.	SpeI	and	XbaI	have	compatible	cohesive	ends	after	digestion.	Primer	combination	
GSP1	and	M13R	was	chosen	to	perform	colony	PCR	for	selecting	positive	colonies.	 	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	
Box	 4.1	 figure	 2:	 PCR	 of	 pCR®II+MdmdV	 construct	 with	 the	 primers	 M13R	 and	
31_GSP2b-Dra52_GSP3_consensus_F1	yielded	a	DNA	fragment	of	3.7kb.	
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The	pSLfaHSfa	 vector	was	digested	with	XbaI	 and	NotI,	 yielding	 a	4.1kb	 target	
fragment	(Box	4.1	fig.	3,	lane	1).	Next,	the	3.7kb	fragment	from	the	previous	PCR	
amplification	was	 digested	 by	 SpeI	 and	 NotI,	 yielding	 a	 3.6kb	 target	 fragment	
(Box	4.1	fig.	3,	lane	2).	The	4.1kb	and	3.6kb	fragments	were	purified	for	ligation.	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	
Box	4.1	 figure	3:	Restriction	digestion	of	 the	pSLfaHSfa	 vector	 and	 the	3.7kb	 fragment.	 Lane	1	
contains	the	XbaI	and	NotI	digestion	of	the	pSLfaHsfa	vector	that	yielded	a	fragment	of	4.1kb	and	
lane	2	 the	SpeI	 and	NotI	digestion	of	 the	3.7kb	 fragment	 from	previous	PCR	amplification	 that	
yielded	a	fragment	of	3.6kb.	
	
The	MdmdV	 cDNA	 was	 successfully	 ligated	 into	 the	 pSLfaHSfa	 shuttle	 vector.	
Successful	ligation	was	checked	with	colony	PCR,	in	which	a	fragment	of	831bp	
was	successfully	amplified	with	primers	GSP1	in	the	MdmdV	cDNA	and	M13R	in	
the	pSLfaHSfa	vector	(Box	4.1	fig.	1).	Colonies	from	#7	and	#8	showed	the	target	
fragment	 in	 the	 colony	 PCR	 (Box	 4.1	 fig.	 4).	 Sequencing	 of	 #8	 confirmed	
successful	cloning	and	revealed	that	there	was	no	nucleotide	mutation	generated	
throughout	 the	 cloning	 process,	 but	 a	 wrong	 NotI	 recognition	 sequence	
(CGCCGGCG	instead	of	GCGGCCGC)	had	accidentally	been	introduced	upstream	of	
the	MdmdV	coding	region.	Theoretically,	the	3.7kb	fragment	digested	by	SpeI	and	
NotI	should	not	have	been	ligated	into	the	pSLfaHSfa	vector,	which	was	digested	
by	XbaI	and	NotI.	Colony	#8	shows,	however,	 that	 the	 insert	was	 inserted	 into	
the	 vector	 uncut	 at	 its	 5’	 end	 including	 all	 the	 sequence	 of	 primer	
31_GSP2b-Dra52_GSP3_consensus_F1.	 As	 the	 insertion	 of	 the	 incorrect	 NotI	
recognition	sequence	including	the	rest	of	the	primer	did	not	alter	the	expected	
MdmdV	coding	 sequence,	 and	did	not	 introduce	any	extra	ATG	upstream	of	 the	
MdmdV	coding	sequence,	the	MdmdV	cDNA	was	still	successfully	cloned	into	the	
expression	shuttle	vector.	
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Box	4.1	figure	4:	Construction	of	pSLfaHSfa+MdmdV.	Successful	ligation	yielded	a	831bp	fragment	
in	the	colony	PCR	and	colonies	from	#7	and	#8	showed	the	target	fragment.	
	
2.	Construction	of	the	pBac[3×P3-EGFP;	hsp70-MdmdV]	transgene	
	
The	pBac[3×P3-EGFP;	hsp70-MdmdV]	transgene	was	successfully	constructed	as	
follows	 (Box	 4.1	 fig.	 5).	 The	 pSLfaHSfa+MdmdV	 construct	was	 digested	 by	 FseI	
(GGCCGG|CC)	and	AscI	(GG|CGCGCC),	yielding	two	fragments	of	3.1kb	and	4.6kb	
(Box	 4.1	 fig.	 6).	 The	 pBac[3×P3-EGFPafm]	 vector	 was	 digested	 with	 the	 same	
enzymes,	yielding	a	6.5	kb	target	fragment.	The	4.6kb	and	6.5kb	fragments	were	
purified	for	ligation.	
	

	
	

Box	4.1	figure	5:	Cloning	strategy	to	obtain	pBac[3×P3-EGFP;	hsp70-MdmdV].	The	enzymes	FseI	
and	AscI	cut	the	hsp70-MdmdV	and	after	that	it	was	ligated	into	pBac[3×P3-EGFPafm],	which	was	
digested	with	the	same	enzymes.	 	
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Box	 4.1	 figure	 6:	 Restriction	 digestion	 of	 pSLfaHSfa+MdmdV	 and	 pBac[3×P3-EGFPafm]	 vector.	
Lane	1	contains	FseI	and	AscI	digestion	of	pSLfaHSfa+MdmdV	that	yielded	fragments	of	3.1kb	and	
4.6kb.	Lane	2	contains	FseI	and	AscI	digestion	of	the	pBac[3×P3-EGFPafm]	vector	that	yielded	a	
fragment	of	6.5kb.	The	4.6kb	and	6.5kb	fragments	with	arrows	were	purified	for	ligation.	
	
The	 transgene	 pBac[3×P3-EGFP;	 hsp70-MdmdV]	 was	 successfully	 constructed	
(Box	 4.1	 fig.	 7).	 Successful	 ligation	 was	 checked	 with	 colony	 PCR,	 in	 which	 	
fragments	of	914bp	were	successfully	amplified	with	primers	pBacF2	and	GSP1	
(Box	4.1	fig.	5).	The	plasmids	from	two	of	these	positive	colonies	were	extracted	
and	the	size	of	 inserted	DNA	fragments	was	checked	by	EcoRI	digestion.	There	
are	three	EcoRI	cutting	sites	in	the	hsp70-MdmdV	and	two	EcoRI	cutting	sites	in	
the	 pBac[3×P3-EGFPafm]	 vector	 (Box	 4.1	 fig.	 5).	 I	 therefore	 obtained	 six	
differently	 sized	 fragments	 by	 EcoRI	 digestion:	 6.2kb,	 2.7kb,	 930bp,	 745bp,	
426bp	 and	 107bp,	 which	 confirmed	 candidates	 #5	 and	 #6	 (Box	 4.1	 fig.	 7).	
Sequencing	of	 the	 insert	 in	#5	 revealed	 that	 there	was	no	nucleotide	mutation	
generated	 throughout	 the	 cloning	 process.	 Hence,	 the	 transgene	
pBac[3×P3-EGFP;	hsp70-MdmdV]	was	successfully	cloned.	
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Box	 4.1	 figure	 7:	 Construction	 of	 pBac[3×P3-EGFP;	 hsp70-MdmdV]	 transgene.	 A:	 Colony	 PCR:	
successful	 ligation	yielded	fragments	of	914bp	in	the	colony	PCR	and	some	colonies	among	#1,	
#2,	 #5,	 #6,	 #9,	 #10,	 #11,	 #12,	 #13,	 #14,	 #15,	 #16,	 #17,	 #18,	 #19,	 #20,	 #21	 and	#22	 showed	
target	 fragments.	 B:	 EcoRI	 test	 digestion	 yielded	 six	 differently	 sized	 fragments:	 6.2kb,	 2.7kb,	
930bp,	745bp,	426bp	and	107bp	and	candidates	#5	and	#6	were	confirmed	(the	107bp	fragment	
is	not	visible	in	the	gel	picture	because	it	ran	out	of	the	gel).	
	
I	 have	 reported	 how	 I	 successfully	 constructed	 a	 pBac[3×P3-EGFP,	
hsp70-MdmdV]	 transgene	 for	 repeated	 expression	 of	 MdmdV	 in	 germline	
transformation.	 I	 used	 a	 versatile	 two-step	 cloning	 procedure	 to	 get	 the	
transgenic	construct	pBac[3×P3-EGFP;	hsp70-MdmdV].	The	piggyBac	 element	 is	
an	efficient	transposable	vector	in	insects	and	the	piggyBac-EGFP	vector-marker	
system	has	already	been	used	in	M.	domestica	(Hediger	et	al.,	2001,	2004,	2010)	
(Box	4.1	fig.	8A).	The	green	fluorescent	protein	(GFP)	derived	from	the	jellyfish	
Aequorea	victoria	is	a	universal	gene	expression	marker	that	is	active	in	various	
organisms	(Tsien,	1998).	The	expression	of	EGFP	(an	enhanced	GFP	variant)	 is	
driven	 by	 an	 artificial	 promoter	 3×P3	 (Sheng	 et	 al.,	 1997;	 Heim	 et	 al.,	 1995;	
Berghammer	 et	 al.,	 1999).	 Transformed	 individuals	 can	 be	 identified	 by	 GFP	
expression	in	their	pigmentless	eyes.	The	pSLfaHSfa	vector	is	a	versatile	cloning	

A

B
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shuttle	 vector	 with	 an	 hsp70	 promoter	 upstream	 of	 its	 polyliker	 site	 and	 an	
hsp70	 3’UTR	 downstream	 of	 it	 (Box	 4.1	 fig.	 8B).	 Importantly,	 the	 pSLfaHSfa	
vector	 contains	 several	 hexa-cutters	 and	 NotI,	 which	 enables	 the	 assembly	 of	
complicated	 constructs	 (Ramos	 et	 al.,	 2006).	 Additionally,	 it	 also	 contains	 rare	
octa-cutter	 restriction	 sites	 AscI	 and	 FseI	 located	 at	 either	 end	 of	 hsp70	 site	
(Ramos	 et	 al.,	 2006),	 which	 allows	 for	 target	 genes	 to	 be	 inserted	 into	 the	
pSLfaHSfa	 vector	 to	 be	 cloned	 into	 different	 transformation	 vectors	 with	
different	markers	by	double	digestion	with	FseI	and	AscI,	followed	by	ligation.	
	

	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	
	
Box	4.1	figure	8:	Map	of	the	transformation	vector	pBac[3×P3-EGFPafm]	and	the	cloning	shuttle	
vector	 pSLfaHSfa.	 A:	 The	 pBac[3×P3-EGFPafm]	 contains	 EGFP	 that	 is	 driven	 by	 an	 artificial	
promoter	3×P3	and	there	are	rare	octa-cutter	restriction	sites	AscI	and	FseI	after	EGFP	insertion.	
B:	pSLfaHSfa	contains	several	hexa-cutter	sites	and	NotI.	There	is	a	hsp70	promoter	upstream	of	
the	polylinker	site	and	a	hsp70	3’UTR	downstream	of	the	polylinker	site.	
	
Finding	 unique	 digestion	 sites	 in	 the	MdmdV	 cDNA	 and	 screening	 the	 possible	
constructs	 is	 very	 complicated	 and	 laborious	 due	 to	 the	 3.5kb	 length	 of	 the	
MdmdV	ORF.	The	 two-step	 cloning	procedure	 as	 used	here	 avoids	 re-cloning	 of	
such	 complicated	 constructs.	 By	 generating	 the	 pSLfaHSfa+MdmdV	 construct,	
MdmdV	can	be	easily	cloned	into	different	transformation	vectors	with	different	
markers	by	double	digestion	with	FseI	and	AscI,	followed	by	ligation.	 	
	
I	now	have	a	 transformation	vector	 that	 can	be	used	 to	express	MdmdV	 during	
the	whole	life	cycle	of	the	housefly.	With	this	I	can	test	whether	MdmdV	performs	
the	male-determining	function	and	whether	it	is	sufficient	for	male	development.	
If	 repeated	 expression	 of	MdmdV	under	 the	 control	 of	 hsp70	promotion	would	

A

B
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turn	genotypic	 females	 to	males,	 it	will	proof	 that	MdmdV	 is	 sufficient	 for	male	
development.	 If	 repeated	 expression	 of	 MdmdV	 would	 have	 a	 partial	
masculinisation	 effect,	 it	 may	 indicate	 that	 MdmdV	 is	 not	 sufficient	 for	 male	
development.	 If	repeated	expression	of	MdmdV	 in	female	germline	would	 fail	 to	
turn	genotypic	females	to	males,	it	would	demonstrate	that	even	though	MdmdV	
has	an	open	reading	 frame,	 it	does	not	perform	the	male-determining	 function,	
or	at	least	not	by	itself.	These	transformation	studies	will	help	to	clarify	the	role	
of	sex-determining	genes	in	the	M.	domestica	sex	determination	pathway,	as	well	
as	provide	insights	into	insect	sex	determination	systems.	
	
3.	Further	details	on	methodology	
	
A	 transgene	 pBac[3×P3-EGFP,	 hsp70-MdmdV]	 was	 first	 constructed	 for	
generating	 transgenic	 flies.	 I	 cloned	 MdmdV	 to	 the	 pSLfaHsfa	 vector	 from	 a	
pCR®II+MdmdV	construct.	 Two	 unique	 enzymes	 NotI	 and	 XbaI	 were	 chosen	 to	
digest	 the	 pSLfaHSfa	 vector	 and	 unique	 enzymes	 NotI	 and	 SpeI	 to	 digest	 the	
pCR®II+MdmdV	construct.	Because	there	is	no	unique	NotI	recognition	site	in	the	
pCR®II+MdmdV	construct,	a	restriction	site	for	NotI	(GC|GGCCGC)	was	supposed	
to	 be	 introduced	 upstream	 of	 the	 MdmdV	 coding	 reagion	 by	 PCR	 with	 the	
following	 concentrations	 and	 conditions:	 100	ng	pCR®II+MdmdV	template	DNA,	
0.5	 µL	 10	 µM	 31_GSP2b-Dra52_GSP3_consensus_F1,	 0.5	 µL	 10	 µM	M13R,	 2	 µL	
2.5mM	 dNTP,	 5	 µL	 5×Phusion	 Buffer	 and	 0.5	 µL	 Phusion	 enzyme	 in	 a	 total	
volume	 of	 25	 µL.	 The	 NotI	 restriction	 site	 is	 supposed	 to	 be	 included	 in	 the	
sequence	 of	 31_GSP2b-Dra52_GSP3_consensus_F1.	 PCR	 was	 performed	 by	
denaturation	at	94°C	for	2	min,	then	25	cycles	of	denaturation	at	94°C	for	30	sec,	
annealing	 at	 60°C	 for	 30	 sec	 and	 extension	 at	 72°C	 for	 4:30	 min,	 and	 lastly	
extension	at	72°C	for	10	min.	PCR	products	were	analysed	on	a	1%	agarose/EtBr	
gel.	The	target	fragment	was	purified	with	the	NucleoSpin®	Gel	and	PCR	clean-up	
kit	from	Macherey-Nagel.	Seqlab	(Göttingen,	Germany)	carried	out	sequencing	of	
the	candidate	fragments	with	the	vector	primers	M13F	and	M13R	combined	with	
46-GSP2b-Dra52-F-GSP4b-R-F,	46-GSP2b-Dra52-F-GSP4b-R-R	and	R4.	
	
After	checking	the	target	fragment	by	sequencing	and	verifying	that	no	mutation	
occurs	 throughout	 the	sequence,	 the	 target	 fragment	was	double	digested	with	
NotI	 and	 SpeI	 from	 NEB	 (Massachusetts,	 United	 States)	 with	 the	 following	
concentrations	 and	 conditions:	 1	 µg	DNA	 from	 target	 fragment,	 1	 µL	 SpeI-HF®	
(20	u/µL),	1	µL	NotI-HF	(20	u/µL),	2	µL	10×CutSmart®	Buffer	in	a	total	volume	
of	 20	 µL;	 followed	 by	 incubating	 at	 37°C	 for	 3	 hrs.	 The	 enzymes	 NotI-HF	 (20	
u/µL)	and	XbaI	(20	u/µL)	from	NEB	(Massachusetts,	United	States)	were	used	to	
digest	the	vector	pSLfaHsfa	with	the	same	concentrations	and	conditions	shown	
above.	 The	 digestions	 were	 checked	 on	 a	 1%	 agarose/EtBr	 gel	 and	 the	 target	
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fragments	 isolated	 by	 the	 NucleoSpin®	 gel	 and	 PCR	 clean-up	 kit	 from	
Macherey-Nagel	 (Düren,	Germany).	 Ligation	was	performed	with	 the	 following	
concentration	 and	 conditions:	300	ng	 insert	DNA,	100	ng	vector	DNA,	1	µL	T4	
ligation	buffer	in	a	total	volume	of	9	µL,	1	µL	T4	ligase	from	NEB	(Massachusetts,	
United	States)	was	added	to	the	reaction	to	reach	the	final	volume	of	10	µL.	The	
ligation	was	performed	at	16°C	overnight.	The	construct	was	used	to	transform	
competent	E.	coli	DH5α.	 	
	
After	transformation,	colony	PCR	was	performed	under	the	following	conditions	
and	 concentrations:	 0.2	 µL	 10	 µM	 GSP1,	 0.2	 µL	 10	 µM	 M13R,	 0.8	 µL	 2.5	 mM	
dNTP,	1	µL	10×Advantage	2	PCR	Buffer	and	0.1	µL	Advantage	2	Polymerase	Mix	
(50×)	 in	 a	 total	 volume	 of	 10	 µL.	 A	 single	 colony	was	 added	 in	 each	 reaction	
separately.	 Colony	 PCR	 was	 performed	 by	 denaturation	 at	 94°C	 for	 2	 min,	
followed	by	30	cycles	of	denaturation	at	94°C	for	30	sec,	annealing	at	55°C	for	30	
sec	and	extension	at	72°C	for	1	min,	and	lastly	extension	at	72°C	for	10	min.	PCR	
products	 were	 analysed	 on	 a	 1%	 agarose/EtBr	 gel.	 Positive	 colonies	 were	
cultured	 in	 Luria-Bertani	 (LB)	 medium	 that	 contain	 100	 µg/mL	 ampicillin	 at	
37°C	overnight.	Plasmids	from	positive	colonies	were	extracted	the	following	day	
and	 the	 size	 of	 inserted	 DNA	 fragments	 was	 checked	 by	 NotI-HF®	 (NEB,	
Massachusetts,	United	States)	digestion.	LGC	Genomics	(Berlin,	Germany)	carried	
out	 sequencing	 of	 the	 candidate	 fragments	with	 the	 vector	 primers	M13F	 and	
M13R	combined	with	46-GSP2b-Dra52-F-GSP4b-R-F,	46-GSP2b-Dra52-F-GSP4b-	
R-R,	R4.	
	
After	MdmdV	 was	 cloned	 to	 the	 pSLfaHsfa	 polylinker	 site,	 hsp70-MdmdV	 was	
cloned	 to	 the	 pBac[3×P3-EGFPafm]	 vector	 by	 double	 digestion	 with	 AscI	 (10	
u/µL)	and	FseI	(2	u/µL)	from	NEB	(Massachusetts,	United	States)	with	the	same	
concentrations	and	conditions	as	above.	The	digestions	were	 incubated	at	37°C	
for	1	hr,	 followed	by	checking	on	a	1%	agarose/EtBr	gel.	The	 target	 fragments	
were	 isolated	 by	 NucleoSpin®	 gel	 and	 PCR	 clean-up	 kit	 from	 Macherey-Nagel	
(Düren,	Germany).	Ligation	was	performed	as	above.	Colony	PCR	was	performed	
with	primer	combination	GSP1	and	pBacF2.	The	size	of	inserted	DNA	fragments	
in	 plasmids	 from	 positive	 colonies	 was	 checked	 by	 EcoRI-HF®	 (NEB,	
Massachusetts,	 United	 States)	 digestion.	 LGC	 Seqlab	 (Göttingen,	 Germany)	
carried	out	sequencing	of	 the	candidate	 fragments	 from	positive	plasmids	with	
the	vector	primer	pBacF2	combined	with	31_GSP2b-Dra52_GSP3_consensus_F1,	
46-GSP2b-Dra52-F-GSP4b-R-F,	 cDNA_F1_MIII_MV,	 12-GSP1-9-F-GSP4b-R-R,	 R4	
and	GSP4b.	
	
Sequencing	 data	 from	 cloning	 were	 analysed	 with	 “Geneious”	 (Kearse	 et	 al.,	
2012).	Nucleotide	multiple	alignment	was	used	in	the	data	processing.	
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5.	Appendix	 	
	
5.1	Primer	sequences	
	
31_GSP2b-Dra52_GSP3_consensus_F1:	
5’-TACGCCGGCGCCTGACAACAACAAAAATATGAATGC-3’	
M13F:	5’-GTAAAACGACGGCCAGTG-3’	
M13R:	5’-CAGGAAACAGCTATGAC-3’	
46-GSP2b-Dra52-F-GSP4b-R-F:	5’-CCAGGGACAAGGACAATCGACTAAGACG-3’	
46-GSP2b-Dra52-F-GSP4b-R-R:	5’-AAGAACTTGATGATGAGGACGAGGGTGC-3’	
GSP1:	5’-TCTACTGGGTGTTCATTTGAATCCGTTGTG-3’	
R4:	5’-GTGTTTGATAGCAAGAATTAGGAGT-3’	
pBacF2:	5’-GTAGCCGAGTCTCTGCACTGAACATTGTC-3’	
cDNA_F1_MIII_MV:	5’-TTCTAACACTCTTAATTGAATCGCCGACTG-3’	
12-GSP1-9-F-GSP4b-R-R:	5’-TTGATTCGTTGCTGCTACTTTCGCTTTTC-3’	
GSP4b:	5’-AGTGAAATTAAAAGACGCCGGGAAGAGC-3’	
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Sex	determination	systems	differ	between	species	of	 insects	and	can	even	vary	
within	 species	 (Sánchez,	 2004;	 Bachtrog	 et	 al.,	 2014;	 Beukeboom	 and	 Perrin,	
2014;	 Blackmon	 et	 al.,	 2017).	 How	 this	 diversity	 of	 insect	 sex	 determination	
systems	has	evolved	still	remains	unclear.	As	sex	determination	in	the	housefly	
Musca	 domestica	 is	 polymorphic,	 it	 provides	 a	 perfect	 model	 to	 study	 the	
turnover	 of	 sex	 determination	 systems.	 Recently,	 based	 upon	 differential	
expression	analysis,	a	male-determining	gene	was	 identified	and	termed	Mdmd	
for	 Musca	 domestica	 male	 determiner	 (Sharma	 et	 al.,	 2017).	 To	 further	
characterise	 the	 male	 determining	 loci	 in	 terms	 of	 genomic	 organisation	 and	
function,	 I	 addressed	 several	 questions	 in	 this	 thesis:	 What	 is	 the	 genomic	
organisation	of	M-loci	on	different	chromosomes?	What	is	the	coding	sequence	of	
Mdmd?	 To	 what	 extent	 are	 the	 different	 M-loci	 conserved?	 What	 is	 the	
evolutionary	 relationship	between	Mdmd	and	 its	paralog	CWC22/nucampholin?	
What	is	the	expression	pattern	of	Mdmd	in	developing	embryos?	Can	expression	
of	Mdmd	 be	 manipulated	 to	 reverse	 females	 into	 males?	 By	 answering	 these	
questions	 I	 aimed	 at	 gaining	 a	 better	 understanding	 of	 the	 evolution	 of	 sex	
determination	and	sex	chromosomes	in	the	housefly	and	in	insects	in	general.	
	

5.1	The	significance	of	characterising	
male-determining	gene(s)	in	Musca	domestica	 	
	
The	primary	signals	for	sex	determination	are	bewilderingly	diverse	in	different	
insect	species.	 In	dipterans,	a	dominant	male-determining	factor	 is	 the	primary	
signal	 for	male	 differentiation	 (Marıń	 and	Baker,	 1998).	 Recently,	 the	 gene	Nix	
was	identified	as	the	male-determining	factor	in	the	mosquito	Aedes	aegypti	(Hall	
et	 al.,	 2015)	 and	 Yob	 as	 male-determining	 factor	 in	 the	 mosquito	 Anopheles	
gambiae	 (Krzywinska	 et	 al.,	 2016).	 In	 the	 common	 housefly,	Musca	 domestica,	
Mdmd	 was	 the	 third	 male-determining	 gene	 characterised	 from	 an	 insect	
(Sharma	et	al.,	2017).	The	Nix	 cDNA	contains	985	nucleotides	and	 it	encodes	a	
protein	with	288	amino	acids	(Hall	et	al.,	2015),	whereas	the	Yob	gene	contains	
843	nucleotides	and	it	encodes	a	protein	with	56	amino	acids	(Krzywinska	et	al.,	
2016).	 The	 Mdmd	 gene	 is	 much	 larger,	 as	 MdmdV	 cDNA	 contains	 3525	
nucleotides	 of	 mRNA	 coding	 sequence	 and	 the	 protein	 sequence	 of	 Mdmd	
consists	 of	 1174	 amino	 acids	 (chapter	 3).	 These	 three	 genes	 do	 not	 show	 any	
sequence	 similarity,	 indicating	 that	each	of	 these	 three	 species	uses	a	different	
male-determining	gene.	In	addition,	Mdmd	 is	not	found	outside	of	M.	domestica.	
The	significance	of	these	findings	is	that	each	insect	species	may	carry	a	different	
male-determining	 gene,	 and	 that	 many	 more	 species	 need	 to	 be	 investigated	
before	generalities	may	be	recognised.	Furthermore,	no	tra	gene	has	been	found	
in	 mosquitos,	 indicating	 that	 the	 downstream	 target	 gene	 of	 the	
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male-determining	 factor	 also	 differs	 between	 mosquito	 and	 housefly	 (both	
Diptera).	Hence,	characterising	sex	determination	genes	 in	 insects	may	pose	an	
enormous	challenge	for	the	future.	 	
	
Mdmd	appears	to	not	be	the	only	male-determining	gene	in	Musca	domestica.	The	
same	 differential	 expression	 methods	 can	 be	 used	 to	 identify	 the	
male-determiner	 of	 the	MI	 strain,	 as	 well	 as	 for	 other	 insect	 species.	Notably,	 	
the	 mutation	 Arrhenogenic	 (Ag)	 is	 hypothesised	 to	 be	 a	 variant	 of	 a	
male-determining	gene	on	autosome	I.	Ag	is	too	weak	to	repress	Mdtra	activity	in	
the	soma,	but	strong	enough	to	suppress	maternal	Mdtra	activity	in	the	germ	line	
(Este	 and	Rovati,	 1982;	Dübendorfer	 et	 al.,	 2003;	Hediger	 et	 al.,	 2010).	Hence,	
identification	of	 the	male-determining	gene(s)	on	autosome	I	will	shed	 light	on	
the	 evolution	 of	 various	 sex-determining	 genes	within	M.	 domestica.	 It	 is	 even	
conceivable	 that	 additional	 male-determiners	 be	 discovered	 if	 more	 housefly	
populations	will	be	studied	in	the	future.	
	

5.2	Genomic	processes	responsible	for	the	 	
complex	structure	of	M-loci	
	
In	 the	 housefly,	 the	 M-locus	 contains	 the	 male-determining	 gene(s)	 and	 is	
typically	 located	 on	 the	 Y-chromosome,	 but	 it	 can	 also	 be	 present	 on	 any	
autosome	 or	 even	 the	 X-chromosome	 (Wagoner,	 1969;	 Inoue	 and	 Hiroyoshi,	
1982;	 Denholm	 et	 al.,	 1983;	 Inoue	 et	 al.,	 1986).	 It	 has	 been	 a	 longstanding	
question	 whether	 M-loci	 on	 different	 chromosomes	 are	 similar	 or	 contain	
different	male-determining	genes.	Although	Mdmd	was	characterised	in	Sharma	
et	al.	(2017),	its	complete	sequence	embedding	in	the	M-loci	remained	unknown,	
as	 the	 chromosomal	 regions	 adjacent	 to	Mdmd	 orphan	 contigs	 had	 not	 been	
investigated.	My	study	is	the	first	to	compare	M-locus	sequence	and	convincingly	
shows	that	M-loci	of	different	chromosomes	are	homologous	as	they	partly	share	
similar	sequences.	 	
	
In	Chapter	2	and	Chapter	3,	 I	described	 the	complex	structure	of	 the	M-loci	on	
autosome	III	and	V	that	contain	at	least	one	full	sized	copy	of	Mdmd	and	a	large	
number	 of	 truncated	 copies	 of	 Mdmd.	 The	 existence	 of	 multiple	 tandemly	
repeated	and	truncated	Mdmd	copies	requires	explanation.	How	did	these	extra	
sequences	 come	 to	 exist	 in	 the	M-loci?	 A	 likely	 explanation	 is	 that	 these	 extra	
Mdmd	copies	are	the	result	of	Mdmd	amplification.	One	possibility	is	that	unequal	
crossover	between	sister	chromatids	produced	tandem	repeats	of	Mdmd.	When	
unequal	crossing	over	happens	close	to	the	gene	Mdmd,	one	sister	chromatid	can	
lose	Mdmd	and,	conversely,	the	other	sister	chromatid	can	get	an	extra	copy	(Fig.	
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5.1).	 Mdmd	 copies	 may	 accumulate	 further	 in	 the	M-locus	 if	 unequal	 crossing	
over	 continues	 between	 sister	 chromatids	 in	 the	 same	 region.	 The	 second	
possibility	 for	the	duplication	of	Mdmd	 in	the	M-locus	 is	replication	slippage	or	
slipped-strand	mispairing.	 Replication	 slippage	 usually	 occurs	 in	 a	 region	with	
tandemly	repeated	sequences	and	the	M-locus	provides	an	ideal	template	for	this.	
During	 the	 replication	 process	 of	 the	 M-locus,	 the	 DNA	 polymerase	 may	
dissociate	 from	 the	 DNA	 and	 cause	 a	 pause	 in	 DNA	 replication.	 When	 DNA	
polymerase	reassembles	to	the	template	strand,	 it	may	accidentally	align	to	the	
previous	 position	 and	 copy	 the	 same	 sequence	 more	 than	 once,	 leading	 to	
sequence	 duplication	 in	 the	 M-locus.	 Additionally,	 sister	 chromatid	 gene	
conversion	 following	DNA	double-strand	breaks	 could	 cause	Mdmd	 duplication	
(Chen	et	al.,	2007).	Further	molecular	study	is	required	to	explore	how	Mdmd	is	
being	amplified	in	the	M-locus.	
	

	 	 	 	 	 	 	 	 	
	
Figure	 5.1:	 Unequal	 crossing	 over	 between	 sister	 chromatids	 causes	 the	 duplication	 of	Mdmd.	
Misaligned	sister	chromatids	causes	unequal	crossing	over,	yielding	a	sister	chromatid	deficient	
for	Mdmd	and	a	sister	chromatid	with	two	copies	of	Mdmd.	
	
Another	 feature	 of	 the	 complex	 M-loci	 is	 the	 presence	 of	 transposons	 and	
repetitive	genomic	sequences	shared	with	the	female	genome.	The	accumulation	
of	 repetitive	 sequences	 and	 transposons	may	 in	 fact	 promote	 amplification	 of	
Mdmd	 copies	 through	 the	 abovementioned	 genomic	 processes.	 At	 this	 stage	
there	 is	 no	 evidence	 for	 an	 active	 involvement	 of	 transposons	 in	 translocating	
Mdmd	 sequences	 between	 chromosomes.	 In	 the	 fly	 Megaselia	 scalaris,	 the	
male-determining	 factor	 M	 appears	 to	 move	 between	 chromosomes	 through	
transposition	(Traut	and	Willhoeft,	1990),	but	we	have	no	evidence	 that	 this	 is	
also	the	case	in	the	housefly.	Further	study	is	required	to	determine	the	causes	
and	 effects	 of	 the	 observed	 association	 between	 the	 M-loci	 containing	
chromosomes	 and	 these	 repetitive	 sequences	 and	 transposons	 in	 the	 housefly	
genome.	 	 	
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5.3	Evolution	of	sex	chromosomes	in	Musca	
domestica	
	
Musca	 domestica	 is	 particularly	 suited	 to	 investigate	 the	 evolution	 of	 sex	
determination	 and	 sex	 chromosomes	 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.	My	results	provide	support	for	a	birth-decay-rebirth	
model	 of	 sex	 chromosome	 evolution	 in	 M.	 domestica	 (Fig.	 5.2;	 Rice,	 1996;	
Beukeboom	 and	 Perrin,	 2014).	 The	 male-determining	 gene	Mdmd	might	 have	
arisen	by	duplication	from	an	autosomal	gene	Md-ncm.	After	Md-ncm2	duplicated	
from	Md-ncm	and	translocated	among	chromosomes,	it	acquired	the	novel	male	
sex	 determination	 function	 and	 became	Mdmd.	 The	 Y-chromosome	 gradually	
degenerated	due	to	the	insertion	of	a	sex-determining	gene(s).	To	counteract	the	
negative	effects	brought	about	by	Y-chromosome	degeneration,	Mdmd	amplified	
itself	 to	 form	 the	 M-locus	 to	 ensure	 enough	 male-determining	 activity.	 After	
amplification,	M-locus	translocated	to	autosomes	and	re-arranged	afterwards.	
	

	 	 	 	 	 	 	
	
Figure	 5.2:	 A	 model	 for	 the	 evolution	 of	Mdmd:	 Mdmd	 arose	 by	 duplication	 of	 Md-ncm	 and	
acquired	the	novel	male	sex	determination	function.	It	translocated	to	an	autosome	that	became	
a	proto-Y	chromosome.	The	Y-chromosome	gradually	degenerated	due	to	recombination	arrest.	
To	counteract	the	negative	effects	of	Y-chromosome	degeneration,	Mdmd	amplified	itself	to	form	
the	complex	M-locus.	After	amplification,	the	M-locus	translocated	to	autosomes	and	underwent	
further	re-arrangements	(From	Sharma	et	al.,	2017).	 	
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Specifically,	the	high	sequence	similarity	of	MdmdII,	MdmdIII,	MdmdV	and	MdmdY	
suggests	 that	all	Mdmd	 genes	originated	 from	a	common	ancestral	 sequence.	A	
comparison	of	Mdmd	protein	sequences	and	its	paralog	CWC22/NCM	in	Chapter	
3	suggests	a	scenario	of	M-locus	evolution,	whereby	the	male-determining	gene	
Mdmd	evolved	after	 a	 single	duplication	event	of	Md-ncm	generating	a	proto-Y	
chromosome.	 Gene	 duplication	 plays	 an	 important	 role	 in	 the	 origin	 of	 new	
genes	 (Lynch	 and	 Katju,	 2004).	 There	 is	 some	 prior	 evidence	 that	 sex	
determination	 genes	 can	 arise	 from	 genes	 with	 other	 functions,	 such	 as	 a	
hormone-producing	gene	or	immunity-related	gene	(Rey	et	al.,	2003;	Hattori	et	
al.,	 2012;	 Yano	 et	 al.,	 2012).	 The	 housefly	 provides	 evidence	 that	 a	 sex	
determination	gene	can	also	arise	from	a	splicing	regulatory	gene.	
	
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	 sex	 antagonistic	 genes	 in	 such	 a	 region	 would	 reduce	
chromosome	recombination	surrounding	the	sex-determining	gene.	This	would	
be	 followed	 by	 accumulation	 of	 deleterious	 mutations,	 including	 insertion	 of	
repetitive	 DNA	 sequences	 and	 transposons	 due	 to	 a	 lack	 of	 recombination	 on	
proto-sex	 chromosomes	 (Bachtrog,	 2005,	 2006,	 2013).	 Hence,	 this	 model	
predicts	 that	 over	 long	 evolutionary	 time,	Mdmd	 will	 become	 associated	 with	
transposable	 elements	 and	 frameshift	mutations.	 In	 Chapter	 2,	 I	 indeed	 found	
many	repetitive	sequences	and	transposable	elements	in	the	flanking	regions	of	
Mdmd	homologous	sequences	consistent	with	other	studies	of	early	stages	of	the	
Y-chromosome	evolution	(Charlesworth,	1991).	For	example,	in	the	fish	Oryzias	
latipes,	it	was	found	that	young	Y-chromosomes	accumulated	inactive	repetitive	
elements	 and	 transposable	 element-like	 sequences	 in	 the	 male-specific	 region	
(Nanda	 et	 al.,	 2002;	 Kondo	 et	 al.,	 2004).	 The	 nascent	 Y-chromosome	 in	 the	
threespine	stickleback,	Gasterosteus	aculeatus,	has	also	accumulated	duplications	
and	transposable	elements	(Peichel	et	al.,	2004).	 	
	
Insertions	 of	 transposons	 may	 play	 a	 dynamic	 and	 early	 role	 in	 proto-Y	
chromosome	 degeneration	 and	 may	 cause	 functional	 genes	 to	 gradually	 lose	
their	 function	 (Bachtrog,	 2005).	 Accumulation	 of	 transposable	 elements	 and	
associated	 tandem	 repeats	 can	 also	 induce	 heterochromatin	 (Lippman	 et	 al.,	
2004),	thereby	speeding	up	the	degeneration	of	the	Y-chromosome	(Bachtrog	et	
al.,	2008).	For	example,	in	Drosophila	miranda,	the	neo-Y	chromosome	originated	
only	about	1.2	million	years	ago	(Bachtrog	and	Charlesworth,	2002)	and	genome	
analysis	 has	 shown	 that	more	 than	 20%	of	 its	 total	DNA	 consists	 of	 repetitive	
sequences	(Bachtrog	et	al.,	2008).	Thus	the	M-carrying	Y-chromosome	may	have	
gradually	 lost	 its	 functional	 genes	 except	 for	 the	M-loci.	 The	 negative	 effects	
brought	about	by	the	Y-chromosome	degeneration	may	have	created	a	selection	
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pressure	 for	 Mdmd	 to	 amplify	 and	 translocate	 in	 the	 genome	 (see	 below),	
thereby	 establishing	 the	 complex	 M-locus	 that	 is	 shared	 by	 different	
chromosomes.	 The	 finding	 of	 the	 complex	M-loci	 in	 MII,	MIII,	MV	 and	MY	males	
presented	in	Chapter	2	reflects	this	process.	The	M-locus	may	have	translocated	
multiple	 times	 from	 the	 Y-chromosome	 to	 an	 autosome	 and/or	 subsequently	
between	autosomes.	 In	 addition,	my	 cladogram	analysis	of	 sequences	obtained	
from	 genome	 walking	 in	 Chapter	 2	 revealed	 that	 to	 some	 extent	 different	
sequences	 exist	 in	 different	 autosomes,	 indicating	 that	 after	 translocation,	 the	
M-locus	 underwent	 further	 independent	 amplification	 and	 differentiation.	 The	
existence	of	multiple	different	autosomal	M	 variants	 in	 the	housefly	provides	a	
unique	 opportunity	 to	 further	 test	 predictions	 of	 early	 stage	 sex	 chromosome	
evolution.	In	addition,	introducing	an	active	Mdmd	copy	into	the	genome	through	
germline	transformation	may	be	used	to	study	the	genomic	processes	that	act	on	
novel	sex	chromosomes.	
	

5.4	The	importance	of	studying	the	function	of	
Mdmd	in	the	Musca	domestica	sex	determination	
pathway	
	
In	Chapter	2,	 I	described	 the	complex	M-locus	on	autosome	 III	 that	contains	at	
least	one	full	sized	copy	of	Mdmd	plus	multiple	tandemly	repeated	and	truncated	
Mdmd	copies.	A	similar	arrangement	of	the	M-loci	was	also	found	on	autosomes	
II	 and	 V,	 and	 the	 Y-chromosome.	 Are	 these	 tandemly	 repeated	 and	 truncated	
Mdmd	 copies	 somehow	 involved	 in	 the	male-determining	 function,	 or	 are	 they	
merely	non-functional	remnants	of	the	genomic	arrangements	discussed	above?	
One	possible	scenario	is	that	sex	in	M.	domestica	is	determined	by	more	than	one	
male-determining	 gene,	 and	 that	 the	 truncated	 copies	 somehow	 contribute	 to	
this	 functionality.	 Hediger	 et	 al.	 (1998)	 reported	 that	 there	 are	 at	 least	 two	
male-determining	 factors	 (M)	 located	on	 each	 arm	of	 the	Y-chromosome.	They	
showed	 that	 M	 on	 the	 short	 arm	 of	 the	 Y-chromosome	 provides	 almost	 full	
masculinising	 activity,	 whereas	 the	 M	 located	 on	 the	 long	 arm	 has	 a	 weak	
masculinising	 activity.	 My	 results	 do	 not	 provide	 unequivocal	 evidence	 for	
multiple	 activity	 Mdmd	 genes	 within	 an	 M-locus.	 In	 Chapter	 3,	 I	 show	 high	
sequence	similarity	for	the	Mdmd	ORF	isolated	from	MII,	MIII,	MV	and	MY	strains.	
Hence,	until	evidence	is	provided	to	the	contrary,	I	assume	that	male	sex	in	the	
housefly	may	be	determined	by	a	single	active	Mdmd	gene.	 	
	
Targeted	 disruption	 of	 Mdmd	 resulted	 in	 complete	 sex	 transformation	 of	
genotypic	males	 to	 females,	 convincingly	demonstrating	 that	Mdmd	 is	 required	
for	male	differentation	(Sharma	et	al.,	2017).	When	I	tried	to	express	functional	
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MdmdV	in	 early	blastoderm	embryos	by	 injecting	mRNA	after	 in	 vitro	 synthesis	
(chapter	 4),	 no	 masculinised	 flies	 were	 observed.	 These	 results	 could	 suggest	
that	MdmdV	 is	 not	 sufficient	 to	 turn	 genotypic	 females	 into	males.	 However,	 a	
more	likely	explanation	for	this	failure	to	transform	genotypic	females	into	males	
is	 technical	 problems.	 Another	 approach	 towards	 answering	 the	 question	
whether	 expression	 of	 Mdmd	 is	 sufficient	 to	 convert	 genotypic	 females	 into	
males	 would	 be	 to	 use	 piggyBac	 transformation	 to	 repeatedly	 express	MdmdV	
during	the	whole	life-cycle	of	the	housefly.	In	Box	4.1,	I	described	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.	
	
There	 are	 several	 arguments	 to	 propose	 that	Mdmd	 encodes	 a	 splicing	 factor.	
First,	 Mdmd	 has	 two	 conserved	 domains:	 MIF4G	 and	 MA3.	 MIF4G	 is	 part	 of	
eukaryotic	 initiation	 factor	 4G	 (eIF4G)	 that	 is	 conserved	 from	 human	 to	 yeast	
(Ponting,	 2000).	 The	MA3	domain	 forms	 a	 second	 eIF4A-binding	 site	 (Imataka	
and	Sonenberg,	1997).	Both	domains	have	important	roles	in	mRNA	processing	
(Ponting,	 2000).	 Moreover,	Mdmd	 is	 a	 paralog	 of	 the	 splicing	 regulatory	 gene	
CWC22/nucampholin	 (Sharma	 et	 al.,	 2017).	 Protein	 CWC22	 is	 required	 for	
pre-mRNA	splicing	and	exon	junction	complex	(EJC)	assembly	(Steckelberg	et	al.,	
2012).	 EJC	 is	 involved	 in	mRNA	 export,	mRNA	 localisation,	 pre-mRNA	 splicing	
and	nonsense-mediated	mRNA	decay	(Tange	et	al.,	2004).	As	alternative	splicing	
is	a	hallmark	of	insect	sex	determination,	for	example	the	alternative	splicing	of	
the	tra	and	dsx	genes	is	a	conserved	feature,	Mdmd	may	somehow	interfere	with	
the	splicing	regulation	of	Mdtra.	
	
How	could	Mdmd	prevent	activation	of	zygotic	Mdtra?	As	reported	before,	active	
Mdtra	 directs	 female-specific	 splicing	 of	 Mdtra	 with	 the	 assistance	 of	 other	
essential	co-factors	such	as	Mdtra2	(Burghardt	et	al.,	2005;	Hediger	et	al.,	2010).	
The	 male-determining	 gene(s)	 is	 thought	 to	 antagonise	 Mdtra	 function	 and	
thereby	 prevents	 the	 activation	 of	 the	 autoregulatory	 loop.	 Instead,	Mdtra	 is	
spliced	in	the	non-functional	male	mode.	The	female	splice	variant	of	Mdtra	has	
an	intact	open	reading	frame	encoding	a	functional	protein	(MdTRAF),	while	the	
male	splice	variant	of	Mdtra	contains	additional	sequences	that	encode	truncated	
nonfunctional	proteins	(MdTRAM)	(Fig.	5.3;	Hediger	et	al.,	2010).	Mdmd	protein	
might	sequester	the	MdTRA/MdTRA2	complex	from	binding	to	Mdtra	pre-mRNA,	
resulting	 in	 a	 male-specific	 variant	 of	 Mdtra	 (Fig.	 5.3).	 Additionally,	 the	
expression	 pattern	 of	 Mdmd	 in	 embryos	 (Chapter	 4)	 unveiled	 ubiquitous	
expression	 starting	 at	 an	 early	 blastoderm	 stage	 throughout	 embryonic	
development.	This	indicates	that	Mdmd	is	acting	at	a	very	early	embryonic	stage	
to	 prevent	 the	 starting	 up	 of	 the	Mdtra	 loop	 in	 every	 cell.	 Embryos	may	 need	
continuous	expression	of	Mdmd	to	secure	that	the	loop	cannot	be	reactivated	as	
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long	 as	maternal	Mdtra	 is	 present.	 Further	 studies	 are	 required	 to	 investigate	
how	Mdmd	protein	interacts	with	the	MdTRA/MdTRA2	complex.	An	alternative	
hypothesis	is	that	Mdmd	exerts	a	dominant	negative	effect	on	Md-ncm,	a	splicing	
regulatory	gene	that	may	be	required	for	female	splicing	of	Mdtra.	This	dominant	
negative	 hypothesis	 can	 be	 tested	 by	 over-expression	 of	 Md-ncm.	 If	
over-expression	 of	Md-ncm	 turns	 genotypic	 males	 into	 females,	 this	 indicates	
that	 Md-ncm	 promotes	 female	 development	 in	 the	 M.	 domestica	 sex	
determination	pathway.	
	

	
	
Figure	 5.3:	 A	 model	 for	 splicing	 regulation	 of	Mdtra.	 The	 MdTRA/MdTRA2	 complex	 binds	 to	
Mdtra	pre-mRNA,	splicing	it	into	female	splicing	mode.	The	female	splice	variant	of	Mdtra	with	an	
intact	 open	 reading	 frame	 expresses	 a	 functional	 protein	 (MdTRAF).	 Mdmd	 protein	 might	
sequester	 the	 MdTRA/MdTRA2	 complex	 from	 binding	 to	 Mdtra	 pre-mRNA,	 resulting	 in	 a	
male-specific	 variant	 of	 Mdtra,	 which	 contains	 additional	 sequences	 that	 encode	 truncated	
nonfunctional	proteins	(MdTRAM).	The	green	lines	depict	TRA/TRA2	binding	sites	(Adapted	from	
Hediger	et	al.,	2010).	 	
	

5.5	Possible	applications	of	M.	domestica	sex	
determination	knowledge	
	
Knowledge	of	 the	housefly	male-determining	mechanism	may	be	useful	 in	pest	
control.	The	sterile	insect	technique	(SIT)	is	a	promising	method	to	control	pests,	
which	is	species-specific	and	environment	friendly.	SIT	relies	on	a	mass	release	
of	 sterile	males.	Currently,	 irradiation	 is	a	common	sterilisation	method	 in	SIT.	
The	disadvantages	of	irradiation	are	that	it	reduces	the	sterile	insects’	fitness	and	
that	 it	 is	 laborious	 to	 separate	 the	 males	 from	 the	 females.	 Efficient	 male	
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isolation	 methods	 are	 required	 for	 improved	 SIT,	 such	 as	 the	 use	 of	 genetic	
sexing	 strains	 (GSS)	 that	 rely	 on	 sex-specific	 mutations	 for	 sex	 separation.	
Traditionally,	 development	 of	 GSS	 includes	 complex	 physical	 and	 genetic	
manipulations	 that	 also	 reduces	 the	 sterile	 insects’	 fitness	 (Munhenga	 et	 al.,	
2016).	 Based	 on	 the	 complexity	 to	 generate	 GSS	 strains	 through	 traditional	
methods,	 it	 has	 been	 suggested	 to	 manipulate	 the	 sex-determining	 system	 to	
convert	females	into	males,	instead	of	killing	them	(Saccone	et	al.,	2007).	If	Mdmd	
is	sufficient	to	perform	the	male-determining	function,	a	transgenic	line	may	be	
constructed	 in	 which	 Mdmd	 is	 able	 to	 transcribe	 under	 the	 control	 of	 a	
heat-shock	promotion.	Masculinisation	of	genotypic	females	can	be	expected	by	
repeated	heat-shock	induction.	As	mentioned	above,	Mdmd	is	not	found	outside	
of	 M.	 domestica,	 however,	 as	 it	 is	 quite	 common	 in	 insects	 that	 male	 sex	 is	
determined	 by	 a	 dominant	 male-determining	 factor	 (Marıń	 and	 Baker,	 1998;	
Beukeboom	and	Perrin,	2014),	male-determining	factors	in	other	insect	species	
may	 act	 the	 same	 as	Mdmd,	 such	 as	 having	 a	 function	of	 splicing	 regulation	 in	
male	differentiation.	Thus,	clarifying	the	role	of	sex-determining	genes	in	the	M.	
domestica	sex	determination	pathway	will	not	only	provide	fundamental	insights	
into	insect	sex	determination	systems	but	may	also	have	applied	relevance.	 	
	

5.6	A	hypothesis	for	temperature	driven	
transition	of	Musca	domestica	sex	determination	
	
The	evolutionary	dynamics	of	sex	determination	transitions	in	M.	domestica	are	
not	 yet	well	 understood.	 Previous	 studies	 reported	 that	 the	distribution	of	 the	
different	sex	determination	variants	 follows	 latitudinal	clines	(Feldmeyer	et	al.,	
2008;	 Kozielska	 et	 al.,	 2008).	 In	 the	 northern	 hemisphere,	 a	male-determining	
locus	(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	on	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).	 In	 populations	 with	 high	 frequencies	 of	 autosomal	M-locus	 males,	
females	 carry	 a	 dominant	 female	 determining	 factor	MdtraD,	 on	 autosome	 IV,	
which	 is	 insensitive	 to	 male-determining	 gene(s)	 repression	 (Mcdonald	 et	 al.,	
1978).	 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	 the	
temperature	gradient	appears	to	correlate	with	the	geographical	distribution	of	
autosomal	M-loci.	 	
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These	 geographical	 patterns	 suggest	 that	 the	 environment,	 in	 particular	
temperature,	affects	the	transition	of	M.	domestica	sex	determination	systems.	It	
has	 thus	 been	 hypothesised	 that	 temperature	 is	 the	 driving	 force	 for	 the	
turnover	in	sex	determination	in	the	housefly	(Fig.	5.4).	Specifically,	temperature	
induced	competition	between	Mdmd	and	Mdtra	expression	may	drive	changes	in	
housefly	 sex	 determination.	 One	 could	 imagine	 that	 the	 two	 genes	 compete	 to	
attain	efficient	Mdtra	splicing	as	the	alternative	splicing	process	is	known	to	be	
temperature	sensitive	(Jakšić	and	Schlötterer,	2016).	An	experimental	procedure	
can	be	designed	to	measure	the	expression	level	of	Mdmd	and	female	and	male	
Mdtra	 transcripts	 under	 different	 temperature	 regimes.	 The	 output	 level	 of	
female	Mdtra	transcripts	may	be	higher	in	the	south	with	high	temperature	(Fig.	
5.4A).	This	 in	 turn	may	 require	 increased	 levels	of	Mdmd	 to	 repress	 the	Mdtra	
autoregulatory	 splicing	 loop	 and	 insure	male	 determination.	One	could	 further	
hypothesise	 that	Mdmd	on	 the	Y-chromosome	 is	 too	weak	 in	 the	 south	 due	 to	
Y-chromosome	 degeneration.	 Hence,	 Mdmd	 is	 selected	 for	 a	 stronger	
male-determining	 effect	 and	 this	 may	 be	 accomplished	 by	 amplification	 (Fig.	
5.4B)	 and	 translocation	 to	 autosomes,	 and	 as	 a	 result	 sex	 is	 determined	by	 an	
autosome	carrying	an	M-locus	instead	of	the	Y-chromosome	(see	the	appearance	
of	 XX	 male	 in	 Fig.	 5.4C).	 Next,	 the	 appearance	 of	 the	mutation	MdtraD	 can	 be	
interpreted	 as	 escaping	 from	 this	 arms	 race,	 as	MdtraD	 is	 insensitive	 to	Mdmd	
(Fig.	5.4D).	Finally,	presence	of	MdtraD	may	then	cause	accumulation	of	M-loci	in	
single	 individuals	 because	 they	 also	 segregate	 to	 females	 (Fig.	 5.4E).	 This	
hypothesis	would	explain	why	MdtraD,	which	induces	female	development	even	
in	the	presence	of	several	M-loci,	is	prevalent	at	high	temperature	(Feldmeyer	et	
al.,	2008).	
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Figure	 5.4:	 A	 hypothesis	 for	 temperature	 driven	 transition	 in	 housefly	 sex	 determination.	
Temperature	 affects	 the	 relative	 expression	of	 the	 female	 and	male-determining	 genes.	A:	The	
output	level	of	female	Mdtra	transcripts	may	be	higher	with	high	temperature.	B	and	C:	This	may	
require	 increased	levels	of	Mdmd	 to	repress	the	Mdtra	autoregulatory	splicing	 loop,	which	may	
be	 accomplished	by	Mdmd	 amplification	 and	 translocation	 to	 autosomes.	D	 and	E:	Next,	Mdtra	
mutated	 into	 MdtraD	 that	 is	 insensitive	 to	 Mdmd	 and	 presence	 of	 MdtraD	 may	 then	 cause	
accumulation	of	M-loci	 in	 single	 individuals.	 Green	 color	 represents	 the	 strength	 of	Mdmd	 and	
pink	 color	 of	 Mdtra.	 More	 coloring	 in	 the	 Mdmd	 and	 Mdtra	 bars	 means	 greater	 expression	
strength	(Adapted	from	L.	W.	Beukeboom,	unpublished).	
	

5.7	Concluding	remarks	
	
My	 study	 has	 contributed	 to	 a	 deeper	 knowledge	 of	 how	 the	 complex	
male-determining	 locus	 in	 the	 housefly	 is	 organized	 and	 to	 a	 better	
understanding	 of	 how	 sex	 determination	 systems	 and	 sex	 chromosomes	 may	
evolve.	 I	 could	 show	 that	 the	 male-determining	 regions	 in	 the	 housefly	 are	
homologues	and	contain	repetitive	sequences.	However,	the	current	assembly	of	
the	M-loci	in	the	housefly	is	not	yet	sufficient	and	further	characterisation	using	
sequencing	platforms	that	produce	long	reads	will	be	required	to	determine	the	
precise	organisation	of	the	M-loci	in	different	M.	domestica	strains.	
	
In	my	study	I	characterised	the	recently	discovered	Mdmd	 in	greater	detail	and	

A	

D	 E	
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could	 show	 the	 Mdmds	 in	 MII,	 MIII,	 MV	 and	 MY	 strains	 share	 a	 high	 level	 of	
sequence	 identity,	 suggesting	 that	 they	have	been	only	 very	 recently	 obtained.	
Expression	analysis	of	Mdmd	RNA	unveiled	ubiquitous	expression	as	early	as	in	
the	blastoderm	stage,	which	is	maintained	throughout	embryonic	development,	
consistent	with	Mdmd’s	predicted	role	to	prevent	zygotic	activation	of	the	Mdtra	
feedback	 splicing	 loop	 by	maternal	Mdtra	 (Hediger	 et	 al.,	 2010;	 Sharma	 et	 al.,	
2017).	 Embryos	 may	 need	 continuous	 expression	 of	Mdmd	 to	 secure	 that	 the	
loop	 cannot	 be	 reactivated	 as	 long	 as	maternal	Mdtra	 is	 present.	 The	question	
remains	whether	Mdmd	is	solely	sufficient	for	male	development	in	M.	domestica	
strains.	 Further	 functional	 analysis	 of	 Mdmd	 in	 embryos	 through	 germline	
transformation	 is	 required	 to	 determine	 the	 precise	 function	 of	Mdmd	 in	male	
determination.	 	
	
Investigation	of	the	complex	male-determining	locus	and	sex-determining	genes	
provide	empirical	support	for	the	birth-decay-rebirth	model	of	sex	chromosome	
evolution	 (Rice,	 1996;	 Beukeboom	 and	 Perrin,	 2014).	 It	 states	 that	 sex	
chromosomes	 evolved	 from	 ordinary	 autosomes	 that	 lost	 recombination	 after	
having	acquired	a	sex-determining	role.	The	origin	of	Mdmd	from	duplication	of	
Md-ncm	can	be	regarded	as	the	birth	of	a	sex	chromosome	and	the	presence	of	
repetitive	sequences	and	transposons	as	the	early	signs	of	degeneration.	I	hope	
my	 study	 will	 contribute	 to	 a	 further	 understanding	 of	 sex	 determination	
systems	 in	M.	domestica	 and	 the	evolution	of	 sex	chromosomes	 in	 the	housefly	
and	in	insects	in	general.	 	
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The	housefly,	Musca	domestica	is	particularly	suited	to	investigate	the	evolution	
of	 sex	 determination	 and	 sex	 chromosomes	 because	 it	 has	 a	 polymorphic	 sex	
determination	 system.	 The	male-determining	M-locus,	 typically	 located	 on	 the	
Y-chromosome,	 can	 also	 be	 present	 on	 any	 of	 the	 five	 autosomes	 or	 even	 the	
X-chromosome.	 Recently,	 based	 upon	 differential	 expression	 analysis,	 a	
male-determining	 gene	 was	 identified	 and	 termed	Mdmd	 for	Musca	 domestica	
male	 determiner.	Mdmd	 appears	 to	 have	 arisen	 as	 a	 duplication	 of	 the	 splicing 
regulatory gene CWC22,	 called	 nucampholin	 (ncm)	 in	 insects.	 To	 further	
characterise	 the	 M-loci	 in	 terms	 of	 genomic	 organisation	 and	 function,	 I	
addressed	 several	 questions	 about	Mdmd	 structure	 and	 function:	 What	 is	 the	
genomic	 organisation	 of	M-loci	 on	 different	 chromosomes?	What	 is	 the	 coding	
sequence	of	Mdmd?	To	what	extent	are	the	different	M-loci	conserved?	What	 is	
the	 evolutionary	 relationship	 between	 Mdmd	 and	 its	 paralog	
CWC22/nucampholin?	When	and	where	 is	Mdmd	expressed?	 Is	Mdmd	 sufficient	
for	male	function?	
	
Although	Mdmd	was	identified	as	the	male-determining	gene	in	the	housefly,	the	
complete	 sequence	 of	 Mdmd	 and	 its	 embedding	 in	 the	 M-locus	 remained	
unknown.	 In	 Chapter	 2,	 I	 investigated	 the	 complex	 nature	 of	 M-loci	 in	 two	
autosomal	M	strains,	MIII	(M-locus	on	autosome	III)	and	MV	(M-locus	on	autosome	
V).	I	found	that	the	M-loci	contain	multiple	copies	of	different	sequences	of	Mdmd	
sequences,	 with	 various	 levels	 of	 homology	 to	 each	 other.	 Interestingly,	 the	
MIII-locus	 and	 the	 MV-locus	 share	 common	 sequences.	 On	 the	 basis	 of	 these	
common	sequences,	I	identified	an	open	reading	frame	(ORF)	that	is	part	of	the	
Mdmd	gene	(Chapter	3).	Sequences	with	high	similarity	to	the	Mdmd	ORF	were	
also	detected	in	MII	(M-locus	on	autosome	II)	and	MY	(M-locus	on	Y-chromosome)	
strains,	but	not	 in	 the	MI	(M-locus	on	autosome	 I)	 strain,	which	probably	has	a	
different	 male-determining	 gene	 (s).	 This	 ORF	 is	 assumed	 to	 be	 the	 coding	
sequence	of	Mdmd,	the	functional	male-determining	gene.	
	
The	 liability	 and	 turnover	 of	 sex	 chromosomes	 is	 a	 remarkable	 aspect	 of	 sex	
determination	evolution.	Sex	chromosomes	are	believed	to	evolve	from	ordinary	
autosomes	that	lost	recombination	after	having	acquired	a	sex-determining	role.	
What	drives	the	evolution	of	new	sex	chromosomes	is	not	yet	well	understood.	
My	results	in	M.	domestica	provide	support	for	the	birth-decay-rebirth	model	of	
sex	 chromosome	 evolution.	 The	 high	 sequence	 similarity	 of	 MdmdII,	 MdmdIII,	
MdmdV	 and	MdmdY	 suggests	 that	 all	Mdmd	 genes	 originated	 from	 a	 common	
ancestral	 sequence.	 A	 comparison	 of	Mdmd	 protein	 sequences	 and	 its	 paralog	
CWC22/NCM	in	Chapter	3	suggests	a	scenario	of	M-locus	evolution,	whereby	the	
male-determining	gene	Mdmd	evolved	after	a	single	duplication	event	of	Md-ncm	
generating	a	proto-Y	chromosome.	Whether	this	happened	on	the	ancestral	Y	or	
on	an	autosomal	pair	that	was	not	yet	 involved	in	sex	determination	cannot	be	
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answered	at	this	moment.	 	
	
The	 next	 stage	 of	 Y-chromosome	 evolution	 would	 be	 the	 reduction	 of	
recombination	 in	 the	 surrounding	Mdmd	 region,	 followed	 by	 accumulation	 of	
repetitive	 sequences	 and	 transposons	 due	 to	 the	 lack	 of	 recombination	 on	 the	
proto-sex	chromosome.	Consistent	with	this	model,	I	found	that	M-loci	in	the	MIII	
and	MV	strain	contain	transposable	elements	and	repetitive	sequences	(Chapter	
2).	 Subsequent	 amplification	 of	 Mdmd	 appears	 to	 have	 led	 to	 the	 complex	
structure	 of	 the	 M-locus,	 as	 multiple	 tandemly	 repeated	 copies	 of	 Mdmd	 are	
found	 in	MIII	 and	MV	males	 in	Chapter	 2.	 After	 amplification,	 the	M-locus	may	
have	translocated	multiple	times	as	a	cluster	from	the	Y	to	an	autosome	and/or	
subsequently	between	autosomes,	generating	novel	Y-chromosomes.	In	addition,	
the	 data	 presented	 in	 Chapter	 2	 revealed	 that	 to	 some	 extent	 different	
sequences	 exist	 in	 different	 autosomes,	 indicating	 that	 after	 translocation,	 the	
M-locus	 underwent	 further	 independent	 genomic	 changes	 on	 each	 autosome.	
The	existence	of	multiple	different	autosomal	M	variants	in	the	housefly	provides	
a	 unique	 opportunity	 for	 further	 study	 of	 early	 stages	 of	 sex	 chromosome	
evolution.	
	
As	Mdmd	 is	 a	 crucial	 gene	 for	 male	 development,	 localising	Mdmd	 mRNA	 in	
different	embryonic	developmental	stages	is	needed	to	understand	its	regulation	
in	 the	 sex	determination	pathway.	 In	Chapter	 4,	 I	 demonstrate	 the	ubiquitous	
expression	 of	Mdmd	mRNA	 throughout	 embryonic	 development.	 This	 suggests	
that	 Mdmd	 acts	 at	 a	 very	 early	 embryonic	 stage	 and	 that	 it	 needs	 to	 be	
continuously	active	in	embryos	to	sustain	male	development.	Sharma	et	al.	(2017)	
showed	 that	 targeted	 disruption	 of	Mdmd	 turns	 genotypic	males	 into	 females.	
Although	 this	 indicated	 that	Mdmd	 plays	a	 crucial	 role	 in	male	development,	 it	
did	 not	 proof	 that	Mdmd	 is	 sufficient	 for	male	 determination.	 To	 test	whether	
Mdmd	is	solely	sufficient	to	perform	the	male-determining	function,	in	Chapter	4,	
I	 introduced	MdmdV	 mRNA	 into	 early	 blastoderm	 stage	 embryos	 from	 the	MIII	

strain	 and	 tested	 for	 sex-reversal.	 Transient	 expression	 of	 MdmdV	 mRNA	 in	
female	 embryos	 did	 not	 yield	 any	masculinised	 flies,	 although	 an	 insignificant	
bias	towards	more	males	was	observed	in	injected	offspring.	These	results	either	
indicate	 that	 expression	 of	 MdmdV	 alone	 is	 not	 sufficient	 to	 turn	 genotypic	
females	into	males,	or	alternatively,	it	is	caused	by	an	experimental	shortcoming,	
i.e.	 insufficient	 translation	 of	 MdmdV	 mRNA.	 An	 alternative	 approach	 to	
determine	whether	 expression	 of	Mdmd	 is	 sufficient	 to	 turn	 genotypic	 females	
into	 males,	 would	 be	 to	 use	 piggyBac	 germline	 transformation	 to	 repeatedly	
express	MdmdV	during	development.	In	Box	4.1,	 I	describe	how	I	constructed	a	
pBac[3×P3-EGFP,	hsp70-MdmdV]	transgene.	This	transgene	will	be	used	in	future	
experiments	to	assess	the	masculinising	activity	of	MdmdV.	 	
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My	work	has	 shed	 light	 on	 the	 complex	 structure	of	 the	M-loci	 in	 the	housefly	
and	 on	 the	 evolution	 of	 sex	 chromosomes	 in	 the	 housefly	 and	 in	 insects	 in	
general.	 	
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De	huisvlieg	 (Musca	domestica)	 is	 bij	 uitstek	 geschikt	 als	modelsysteem	om	de	
evolutie	 van	 geslachtschromosomen	 en	 geslachtsbepalingsmechanismen	 te	
bestuderen,	 doordat	 het	 beschikt	 over	 een	 polymorfisch	 geslachtsbepalings-	
mechanisme.	 Het	 gen	 voor	mannelijkheid,	 oftewel	M-factor,	 ligt	 normaliter	 op	
het	Y-chromosoom	maar	kan	ook	voorkomen	op	een	van	de	autosomen	of	zelfs	
het	 X-chromosoom.	 Onlangs	 is	 één	 M-factor	 voor	 mannelijke	 ontwikkeling	
geïdentificeerd	 door	 genexpressieverschillen	 tussen	mannelijke	 en	 vrouwelijke	
embryo's	te	bestuderen.	Dit	gen	is	tot	Mdmd	gedoopt,	voor	Musca	domestica	male	
determiner.	Mdmd	 lijkt	te	zijn	onstaan	vanuit	een	duplicatie	van	het	CWC22-gen	
(ook	wel	bekend	als	nucampholin	(ncm)	in	insecten),	wat	een	hoofdrol	speelt	in	
het	spliceosoom	dat	de	posttranscriptionele	splitsing	van	mRNA	regelt.	 	 Om	de	
genomische	 organisatie	 en	 functie	 van	 de	 verschillende	 M-loci	 verder	 te	
bestuderen,	heb	ik	mij	 in	dit	proefschrift	toegelegd	op	de	volgende	vragen	over	
de	structuur	en	functie	van	Mdmd:	Wat	is	de	genomische	organisatie	van	M-loci	
op	verschillende	chromosomen?	Wat	is	de	coderende	sequentie	van	Mdmd?	Hoe	
sterk	 geconserveerd	 zijn	 de	 verschillende	 M-loci?	 Hoe	 staan	 Mdmd	 en	 zijn	
paraloog	 CWC22/nucampholin	 qua	 evolutie	 met	 elkaar	 in	 verband?	 Waar	 en	
wanneer	 komt	 Mdmd	 tot	 expressie?	 Is	 activiteit	 van	 Mdmd	 voldoende	 om	
mannelijke	ontwikkeling	van	individuen	te	bewerkstelligen?	
	
Hoewel	 Mdmd	 was	 geïdentificeerd	 als	 het	 gen	 voor	 mannelijkheid	 van	
huisvliegen,	was	 de	 complete	DNA-sequentie	 van	het	 gen	 en	 de	 positie	 binnen	
het	M-locus	nog	niet	bekend.	 In	Hoofdstuk	 2	 onderzoek	 ik	de	 gecompliceerde	
samenstelling	van	het	M-locus	in	twee	huisvliegpopulaties	waarin	het	M-locus	op	
een	autosoom	ligt,	te	weten	MIII	(waarin	het	M-locus	op	autosoom	III	ligt)	en	MV	
(waarin	 het	 op	 autosoom	 V	 ligt).	 Hierbij	 ontdekte	 ik	 dat	 M-loci	 bestaan	 uit	
meerdere	 kopieën	 van	 homologe	 sequenties,	 hoewel	 de	 mate	 van	 homologie	
variabel	 was.	 Op	 basis	 van	 homologie	 waren	 verschillende	 groepen	 te	
classificeren	 binnen	 zowel	 het	 MIII-locus	 als	 het	 MV-locus.	 Daarnaast	 werden	
enkele	sequenties	in	beide	loci	gevonden.	Op	basis	van	deze	gedeelde	sequenties	
kon	ik	een	'open	reading	frame'	(ORF)	ontdekken	die	deel	lijkt	uit	te	maken	van	
het	Mdmd-gen	 (Hoofdstuk	 3).	 Ik	heb	 sequenties	met	hoge	mate	van	gelijkenis	
met	 het	 Mdmd-gen	 gevonden	 in	 het	 MII-	 en	 het	 MY-locus	 (M-locus	 op	
respectievelijk	 autosoom	 II	 en	 het	 Y-chromosoom),	 maar	 niet	 in	 het	MI-locus	
(M-locus	 op	 autosoom	 I).	 Op	 het	 laatstgenoemde	 locus	 ligt	 waarschijnlijk	 een	
andere	gen	voor	mannelijkheid.	Voor	de	andere	M-loci	 suggereert	de	gelijkenis	
met	 het	 Mdmd-gen	 dat	 deze	 loci	 ook	 het	 Mdmd-gen	 bevatten.	 Het	
geïdentificeerde	ORF	wordt	verondersteld	het	coderende	deel	van	het	Mdmd-gen	
te	zijn,	oftewel	het	functionele	mannelijkheidsgen.	
	
De	 veranderlijkheid	 van	 geslachtschromosomen	 is	 een	 van	 de	 interessante	
fenomenen	 in	 de	 evolutie	 van	 geslachtsbepalingsmechanismen.	 Geslachts-	
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chromosomen	 worden	 verondersteld	 te	 ontstaan	 uit	 een	 autosomaal	
chromosomenpaar,	 waartussen	 recombinatie	 ophoudt	 nadat	 zij	 een	
geslachtsbepalende	 functie	 verkregen	 hebben.	 Het	 is	 nog	 niet	 goed	 bekend	
waardoor	 zulke	 evolutionaire	 veranderingen	 aangedreven	 worden.	 Mijn	
resultaten	duiden	er	op	dat	geslachtschromosomen	van	M.	domestica	evolueren	
volgens	het	geboorte-verval-hergeboorte-model.	De	gelijkenissen	tussen	MdmdII,	
MdmdIII,	 MdmdV	 en	 MdmdY	 duiden	 op	 één	 gezamenlijke	 vooroudersequentie.	
Mdmd	 vertoont	 een	hoge	mate	 van	gelijkenis	met	het	 splicing-regulerende	gen	
CWC22/nucampholin.	 De	 vergelijking	 tussen	 de	 aminozuursequentie	 van	 het	
Mdmd-eiwit	 en	 het	 CWC22-eiwit	 zoals	 beschreven	 in	Hoofdstuk	 3	 suggereert	
dat	Mdmd	 is	ontstaan	vanuit	een	duplicatie	van	het	CWC22-gen.	Het	 is	nog	niet	
bekend	 of	 dit	 gebeurde	 op	 het	 oorspronkelijke	 Y-chromosoom	 of	 op	 een	
autosoom.	
	
In	de	volgende	fase	van	de	evolutie	van	Y-chromosomen	wordt	verwacht	dat	de	
recombinatie	tussen	het	X-	en	het	Y-chromosoom	stopt	rondom	de	Mdmd-regio,	
waarna	 er	 onder	 meer	 repetitieve	 DNA-sequenties	 en	 transposons	 kunnen	
ophopen.	In	de	regio	rondom	Mdmd	vind	ik	inderdaad	zulke	transponerende	en	
repetitieve	 elementen	 terug	 (Hoofdstuk	 2).	 Daarnaast	 lijkt	 Mdmd	 zelf	
meermaals	te	zijn	geamplificeerd,	aangezien	in	mannetjes	van	de	MIII-	en	MV-lijn	
meerdere	 opeenvolgende	 kopieën	 zijn	 aangetroffen.	 Nadat	 deze	 waren	
geamplificeerd	 heeft	 dit	 M-locus	 mogelijkerwijs	 meerdere	 keren	 als	 cluster	
verplaatst	 van	 het	 Y-chromosoom	 naar	 de	 autosomen,	 en	 eventueel	 heeft	 het	
zich	 vervolgens	 van	 het	 ene	 autosoom	 naar	 het	 andere	 verplaatst.	 Door	 deze	
translocaties	 werden	 effectief	 gezien	 nieuwe	 Y-chromosomen	 gecreëerd.	 In	
Hoofdstuk	 2	 beschrijf	 ik	eveneens	dat	de	verschillende	autosomale	M-loci	van	
elkaar	verschillen,	wat	er	op	duidt	dat	na	de	translocatie	van	het	oorspronkelijke	
M-locus	 de	 verschillende	 autosomale	 kopieën	 verder	 geëvolueerd	 zijn.	 De	
aanwezigheid	 van	 meerdere	 verschillende	 autosomale	 M-loci	 in	 huisvliegen	
maakt	deze	soort	tot	een	uitstekend	model	om	de	eerste	stappen	van	de	evolutie	
van	geslachtschromosomen	te	bestuderen.	
	
Omdat	 Mdmd	 cruciaal	 lijkt	 te	 zijn	 voor	 de	 ontwikkeling	 van	 het	 mannelijke	
geslacht,	 is	 het	 nodig	 om	 te	 bepalen	 wanneer	 Mdmd	 tot	 expressie	 komt	
gedurende	 de	 embryonale	 ontwikkeling	 om	 te	 begrijpen	 hoe	 het	 gereguleerd	
wordt	binnen	het	 systeem	voor	geslachtsbepaling.	 In	Hoofdstuk	 4	 toon	 ik	aan	
dat	 Mdmd	 gedurende	 de	 embryonale	 ontwikkeling	 in	 het	 gehele	 embryo	 tot	
expressie	komt,	wat	er	op	duidt	dat	Mdmd	in	de	vroege	embryonale	stadia	actief	
wordt	en	dat	het	daarna	continu	actief	moet	blijven	in	embryo's	om	mannelijke	
ontwikkeling	teweeg	te	brengen.	Door	Mdmd-expressie	te	verminderen	toonden	
Sharma	 et	 al.	 (2017)	 aan	 dat	Mdmd	 nodig	 is	 voor	mannelijke	 ontwikkeling,	 en	
wanneer	 de	 expressie	 van	Mdmd	 compleet	 werd	 uitgeschakeld	 ontwikkelden	
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embryo's	zich	uitsluitend	tot	vrouwtjes.	Hoewel	dit	aantoont	dat	Mdmd	nodig	is	
voor	mannelijke	ontwikkeling,	was	het	hieruit	nog	niet	duidelijk	of	uitsluitend	de	
activiteit	 van	Mdmd	 genoeg	 is	 voor	 mannelijke	 ontwikkeling.	 Om	 te	 testen	 of	
Mdmd	 genoeg	 is	 voor	 mannelijke	 ontwikkeling	 injecteerde	 ik	 mRNA	 van	 het	
MdmdV-gen	 in	 embryo's	 van	 de	 MIII-lijn	 gedurende	 de	 eerste	 fases	 van	 hun	
ontwikkeling	 en	 testte	 ik	 of	 dit	 mannelijkheid	 veroorzaakte	 in	 genetisch	
vrouwelijke	 individuen	 (Hoofdstuk	 4).	 Deze	 vorm	van	 tijdelijke	 expressie	 van	
MdmdV	 in	 genetisch	 vrouwelijke	 embryo's	 leek	 niet	 te	 leiden	 tot	 mannelijke	
ontwikkeling,	 hoewel	 er	 wel	 een	 lichte	 (maar	 insignificante)	 toename	 in	 het	
aantal	 mannelijke	 nakomelingen	 gevonden	 werd	 onder	 de	 geïnjecteerde	
embryo's.	 Dit	 suggereert	 dat	 het	 injecteren	 van	MdmdV-mRNA	 niet	 voldoende	
was	 om	 mannelijke	 ontwikkeling	 te	 veroorzaken,	 of	 dat	 de	 translatie	 van	
geïnjecteerd	MdmdV-mRNA	 te	 inefficiënt	 was.	 Een	 andere	manier	 waarmee	 de	
mannelijkheid-bepalende	 werking	 van	 MdmdV	 beter	 bestudeerd	 zou	 kunnen	
worden	is	het	samenstellen	van	een	piggyBac	transgene	lijn.	Hiermee	zou	MdmdV	
gedurende	de	gehele	 levensloop	van	huisvliegen	tot	expressie	gebracht	kunnen	
worden.	 In	 Box	 4.1	 beschrijf	 ik	 de	 constructie	 van	 de	 transgene	 lijn	
pBac[3×P3-EGFP,	hsp70-MdmdV].	Deze	zal	 in	de	 toekomst	gebruikt	worden	om	
nauwkeuriger	 vast	 te	 stellen	 of	 en	 hoe	 MdmdV	 mannelijke	 ontwikkeling	
veroorzaakt.	
	
Mijn	werk	 heeft	 laten	 zien	 dat	 de	M-loci	 van	 huisvliegen	 bestaan	uit	 complexe	
structuren,	 en	 heeft	 bijgedragen	 aan	 onze	 kennis	 van	 de	 evolutie	 van	
geslachtschromosomen	 in	 de	 huisvlieg	 in	 het	 specifiek	 en	 insecten	 in	 het	
algemeen.	 	
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Die	Stubenfliege,	Musca	domestica,	 ist	besonders	geeignet,	um	die	Evolution	der	
Geschlechtsdetermination	 und	 der	 Geschlechtschromosomen	 zu	 untersuchen,	
weil	 sie	 ein	 polymorphes	 Geschlechtsdeterminationssystem	 besitzt.	 Der	
männlich	 bestimmende	 M-Locus,	 typischerweise	 auf	 dem	 Y-Chromosom	
lokalisiert,	 kann	 auch	 auf	 jedem	 der	 fünf	 Autosomen	 oder	 sogar	 auf	 dem	
X-Chromosom	 vorkommen.	 Basierend	 auf	 differenziellen	 Expressionsanalysen	
wurde	 kürzlich	 ein	männlich	determinierendes	Gen	 identifiziert	 und	 als	Mdmd	
(Musca	 domestica	 male	 determiner)	 bezeichnet.	 Mdmd	 scheint	 aus	 einer	
Duplikation	 des	 spleiß-regulierenden	 Gens	CWC22	 entstanden	 zu	 sein,	 das	 bei	
Insekten	 auch	 nucampholin	 (ncm)	 genannt	 wird.	 Um	 die	M-Loci	 in	 Bezug	 auf	
genomische	 Organisation	 und	 Funktion	 näher	 zu	 charakterisieren,	 stellte	 ich	
mehrere	Fragen	zur	Struktur	und	Funktion	von	Mdmd:	Wie	 ist	die	genomische	
Organisation	 der	 M-Loci	 auf	 verschiedenen	 Chromosomen?	 Was	 ist	 die	
codierende	 Sequenz	 von	 Mdmd?	 Inwiefern	 sind	 die	 verschiedenen	 M-Loci	
konserviert?	Wie	ist	die	evolutionäre	Verwandtschaft	zwischen	Mdmd	und	dem	
paralogen	 CWC22/nucampholin?	 Ist	 Mdmd	 hinreichend	 für	 die	 männliche	
Determinationsfunktion?	
	
Obwohl	Mdmd	als	männlich	bestimmendes	Gen	 in	der	Stubenfliege	 identifiziert	
wurde,	 war	 die	 vollständige	 Sequenz	 von	Mdmd	 und	 seine	 Einbettung	 in	 den	
M-Locus	zunächst	noch	unbekannt.	In	Kapitel	2	habe	ich	die	komplexe	Natur	von	
M-Loci	 in	 zwei	 autosomalen	 M-Stämmen	 untersucht,	 MIII	 (M-Locus	 auf	 dem	
Autosom	III)	und	MV	(M-Locus	auf	dem	Autosom	V).	Dabei	fand	ich	heraus,	dass	
die	 M-Loci	 multiple	 Kopien	 verschiedener	 Mdmd-Sequenzen	 enthalten,	 mit	
variierenden	 Sequenzähnlichkeiten	 untereinander.	 Besonders	 interessant	
erschien,	 dass	 der	MIII-Locus	 und	 der	MV-Locus	 gemeinsame	 Sequenzen	 teilen.	
Auf	der	Basis	dieser	gemeinsamen	Sequenzen	konnte	ich	ein	offenes	Leseraster	
(open	reading	frame,	ORF)	identifizieren,	das	Teil	des	Mdmd-Gens	ist	(Kapitel	3).	
Sequenzen	mit	hoher	Ähnlichkeit	zu	dem	Mdmd-ORF	wurden	auch	im	MII-Stamm	
(M-Locus	auf	Autosom	 II)	und	 im	MY-Stamm	(M-Locus	auf	dem	Y-Chromosom)	
entdeckt,	 jedoch	 nicht	 auf	 dem	 MI-Stamm	 (M-Locus	 auf	 Autosom	 I),	 welcher	
vermutlich	 ein	 anderes	 männlich	 bestimmendes	 Gen	 hat.	 Es	 ist	 davon	
auszugehen,	dass	dieser	ORF	die	kodierende	Sequenz	von	Mdmd	darstellt,	dem	
funktionalen	männlich	bestimmenden	Gen.	
	
Die	 Verantwortlichkeit	 und	 zugleich	 Veränderlichkeit	 der	 Geschlechts-	
chromosomen	 ist	 ein	 bemerkenswerter	 Aspekt	 der	 Evolution	 der	 Geschlechts-	
determination.	 Man	 nimmt	 an,	 dass	 sich	 die	 Geschlechtschromosomen	 aus	
normalen	 Autosomen	 evolviert	 haben,	 die	 ihre	 Rekombinationsfähigkeit	
verloren	 haben,	 nachdem	 sie	 die	 geschlechtsbestimmende	 Rolle	 angenommen	
hatten.	Die	 treibende	Kraft	bei	der	Entstehung	neuer	Geschlechtschromosomen	 	
ist	 jedoch	 nicht	 bekannt.	 Meine	 Ergebnisse	 aus	Musca	 domestica	 unterstützen	
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das	 Geburt-Verfall-Wiedergeburt-Modell	 in	 der	 Evolution	 der	 Geschlechts-	
chromosomen.	 Die	 hohe	 Sequenzähnlichkeit	 von	MdmdII,	MdmdIII,	MdmdV	 und	
MdmdY	 lässt	 vermuten,	 dass	 alle	 Mdmd-Gene	 von	 einer	 gemeinsamen	
Vorläufersequenz	stammen.	Ein	Vergleich	der	Mdmd-Proteinsequenzen	mit	dem	
paralogen	CWC22/NCM	in	Kapitel	3	lässt	ein	Szenario	vermuten,	wonach	in	der	
M-Locus-Evolution	das	männlich	bestimmende	Gen	Mdmd	aus	einer	einmaligen	
Duplizierung	 von	Md-ncm	 evolvierte	 und	 so	 ein	 Proto-Y-Chromosom	 entstand.	
Ob	 dies	 auf	 dem	 ursprünglichen	 Y-Chromosom	 oder	 auf	 einem	 autosomalen	
Chromosomenpaar	 geschah,	 das	 vorher	 nicht	 in	 die	 Geschlechtsdetermination	
involviert	war,	kann	zu	diesem	Zeitpunkt	noch	nicht	entschieden	werden.	
	
Das	 nächste	 Stadium	 in	 der	 Evolution	 zu	 einem	 Y-Chromosom	 wäre	 die	
Unterdrückung	der	Rekombinationsfähigkeit	in	der	Umgebung	der	Mdmd-Region,	
gefolgt	 von	 einer	 Anhäufung	 repetitiver	 Sequenzen	 und	 Transposons,	 bedingt	
durch	den	Mangel	an	Rekombination	auf	dem	Proto-Geschlechtschromosom.	Im	
Einklang	mit	diesem	Modell	fand	ich,	dass	die	M-Loci	in	den	MdmdIII	und	MdmdV	
Stämmen	transponable	Elemente	und	repetitive	Sequenzen	enthalten	(Kapitel	2).	
Die	 darauf	 folgende	 Amplifikation	 des	 Mdmd	 scheint	 zu	 einer	 komplexen	
Struktur	 des	M-Locus	 geführt	 zu	 haben,	 da	 mehrere	 tandemartig	 wiederholte	
Kopien	 des	 Mdmd	 in	 Männchen	 der	 MdmdIII	 und	 MdmdV	 Stämme	 gefunden	
wurden	(Kapitel	2).	Nach	der	Amplifikation	wurde	der	M-Locus	wohl	mehrfach	
als	 ein	 Cluster	 transloziert,	 vom	 Y	 auf	 ein	 Autosom	 und/oder	 anschließend	
zwischen	 Autosomen,	 die	 dann	 zu	 Neo-Y-Chromosomen	 werden.	 Außerdem	
offenbarten	 die	 in	 Kapitel	 2	 aufgeführten	 Daten,	 dass	 einige	 ausgedehnte	
unterschiedliche	 Sequenzen	 in	 den	 verschiedenen	 Autosomen	 vorliegen,	 was	
nahelegt,	 dass	 der	 M-Locus	 nach	 der	 Translokation	 weiteren	 unabhängigen	
genomischen	Veränderungen	auf	jedem	Autosom	unterworfen	war.	Die	Existenz	
mehrerer	 unterschiedlicher	 autosomaler	M-Varianten	 in	 der	 Stubenfliege	 stellt	
eine	 einmalige	 Gelegenheit	 dar	 für	weitere	 Studien	 zu	 den	 frühen	 Stadien	 der	
Evolution	von	Geschlechtschromosomen.	
	
Da	Mdmd	 ein	 entscheidendes	Gen	 für	die	männliche	Entwicklung	 ist,	 sollte	 die	
Mdmd	 mRNA-Expression	 in	 verschiedenen	 embryonalen	 Entwicklungsstadien	
identifiziert	 werden,	 um	 die	 Regulierung	 der	 Geschlechtsdetermination	 besser	
zu	verstehen.	In	Kapitel	4	zeige	ich	das	ubiquitäre	Vorkommen	von	Mdmd	mRNA	
während	 der	 gesamten	 embryonalen	 Entwicklung.	 Dies	 lässt	 darauf	 schließen	
dass	 Mdmd	 bereits	 zu	 einem	 sehr	 frühen	 embryonalen	 Stadium	 wirkt	 aber	
kontinuierlich	 im	 Embryo	 aktiv	 sein	 muss,	 um	 die	 männliche	 Entwicklung	
aufrechtzuerhalten.	 Sharma	 et	 al.	 (2017)	 zeigten,	 dass	 eine	 gezielte	
Funktionsverlustmutation	 von	 Mdmd	 männliche	 Genotypen	 in	 weibliche	
Phänotypen	 verwandelt.	 Obwohl	 dies	 zeigte,	 dass	 Mdmd	 eine	 entscheidende	
Rolle	 in	 der	männlichen	 Entwicklung	 spielt,	 bewies	 es	 nicht,	 dass	Mdmd	 auch	
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hinreichend	für	die	männliche	Determination	ist.	Um	zu	untersuchen,	ob	Mdmd	
allein	 ausreichend	 ist,	 um	 die	 männlich	 bestimmende	 Funktion	 zu	 erfüllen,	
injizierte	 ich	MdmdV	 mRNA	 in	 Embryonen	 im	 frühen	 blastodermalen	 Stadium,	
die	 vom	 MdmdIII	 Stamm	 stammten,	 und	 untersuchte	 sie	 auf	 Geschlechts-	
umwandlung.	 Vorübergehende	 Expression	 von	 MdmdV	 mRNA	 in	 genetisch	
weiblichen	Embryonen	verursachte	keine	vermännlichten	Fliegen,	obwohl	eine	
leichte	 (nicht	 signifikante)	 Zunahme	 von	 männlichen	 Nachkommen	 bei	 den	
injizierten	Embryos	zu	verzeichnen	war.	Die	Ergebnisse	lassen	entweder	darauf	
schließen,	dass	MdmdV	 allein	nicht	ausreichend	 ist,	um	weibliche	Genotypen	 in	
Männchen	 umzuwandeln,	 oder	 sie	 sind	 durch	 einen	 experimentellen	 Mangel	
bedingt,	 z.B.	 ungenügende	 Translation	 von	 MdmdV	 mRNA.	 Einen	 alternativen	
Ansatz,	 um	 zu	 bestimmen,	 ob	 die	 Expression	 von	Mdmd	 ausreichend	 ist,	 um	
genetisch	 weibliche	 Genotypen	 in	 Männchen	 zu	 verwandeln,	 stellt	 die	
piggyBac-Keimbahn-Transformation	 dar,	 um	 eine	 wiederholte	 Expression	 von	
MdmdV	während	der	Entwicklung	zu	ermöglichen.	In	Box	4.1	beschreibe	ich,	wie	
ich	 ein	 pBac[3×P3-EGFP,	 hsp70-MdmdV]-Transgen	 konstruiert	 habe.	 Dieses	
Transgen	 wird	 in	 zukünftigen	 Experimente	 eingesetzt	 werden,	 um	 die	
maskulinisierende	Aktivität	von	MdmdV	zu	bestimmen.	
	
Meine	Arbeit	hat	neue	Erkenntnisse	 zur	komplexen	Struktur	der	M-Loci	 in	der	
Stubenfliege	 erbracht,	 und	 damit	 zur	 Evolution	 der	 Geschlechtschromosomen	
der	Stubenfliege	und	der	Insekten	im	Allgemeinen.	
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I	was	 amazed	 by	 everything:	 the	 houses,	 the	 people,	 the	 food	 and	many	 other	
things.	Our	first	housefly	conference	was	held	in	the	following	day	after	I	arrived.	
It	was	 an	unforgettable	 experience:	we	 travelled	 to	Germany,	 yet	 another	new	
country,	as	soon	as	I	arrived.	I	remember	that	I	was	still	in	jetlag	and	tried	to	stay	
awake	during	the	conference.	The	first	time	I	met	Ernst	was	at	that	conference.	
He	 was	 very	 friendly	 and	 kind.	 The	 next	 year,	 after	 I	 moved	 to	 Göttingen,	 I	
started	 to	 get	 to	 know	him	better.	 I	was	 very	 impressed	by	his	 sharp	 thinking	
and	commitment	for	science.	I	 learned	a	lot	from	him.	He	taught	me	to	conduct	
experiments	 independently.	 He	 would	 spend	 the	 whole	 afternoon	 with	 me	 to	
analyse	the	data	and	design	the	experiments	together.	By	his	efforts	 in	training	
me,	I	grew	into	a	housefly	scientist	step-by-step.	 	
	
Leo	is	the	first	supervisor	I	met	when	I	arrived	in	the	Netherlands.	He	helped	me	
a	 lot	 to	 settle	 down	 here.	 I	 am	 impressed	 by	 his	 Dutch	 humor,	 even	 though	
sometimes	it	was	difficult	to	understand.	I	will	never	forget	the	fly	catching	trip	
to	Southern	 Italy.	We	met	a	 lot	of	 funny	people	and	did	very	 interesting	 things	
during	the	trip.	The	qualities	I	learned	from	him	are	punctuality	and	the	passion	
for	science.	He	also	 taught	a	 lot	of	writing	 techniques	 to	me.	He	 told	me	 that	a	
good	scientist	must	not	only	conduct	experiments	well,	but	must	also	be	good	at	
communicating	 his	 results.	 I	 should	 emphasise	 that	 his	writing	 training	 paved	
the	scientific	road	for	me.	 	
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He	has	never	been	to	China,	but	he	knows	a	 lot	of	 things	about	China.	He	once	
said	I	shall	slow	down	and	think	more	if	I	want	to	achieve	my	goal,	which	helped	
me	a	lot	in	my	whole	PhD.	I	also	appreciate	his	enormous	patience	with	training	
me	in	writing.	Without	his	writing	advice,	I	would	never	have	achieved	a	thesis	of	
such	a	quality.	 	
	
Daniel	is	the	soul	of	the	housefly	group.	He	is	the	housefly	expert	par	excellence.	
Every	time	when	I	had	some	problems	during	experiments,	 I	would	always	get	
helpful	advice	from	him.	He	is	very	smart	and	knows	a	lot	of	advanced	scientific	
techniques.	He	is	also	a	huge	apple	fan.	All	the	equipment	he	uses,	even	the	coffee	
machine,	is	from	apple.	He	is	always	the	first	one	to	arrive	in	the	lab	and	the	last	
one	to	leave.	From	him,	I	learnt	that	smartness,	hard	work,	and	a	bit	of	luck	are	
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the	secrets	to	become	a	successful	scientist.	
	
I	would	like	to	express	my	gratitude	to	everybody	in	the	housefly	group:	Akash,	
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enjoyable	to	have	conversations	with	him.	Natalia,	she	is	my	bench	mate.	She	is	a	
beautiful	Russian	girl.	The	first	impression	she	gave	to	people	is	cold.	However,	
when	you	get	 to	know	her	better,	you	will	 find	 that	she	has	a	warm	heart.	She	
helped	me	a	lot	to	get	used	to	the	lab	life	in	Göttingen.	Every	time	when	I	asked:	
“Natalia,	 do	 you	 know	where	 is…?”,	 she	 always	 gave	me	 an	 exact	 answer.	 She	
likes	travelling	and	photography.	From	her,	 I	 learnt	how	to	keep	passion	in	 life	
and	how	to	become	an	independent	woman.	Natasha,	I	always	call	her	Natalia	by	
mistake,	 and	 I	 hope	 she	 already	 forgave	 me.	 She	 is	 very	 smart	 and	 kind.	 Oh,	
sometimes	she	is	also	very	strict,	especially	when	you	didn’t	follow	the	rules	in	
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such	a	cute	baby.	 I	still	remember	our	fly-catching	trip	 in	Southern	Italy.	She	is	
such	a	nice	and	smart	girl.	Akash	 is	a	member	of	our	housefly	team.	He	 is	very	
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brought	so	much	joy	to	me	during	the	two	years	in	Groningen.	
	
At	 the	 end,	 I	 would	 like	 to	 express	 my	 great	 gratitude	 to	 my	 thesis	 reading	
committee,	as	well	as	the	members	of	the	defense	committee	for	their	time	and	
interests	in	reading	my	thesis.	 	
	
I	 would	 like	 to	 thank	 Alex	 for	 the	 cover	 design	 and	 Anna	 for	 translating	 the	
English	 summary	 in	 this	 thesis	 to	German.	 I	 also	want	 to	 thank	my	 family	 and	
friends!	Thanks	for	the	great	support	and	company	during	my	PhD	life!	
	


