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ABSTRACT	
	

The	evolution	of	biological	sexes	is	a	fascinating	field	of	study	with	much	that	remains	to	

be	learned.	Decades	of	studies	in	Drosophila	and	in	other	animal	models	have	made	it	clear	

that	reproductive	tissues	in	both	sexes	are	some	of	the	most	rapidly	evolving	organs:	They	

diverge	more	rapidly	in	gene	expression	relative	to	non-reproductive	tissues,	the	genes	that	are	

biased	in	expression	to	reproductive	tissues	often	show	rapid	divergence	relative	to	non	

reproductive	biased	genes,	and	the	reproductive	organs	themselves	sometimes	even	show	

their	capacity	for	physiological	and	behavioral	changes,	such	as	the	ability	of	certain	female	

reproductive	organs	to	store	sperm.		

To	better	understand	the	genetic	and	genomic	mechanisms	that	underlie	the	rapid	

evolution	of	reproductive	tissues	in	response	to	local	adaptation,	and	to	study	the	extent	of	

parallelism	in	gene	expression	in	these	tissues	across	species,	I	study	the	gene	expression	

changes	that	underlie	the	accessory	glands	and	testes	across	two	geographic	regions	in	three	

species,	as	seen	in	chapter	one.	Since	much	less	is	known	about	the	female	contributions	to	

reproduction,	and	to	begin	to	understand	the	rapid	evolution	of	some	of	their	tissues,	I	have	

begun	to	characterize	the	similarities	and	differences	in	gene	expression	across	the	seminal	

receptacle,	the	spermathecae,	and	the	parovaria	in	eight	species.	This	second	chapter	will	help	

us	better	understand	how	certain	female	reproductive	organs	can	gain	and	lose	sperm	storage	

functions	across	evolutionary	time.	Lastly,	and	to	better	understand	how	stem	cell	niches	are	

maintained	across	species,	I	begin	to	characterize	some	of	the	gene	expression	differences	

across	such	niches	in	various	species	of	Drosophila,	and	ask	the	question	of	whether	such	
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niches	use	similar	or	different	gene	products	for	the	maintenance	of	healthy	stem	cells	in	these	

niches.		

Studying	the	rapid	evolution	of	reproductive	organs	helps	us	characterize	the	shared	

gene	expression	patterns	that	are	core	to	reproduction	across	distantly	related	species,	while	

also	elucidating	the	divergence	in	gene	expression	that	allows	for	the	rise	of	new	molecules,	

physiologies,	and	behaviors.	My	three	chapters	of	studies	contribute	to	our	understanding	of	

male	and	female	reproductive	system	function	and	elaborate	on	our	limited	knowledge	of	the	

evolution	of	female	reproductive	tissues.	Studying	the	diversity	of	genetic	and	phenotypic	

features	of	closely	and	distantly	related	species	will	eventually	allow	us	to	better	understand	

the	co-evolution	of	male	and	female	sexes	across	species,	and	will	allow	us	to	study	the	extent	

of	gene	expression	plasticity	across	sexes:	If	different	gene	products	related	to	successful	

fertilization	are	made	by	both	males	and	females,	how	amenable	are	such	reproductive	genes	

to	switching	expression	across	sexes,	and	how	common	are	such	switches?	And	what	effects	do	

sex-specific	selection	and	local	adaptation	have	on	shaping	content	and	expression	of	a	

genome?
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Chapter	1	

Parallel	Evolution	of	Reproductive	Tissues	across	Geographic	Regions		

in	Males	of	the	Genus	Drosophila	
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INTRODUCTION	

Connecting	genotypes	to	phenotypes	is	one	of	the	most	outstanding	contributions	of	

biology	to	modern	science.	Given	the	current	and	sophisticated	methods	to	better	understand	

these	connections,	evolutionary	biologists	have	gone	back	to	studying	older	and	unanswered	

questions	in	the	field:	How	is	it	that	different	species	can	independently	converge	onto	the	

same	solution	for	a	given	problem?	When	species	migrate	to	the	same	geographic	region,	how	

is	it	that	populations	of	different	species	respond	to	the	same	general	environmental	

differences	and	pressures,	and	what	proportion	of	their	responses	depends	on	shared	

underlying	genotypes?	While	morphological	convergence	does	not	necessarily	imply	

developmental	parallelism,	many	studies	have	shown	support	for	the	repeatability	in	use	of	

gene	regulatory	elements,	gene	products,	and	developmental	pathways	in	the	building	of	the	

same	phenotype	across	species,	and	sometimes	even	across	distant	relatives	(Rokas	and	Carroll	

2008,	Castoe	et	al.	2009,	Zhen	et	al.	2012,	Gallant	et	a.	2014,	Pankey	et	al.	2014,	Pfenning	et	al.	

2014,	Jha	et	al.	2016,	Witt	et	al.	2019,	Young	et	al.	2019).	However,	the	extent	of	gene	re-use	

remains	poorly	understood	across	both	short	and	long	timescales,	leaving	open	the	question	of	

independent	gene	reuse	across	time	and	space.	

At	the	population	level	and	in	D.	melanogaster,	a	recent	study	by	Cridland	et	al.	(2020)	

continues	to	support	that	male	reproductive	tissues	exhibit	more	novel	expression	patterns	in	

the	accessory	glands	and	express	these	novel	phenotypes	more	consistently	in	the	testes	than	

in	any	other	tissues	studied.	Such	studies	support	the	use	of	the	testes	and	accessory	glands	for	

the	study	of	rapidly	evolving	genotypes	and	phenotypes	in	the	genus	Drosophila,	and	can	help	
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determine	the	extent	of	parallel	gene	expression	changes	associated	with	tissue	differentiation	

across	species.		Above	the	population	level,	various	Drosophila	species	show	phenotypic	

latitudinal	clines,	and	these	include	D.	melanogaster,	D.	simulans,	and	D.	hydei,	which	are	often	

collected	simultaneously	in	the	field.	While	chromosomal	and	phenotypic	differences	do	exist	

between	these	3	species,	similarities	between	them	include	generalist	feeding	habits	

throughout	most	of	their	geographic	distribution,	the	recent	spread	of	D.	simulans	and	D.	hydei	

across	North	America	that	coincides	with	that	of	D.	melanogaster	(David	et	Capy	1988,	Singh	et	

Long	1992,	Fabian	et	al.	2012,	Reinhardt	et	al.	2014),	and	their	collective	abilities	to	adapt	to	life	

at	higher	latitude	climates	such	as	those	of	Maine.	

At	the	species	level	and	across	the	large	genus	Drosophila,	recent	evidence	gathered	

from	whole	male	studies	supports	parallel	latitudinal	expression	differentiation	between	D.	

melanogaster	and	D.	simulans		(Zhao	et	al.	2015).	In	a	follow	up	study	of	the	same	two	species	

as	well	as	of	D.	hydei,	Zhao	and	Begun	(2017)	were	able	to	support	parallelism	for	genes	

exhibiting	latitudinal	allele	frequency	differentiation	within	species	as	well	as	parallelism	for	

genes	exhibiting	recurrent	adaptive	protein	divergence	between	species.	To	further	build	on	

these	studies	and	to	better	understand	gene	expression	divergence	associated	with	low	and	

high	latitude	regions,	we	take	a	comparative	transcriptomics	approach	where	we	

characterize	gene	expression	in	the	testes	and	in	the	accessory	glands	across	males	in	

populations	of	these	3	species	and	in	2	regions,	Panama	and	Maine.	This	study	allows	us	to	

study	the	extent	of	novel	and	potentially	parallel	gene	expression	changes	in	these	rapidly	

evolving	tissues,	and	to	examine	if	adaptive	processes	that	act	at	the	population	level	can	be	re-

used	across	species	to	respond	to	the	same	latitudinal	differentiation	pressures.	
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MATERIALS	AND	METHODS	

Drosophila	Sample	Preparation	

D.	melanogaster,	D.	simulans,	and	D.	hydei	females	were	collected	from	Fairfield,	Maine	

(September	2011,	Latitude:	44°37’N)	and	Panama	City,	Panama	(January	2012,	Latitude:	

8°58’N),	placed	individually	in	vials	and	then	shipped	to	the	laboratory	where	they	were	

maintained	as	isofemale	lines.	These	lines	were	maintained	at	25°C	on	a	12-hour	light:dark	

schedule	and	on	a	standard	yeast-cornmeal-agar	food	medium,	and	virgin	males	were	collected	

from	all	lines	within	3	hours	of	eclosion.	Because	males	in	these	species	reach	sexual	maturity	

and	are	ready	to	court	females	at	different	ages,	D.	melanogaster	males	were	aged	to	4-5	days,	

D.	simulans	were	aged	to	4-6	days,	and	D.	hydei	males	were	aged	to	14-16	days	before	

dissection	of	their	accessory	glands	and	testes.	I	maximized	the	number	of	isofemale	lines	used	

to	contribute	to	each	biological	replicate	as	follows:	I	used	12	Panama	strains	and	12	Maine	

strains	for	D.	melanogaster,	13	Panama	strains	and	13	Maine	strains	for	D.	simulans,	and	13	

Panama	strains	and	12	Maine	strains	for	D.	hydei.	Three	males	were	collected	per	strain,	aged	

after	emergence	to	sexual	maturity	in	low	density	vials,	and	then	pooled	prior	to	dissection	to	

generate	each	RNA	replicate.	Three	replicates	were	generated	for	each	species	and	tissue,	

resulting	in	a	total	of	36	biological	samples	generated	across	the	species	studied.		

RNA	Extraction,	Library	Construction,	and	Sequencing	

Within	10	minutes	of	dissection	into	cold	PBS,	the	testes,	accessory	glands	+	anterior	

ejaculatory	duct	(henceforth	referred	to	as	accessory	gland	or	AG)	were	transferred	into	cold	

Trizol	and	stored	at	-80°C	before	RNA	was	extracted	following	a	standard	Trizol-Chloroform	

extraction	protocol,	as	follows.	Tissues	were	carefully	homogenized	in	200	ul	Trizol	using	a	
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sterile	pestle	and	the	Trizol	volume	was	later	adjusted	to	1	ml.	Aterwards,	200	ul	of	chloroform	

was	added	and	the	tube	was	shaken	for	20	sec,	followed	by	incubation	for	5	min	at	room	

temperature.	Samples	were	then	centrifuged	at	4°C	and	13,000	rpm	for	15	min	and	the	upper	

phase	was	slowly	collected.	After	addition	of	1	ul	glycogen,	500	ul	isopropanol	was	added	and	

the	sample	was	mixed	by	gentle	inversion.	Samples	were	left	at	-20°C	for	1	hr,	after	which	

nucleic	acids	were	pelleted	and	then	washed	with	70%	ethanol,	followed	by	drying	and	

resuspension	in	nuclease-free	water.	All	samples	were	subjected	to	DNase	digestion	using	the	

TURBO	DNA-free	kit	(Ambion)	following	the	manufacturer’s	protocol	and	the	qualities	of	the	

resulting	RNAs	were	studied	using	RNA	Nano	chip	on	a	Bioanalyzer	(Agilent).		

Libraries	were	prepared	using	the	NEBNext	Ultra	RNA	Library	Prep	Kit	for	Illumina	(New	

England	Biolabs,	Beverly,	MA)	with	1	ug	total	RNA	as	input	for	each	replicate.	The	

manufacturer’s	protocol	was	used	with	minor	modifications.	All	AMPure	bead	elution	steps	

were	performed	with	PCRClean	DX	beads	(Aline	Biosciences),	and	qualities	of	libraries	were	

estimated	using	the	High	Sensitivity	DNA	chip	on	a	Bioanalyzer	(Agilent).	Libraries	were	

sequenced	on	an	Illumina	HiSeq2000	to	generate	90-bp	paired-end	reads.	The	focal	set	of	

genes	used	in	all	expression	analyses	is	composed	of	10628	1:1:1	orthologs	identified	in	D.	

melanogaster,	D.	simulans,	and	D.	hydei	using	MCL	(van	Dongen	and	Abreu-Goodger	2012)	

which	uses	a	Markov	cluster	algorithm	for	assigning	genes	into	families.	Di-	and	polycistronic	

genes	were	omitted	from	the	analysis,	as	were	genes	with	one	or	more	exons	that	were	shared	

perfectly	with	another	gene.		
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Sequence	Alignment	and	Gene	Expression	Measures	

Reads	were	aligned	to	the	appropriate	reference	genome;	D.	melanogaster	genome	

version	6.41	(FlyBase),	D.	simulans	genome	version	3	(GCF_016746395.1),	and	D.	hydei	

GCF_003285905.1	using	Hisat2	(Kim	et	al.	2015)	with	default	parameters.	We	used	StringTie	

(Pertea	et	al.	2016)	to	calculate	transcripts	per	million	(TPM)	for	each	gene	in	each	

transcriptome	and	measured	differential	expression	with	DESeq2	(Love	et	al.	2014).	We	also	

examined	differential	expression	between	1:1:1	orthologs	between	D.	melanogaster,	D.	

simulans,	and	D.	hydei	populations.	To	do	that,	this	collection	of	shared	genes	were	identified	

using	a	table	of	D.	melanogaster	orthologs	identified	in	other	Drosophila	(FlyBase,	downloaded	

May	12,	2021).	We	generated	a	featureCounts	table	for	both	AG	and	testes	to	compare	all	D.	

melanogaster	populations	to	D.	simulans	and	D.	hydei,	and	ran	DESeq2	to	identify	differentially	

expressed	genes	as	mentioned	above.	Genes	were	considered	to	show	latitudinal	DE	for	either	

tissue	if	we	observed	differential	expression	between	the	geographic	regions,	using	a	FDR	

adjusted	P-value	<	0.05	as	the	cutoff	for	differential	expression,	and	also	calculated	absolute	

fold	changes	for	all	genes	to	estimate	genome-wide	expression	variation.		

Characterizing	Tissue-Biased	Genes	

To	identify	accessory	gland	and	testes-biased	genes,	we	used	the	male	data	for	several	

tissues	from	FlyAtlas2	(Leader	et	al.	2018).	We	defined	tissue	biased	genes	as	those	that	A)	had	

FPKM	≥	1	in	each	tissue,	B)	exhibited	the	highest	expression	in	the	tissue	of	interest	(accessory	

glands	or	testes)	relative	to	other	male	tissues,	and	C)	exhibited	strong	tissue	bias	with	

estimated	tau	(Yanai	et	al.	2005)	≥	0.9.		
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Gene	Ontology	Analysis	

Using	the	genes	showing	latitudinal	DE	in	the	AG	and	testes,	we	performed	gene	

analyses	using	Gorilla	(Eden	et	al.	2007,	2009)	to	identify	processes	that	were	elevated	in	these	

lists	compared	to	a	background	of	all	genes	expressed	in	the	tissues	of	interest.	We	used	the	

implementation	of	GOrilla	on	(http://cbl-gorilla.cs.technion.ac.il/)	and	the	default	p-value	

threshold.	

	

RESULTS	

Transcriptome	Overview	of	Low	and	High	Latitude	Populations	of	D.	melanogaster,		

D.	simulans,	and	D.	hydei	

After	filtering,	we	obtained	278	million	paired	reads	for	D.	melanogaster,	604.5	million	

paired	reads	for	D.	simulans,	and	609.7	million	paired	reads	for	D.	hydei	(S1	and	S2	Tables).	The	

significant	difference	in	read	numbers	between	D.	melanogaster	and	the	other	two	species	is	

due	to	the	fact	that	the	D.	melanogaster	reads	were	sequenced	in	2017	when	fewer	reads	were	

obtained	during	sequencing	runs,	whereas	reads	from	the	other	species	are	more	than	double	

because	the	sequencing	was	done	in	2021.	However,	given	that	differential	expression	

comparisons	are	within	species,	the	normalization	happens	in	inter-populations	comparisons	

before	any	comparisons	were	made	across	species,	and	we	therefore	feel	confident	in	

comparing	differentially	expressed	gene	lists	between	geographic	regions	across	the	species	

studied.			
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Differential	Gene	Expression	in	High	vs.	Low	Latitude	Populations	

In	D.	melanogaster,	813	(4.5%)	and	100	(0.5%)	genes	were	significantly	differentially	

expressed	between	populations	(False	discovery	rate	(FDR)	<	0.05)	in	the	AGs	and	in	the	testes,	

respectively	(Table	1,	Fig	1).	The	magnitude	of	expression	differences	was	significantly	greater	

in	the	testes	than	in	the	AGs	(Fig	2),	a	consistent	pattern	seen	across	tissues	in	all	three	species.	

To	determine	whether	accessory	gland	and	testes	genes	were	more	likely	than	other	genes	to	

be	differentially	expressed	between	geographic	populations,	we	characterized	tissue	biased	

genes	by	estimating	Tau	(Yanai	et	al.	2005,	Zhao	et	al.	2014),	an	index	of	tissue	specificity,	for	

each	gene	using	FlyAtlas2	data	(Leader	et	al.	2018),	and	found	that	a	greater	proportion	of	AG-

biased	genes	(13.9%	in	D.	melanogaster,	19.1%	in	D.	simulans,	and	33.2%	in	D.	hydei)	were	

differentially	expressed	between	geographic	populations	compared	to	other	genes	(4.5%	in	D.	

melanogaster,	8.1%	in	D.	simulans,	and	11.9%	in	D.	hydei,	hypergeomoteric	test,	P	<	0.0001,	

Table	1).	This	is	consistent	with	previous	results	that	AG-biased	genes	tend	to	exhibit	greater	

expression	variation	than	do	other	genes	(Wagstaff	&	Begun	2005,	Wagstaff	&	Begun	2007,	

Almeida	&	DeSalle	2008),	and	this	observation	is	further	supported	by	the	expression	fold	

changes	that	suggest	that	the	testes	are	relatively	more	constrained	in	gene	expression	relative	

to	the	AGs	in	all	three	species	(Panels	A	and	C,	Fig	1).		

In	D.	simulans,	1071	(6.8%)	and	684	(4.3%)	genes	were	significantly	differentially	

expressed	between	populations	(False	discovery	rate	(FDR)	<	0.05)	in	the	accessory	glands	and	

the	testes,	respectively	(Table	1,	Fig	1).	Compared	to	D.	melanogaster,	D.	simulans	shows	

evidence	of	substantially	more	geographic	expression	differentiation	in	both	tissues,	and	
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especially	in	the	testes,	with	almost	seven	times	as	many	genes	exhibiting	differential	

expression	(χ2	test,	P	<0.001).	Similarly	to	D.	melanogaster,	the	proportion	of	genes	

differentially	expressed	between	populations	was	significantly	different	between	the	AGs	and	

the	testes	(Table	1).	With	respect	to	the	differentially	expressed	orthologs	across	tissues	and	

species,	there	is	substantial	variation	in	both	the	overall	number	of	orthologs	and	the	

proportion	of	these	orthologs	expressed	in	both	tissues.	In	both	D.	simulans	and	D.	hydei,	slight	

variation	is	observed	when	comparing	the	proportion	of	differentially	expressed	orthologs	to	

the	proportion	of	differentially	expressed	genes	overall	in	the	testes,	a	pattern	of	change	that	is	

not	observed	in	the	accessory	glands	of	these	species.	It	is	worth	noting	that	this	pattern	of	

change	is	not	seen	when	comparing	the	proportions	of	these	genes	in	D.	melanogaster	tissues.	

In	D.	hydei,	1464	(10.2%)	and	408	(2.8%)	genes	were	significantly	differentially	expressed	

between	populations	(False	discovery	rate	(FDR)	<	0.05)	in	the	AGs	and	in	the	testes,	

respectively	(Table	1,	Fig	1).	Compared	to	D.	melanogaster	and	D.	simulans,	D.	hydei	exhibits	

the	greatest	number	of	both	differentially	expressed	genes	and	of	differentially	expressed	

orthologs	in	the	AGs.	However,	a	smaller	count	of	testes-biased	genes	are	found	to	be	

differentially	expressed	in	D.	hydei	relative	to	those	in	D.	simulans.		

The	most	striking	observation	in	comparing	1:1	ortholog	expression	variation	between	

Maine	and	Panama	is	the	surprising	number	of	orthologs	expressed	in	parallel	in	the	AGs	of		

D.	simulans	and	D.	hydei,	with	269	expressed	orthologs	that	are	clinal	in	both	species	(p	=	6.88	

e-19,	Table	2).	The	next	most	significant	result	from	these	ortholog	expression	comparisons	is	

the	number	of	orthologs	expressed	in	parallel	in	the	testes	of	D.	simulans	and	D.	hydei,	with	22	

expressed	orthologs	that	are	also	clinal	in	both	species	(p	=	7.57	e-04,	Table	2).	The	remaining	
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pairwise	comparisons	of	ortholog	expression	variation	do	not	yield	as	robust	of	a	difference	

between	observed	and	expected	ortholog	expression	numbers	in	both	tissues.	Further	analysis	

of	the	differentially	expressed	orthologs	in	all	species	pairwise	comparisons	shows	that	250	out	

of	269	DE	orthologs	share	directionality	in	expression	in	the	AGs	of	D.	simulans	and	D.	hydei		

(p	=	5.39e-54	,	Table	3).	Out	of	these	250	genes,	157	orthologs	show	shared	higher	expression	in	

Maine	and	93	orthologs	share	higher	expression	in	Panama.	To	better	understand	the	degree	of	

relationship	in	these	shared	patterns	of	gene	expression	variation	in	the	AGs	of	D.	simulans	and	

D.	hydei	across	Maine	and	Panama,	a	regression	analysis	was	done	(Fig	2)	and	resulted	in	F-

value	of	283,	an	adjusted	R2	value	of	0.51,	and	a	p-value	<		2.2	e-16.	Together,	these	data	

support	that	1)	the	majority	of	genes	showing	parallel	expression	differentiation	in	the	AGs	of	

D.	simulans	and	D.	hydei	show	the	same	direction	of	DE	in	these	species	and	that	2)	the	

magnitudes	of	expression	differences	between	high	and	low	latitude	populations	are	correlated	

across	species.	Lastly,	we	plotted	log2	fold	expression	correlations	between	species	for	all	

genes	showing	expression	differentiation	in	the	AGs	and	testes,	as	seen	in	Fig	S1,	and	validated	

our	previous	observation	that	the	most	significant	numbers	of	parallel	expression	

differentiation	changes	are	observed	in	the	accessory	glands	of	D.	simulans	and	D.	hydei.		

Gene	Ontology	

To	better	understand	the	functions	of	the	250	genes	showing	latitudinal	DE	in	the	AG	

and	testes	of	both	D.	simulans	and	D.	hydei,	two	gene	ontologies	were	carried	out	and	the	

results	are	as	follows.	With	respect	to	the	157	genes	that	share	higher	expression	in	Maine,	a	

10	to	90	fold	enrichment	is	seen	in	various	processes,	as	seen	in	Fig	3,	and	some	processes	that	
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stand	out	include	epithelial	structure	maintenance,	somatic	stem	cell	population	maintenance,	

positive	regulation	of	both	insulin	and	hippo	receptor	signaling,	and	protein	retention	in	the	

Golgi	apparatus.	With	respect	to	the	93	genes	that	share	higher	expression	in	Panama,	a	5	to	30	

fold	enrichment	is	seen	in	processes	that	include	ribonucleotide	complex	assembly,	oxidative	

phosphorylation,	ribosomal	large	subunit	biogenesis,	proton	transmembrane	transport,	proton	

motive	force-driven	ATP	synthesis,	and	cytoplamsic	translation,	as	seen	in	Fig	4.		

We	were	also	curious	about	the	functions	of	12	genes	showing	parallel	latitudinal	DE	in	

the	AGs	in	all	three	species.	Five	of	these	orthologs	are	more	highly	expressed	in	the	accessory	

glands	of	males	in	Panama	relative	to	those	in	Maine,	and	four	of	them	encode	ribosomal	

proteins	RpS18,	RpL11,	RpLP2,	and	RpL30	while	one	of	them	encodes	CG12384,	which	is	

predicted	to	enable	death	domain	binding	activity	and	has	not	been	associated	with	accessory	

glands	until	now.	The	remaining	seven	genes	are	more	highly	expressed	in	the	accessory	glands	

of	all	three	species	in	Maine	relative	to	those	in	Panama:	These	genes	are	knockout	(ko)	which	

is	predicted	to	enable	DNA-binding	transcription	activator	activity	and	is	known	to	be	

associated	with	Drosophila	sperm	(Wasbrough	et	al.	2010),	Trehalase	(Treh)	which	encodes	an	

enzyme	that	hydrolyzes	trehalose	to	glucose	molecules	in	the	cytoplasm	and	extracellular	

space,	previously	identified	as	an	SFP	in	the	sperm	proteome	(Garlovsky	et	al.	2022),	elF4G1	

which	encodes	a	protein	involved	in	regulation	of	translation	initiation	within	male	germ	cells	

(Franklin-Dumont	et	al.	2007,	Wasbrough	et	al.	2010),	Gigyf	(Gyf)	which	encodes	a	protein	that	

regulates	translation	and	insulin/IGF	signaling	and	previously	unreported	in	the	accessory	

glands,	alan	shepard	(shep)	which	encodes	an	evolutionary	conserved	RNA/DNA	binding	

protein	that	regulates	alternative	splicing	and	gypsy	insulator	activities	and	also	previously	
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unreported	in	its	association	with	the	male	reproductive	tract,	PMCA	which	encodes	an	

evolutionary	conserved	ion	pump	in	the	plasma	membrane	and	is	required	for	maintaining	

resting	Ca[2+]	levels	in	all	cells	of	tunicates	while	also	mediating	chemotaxis	in	their	sperm	

(Yoshida	et	al.	2018),	and	timeless	(tim)	which	is	required	for	the	production	of	circadian	

rhythms	and	is	also	involved	in	mating	behavior	(Nishinokubi	et	al.	2006,	Wasbrough	et	al.	

2010).	Lastly,	it	is	important	to	note	that	there	were	0	genes	that	showed	parallel	DE	

differentiation	across	all	species	in	the	testes.		

Tissue-Biased	Genes	

When	studying	the	1:1:1	orthologs	that	are	also	tissue-biased,	I	found	232	orthologs	

that	are	accessory	gland	biased	(Panel	B,	Fig	5)	and	1024	orthologs	that	are	testes-biased	across	

all	three	species	(Panel	B,	Fig	6).	Our	data	support	the	closer	relationship	between	D.	

melanogaster	and	D.	simulans	relative	to	D.	hydei:	Pairwise	comparisons	of	tissue-biased	

orthologs	shows	610	shared	AG-biased	orthologs	(Fig	S2)	and	2033	shared	testes-biased	

orthologs	(Fig	S3)	in	these	two	species,	whereas	significantly	fewer	genes	are	found	to	be	

shared	between	either	of	these	species	and	D.	hydei.	Our	finding	of	relatively	similar	ortholog	

numbers	shared	between	the	more	closely	related	species	and	their	distant	relative	D.	hydei	

(Fig	S2	and	Fig	S3)	validates	that	we	were	able	to	capture	the	majority	of	orthologs	across	all	

three	species	in	both	tissues	of	interest.		

Seminal	Fluid	Proteins	Across	Species	

To	date,	Wigby	et	al.	(2020)	have	characterized	the	most	comprehensive	suite	of	genes	

whose	products	are	transferred	to	females	during	mating	in	D.	melanogaster.	These	292	genes	

are	expressed	in	various	male	reproductive	tissues	of	D.	melanogaster	and	their	gene	products	
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are	referred	to	as	“high-confidence	seminal	fluid	proteins”	or	HC-SFPs.	In	my	study	of	D.	

melanogaster	tissues,	278	HC-SFP	genes	were	expressed	in	the	accessory	glands,	264	HC-SFP	

genes	were	expressed	in	the	testes,	and	263	HC-SFP	genes	were	shared	in	expression	between	

both	tissues	(Table	4).	In	D.	simulans,	224	HC-SFP	genes	were	expressed	in	the	accessory	glands,	

203	HC-SFP	genes	were	expressed	in	the	testes,	and	200	HC-SFP	genes	were	shared	in	

expression	between	both	tissues.	In	D.	hydei,	120	HC-SFP	genes	were	expressed	in	the	

accessory	glands,	121	HC-SFP	genes	were	expressed	in	the	testes,	and	117	HC-SFP	genes	were	

shared	in	expression	between	both	tissues.		

With	regards	to	the	number	of	tissue-biased	HC-SFPs	in	D.	melanogaster,	D.	simulans,	

and	D.	hydei,	respectively,	189	SFPs,	157	SFPs,	and	57	SFPs	are	accessory	gland-biased,	29	SFPs,	

17	SFPs,	and	23	SFPs	are	testes-biased,	and	12	SFPs,	5	SFPs,	and	16	SFPs	are	both	accessory	

gland	and	testes-biased	(Table	S3).	There	are	41	shared	AG-biased	SFP	genes	and	6	shared	

testes-biased	SFP	genes	across	species	(Fig	7).	We	also	noticed	that	there	are	significantly	

greater	AG-biased	SFPs	shared	between	D.	melanogaster	and	D.	simulans	relative	to	those	

shared	with	D.	hydei:	97	AG-biased	SFPs	are	shared	between	D.	melanogaster	and	D.	simulans,	

6	AG-biased	SFPs	are	shared	between	D.	melanogaster	and	D.	hydei,	and	4	AG-biased	SFPs	are	

shared	between	D.	simulans	and	D.	hydei.		

Functionally	Important	SFPs	Across	Species	

To	better	understand	the	relative	abundance	of	functionally	important	SFPs	produced	

by	males	in	the	AGs	and	testes,	I	chose	to	compare	11	functionally	important	SFPs	across	

dissected	tissues	in	all	three	species.	These	SFPs	are	Acp26Aa,	Acp36DE,	Sex	Peptide	(SP),	and	
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eight	characterized	sex	peptide	network	genes	in	D.	melanogaster:	CG17575,	Lectin-46Ca,	

Lectin-46Cb,	Sems,	CG9997,	Aqrs,	Antr,	and	Intr.		

In	the	AGs,	11/11	of	these	functionally	important	SFPs	are	highly	expressed	in	D.	

melanogaster	AGs	in	Maine	and	in	Panama	(Range	of	192	to	13436	TPM,	Table	5),	10/11	of	

these	SFP	genes	are	highly	expressed	in	D.	simulans	AGs	in	Maine	and	in	Panama	(Range	of	210	

to	11901	TPM,	Table	5),	and	7/11	of	these	SFP	genes	are	highly	expressed	in	D.	hydei	AGs	in	

Maine	and	in	Panama	(Range	of	1310	to	10936	TPM,	Table	5).	In	the	testes,	11/11	of	these	

functionally	important	SFPs	are	lowly	to	moderately	expressed	in	D.	melanogaster	testes	in	

Maine	and	in	Panama	(Range	of	3	to	283	TPM,	Table	5),	only	1/11	(CG17575)	of	these	SFP	genes	

is	lowly	expressed	in	D.	simulans	testes	in	Maine	and	in	Panama	(Range	of	1-3	TPM,	Table	5),	

and	1/11(Sems)	of	these	SFP	genes	is	lowly	expressed	in	D.	hydei	testes	in	Maine	and	in	Panama	

(Range	of	10-13	TPM,	Table	5).	In	the	testes	of	D.	simulans	and	D.	hydei	across	both	regions,	

10/11	genes	show	less	than	1	TPM	expression.	Of	course,	this	absence	of	expression	cannot	be	

confirmed	unless	validated	by	in-vivo	knockdown	of	these	genes	in	the	testes	of	D.	simulans	

and	D.	hydei,	which	was	not	carried	out	in	this	study.	While	these	functionally	important	SFPs	

show	a	large	spread	in	abundance	in	the	accessory	glands	across	Maine	and	Panama	(Fig.	8),	

their	relative	position	with	respect	to	one	another	is	mostly	conserved	between	geographic	

populations	within	a	species	and	even	across	all	three	species	(Fig	9,	Fig	10,	Fig	S4,	Fig	S5,	Fig	

S6,	Fig	S7).	Given	that	only	one	of	these	11	selected	genes	is	expressed	over	1	TPM	in	the	testes	

of	D.	simulans	and	D.	hydei	(Table	5),	boxplot	figures	that	depict	the	relative	abundance	of	

these	11	genes	in	the	testes	are	omitted	from	this	analysis,	and	the	relative	position	of	these	

functionally	important	SFP	genes	are	not	discussed	in	the	testes	of	these	two	species.		
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DISCUSSION	

We	were	motivated	to	carry	out	this	study	due	to	recent	findings	by	Zhao	et	al.	(2015)	

where	the	authors	observed	a	significant	excess	of	genes	exhibiting	parallel	differential	

expression	in	whole	males	of	D.	melanogaster	and	D.	simulans	sampled	from	Panama	and	

Maine.	We	therefore	carried	out	this	study	by	examining	two	reproductive	tissues	in	males	

across	populations	and	species	to	better	understand	their	gene	expression	similarities	and	

differences,	while	asking	the	question	of	whether	any	one	of	these	organs	is	more	predictable	

in	their	expression	differentiation	across	species	relative	to	the	other	organ.		

Perhaps	the	most	interesting	finding	from	this	study	is	that	the	majority	of	genes	

showing	parallel	expression	differentiation	showed	the	same	direction	of	DE	in	two	out	of	the	

three	species	studied	and	especially	in	their	accessory	glands,	and	that	the	magnitude	of	

expression	differences	between	high	and	low	latitude	populations	were	correlated	across	

species.	Together,	these	observations	support	our	conclusion	that	parallelism	for	expression	

phenotypes	is	the	result	of	spatially	varying	selection.	The	simplest	explanation	for	the	

quantitative	parallelism	observed	is	that	the	relationship	between	transcript	abundance	and	

fitness	variation	is	similar	between	these	two	species	across	variable	environments.	Our	data	

suggest	that	selection	on	standing	variation	likely	underlies	geographic	expression	differences	

in	D.	simulans	and	in	D.	hydei.	Despite	major	cytological	differences	between	all	three	species	

studied	here,	their	shared	colonization	histories	and	general	population	genetic	similarities	

have	likely	influenced	some	of	their	shared	evolutionary	responses	to	recent	colonization	of	

novel	habitats,	which	include	the	shared	suite	of	genes	independently	expressed	as	well	as	the	

shared	magnitude	of	expression	differentiation	across	regions.	It	remains	to	be	seen	if	the	
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observed	expression	differentiation	is	associated	with	spatially	varying	selection	in	the	

ancestral	geographic	ranges	of	these	species.	

Our	gene	ontology	analyses	have	characterized	a	list	of	genes	that	respond	similarly	in	

the	accessory	glands	across	species,	and	especially	between	D.	simulans	and	D.	hydei.	

Interestingly,	the	four	ribosomal	proteins	RpS18,	RpL11,	RpLP2,	and	RpL30	are	more	highly	

expressed	in	the	AGs	of	males	of	all	species	in	Panama,	and	additional	work	is	required	to	

elucidate	the	mechanisms	by	which	they	promote	adaptability	in	high	vs.	low	latitudes.	Many	

DE	gene	products	have	previously	been	associated	with	animal	reproduction	and	were	found	in	

our	gene	ontology	analyses.	These	include	knockout	(ko)	which	has	been	previously	associated	

with	Drosophila	sperm	(Wasbrough	et	al.	2010),	Trehalase	(Treh)	which	encodes	an	enzyme	

that	hydrolyzes	trehalose	to	glucose	molecules	in	the	cytoplasm	and	extracellular	space,	

previously	identified	as	an	SFP	in	the	sperm	proteome	(Garlovsky	et	al.	2022),	elF4G1	which	

encodes	a	protein	involved	in	regulation	of	translation	initiation	within	male	germ	cells	

(Franklin-Dumont	et	al.	2007,	Wasbrough	et	al.	2010),	PMCA	which	encodes	an	evolutionary	

conserved	ion	pump	in	the	plasma	membrane	and	is	required	for	maintaining	resting	Ca[2+]	

levels	in	all	cells	of	tunicates	while	also	mediating	chemotaxis	in	their	sperm	(Yoshida	et	al.	

2018),	and	timeless	(tim)	which	is	required	for	the	production	of	circadian	rhythms	and	is	also	

involved	in	mating	behavior	(Nishinokubi	et	al.	2006,	Wasbrough	et	al.	2010).	Some	gene	

products	were	previously	not	associated	with	reproductive	tissues	and	include	CG12384,	which	

is	predicted	to	enable	death	domain	binding	activity,	Gigyf	(Gyf)	which	encodes	a	protein	that	

regulates	translation	and	insulin/IGF	signaling	and	previously	unreported	in	these	tissues,	and	

alan	shepard	(shep)	which	encodes	an	evolutionary	conserved	RNA/DNA	binding	protein	that	
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regulates	alternative	splicing	and	gypsy	insulator	activities.	Our	modern	ability	to	study	gene	

knockdown	in	species	outside	of	D.	melanogaster	will	help	investigators	1)	Study	the	roles	

played	by	these	reproductive	molecules	across	males,	2)	Ask	whether	such	molecules	are	

transferred	to	females	during	mating,	and	3)	Study	the	function	of	these	molecules	in	females	if	

transferred	during	mating.	It	is	important	to	remember	that	many	of	these	reproductive	

molecules	are	not	necessarily	secreted	by	these	organs	and	transferred	to	females	during	

mating,	so	future	studies	will	hopefully	elaborate	on	the	spatial	context	of	these	molecules	and	

their	evolutionary	histories.		

While	evidence	for	parallelism	was	observed	between	tissues	across	species,	there	are	

many	differences	between	these	species	with	respect	to	their	differentially	expressed	genes.	

For	instance,	we	find	significant	variation	in	the	number	of	tissue-biased	genes	across	species,	

and	many	of	these	tissue-biased	genes	are	also	species-biased,	and	this	observation	extends	to	

the	SFPs	made	by	male	reproductive	tissues	across	species.	So	far,	most	studies	on	SFPs	have	

focused	on	those	made	by	male	reproductive	tissues	in	D.	melanogaster,	and	future	studies	will	

shed	some	light	on	the	nature	of	these	SFPs	and	their	variability	across	species	tissues.	Also,	

and	while	the	differentiation	in	expression	of	transcription	factors	was	not	discussed	in	this	

analysis,	some	variation	in	transcription	factor	differentiation	is	observed	across	our	pairwise	

tissue	comparisons.	Given	the	ability	of	transcription	factors	to	regulate	gene	expression,	

geographic	differences	in	the	qualitative	abundance	of	these	factors	would	certainly	have	a	role	

in	shaping	some	of	the	gene	expression	plasticity	in	these	tissues	across	populations	and	

species.		
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Given	our	findings	on	the	rapid	and	parallel	evolution	of	accessory	glands	in	some	flies	

with	shared	colonization	histories	in	the	genus	Drosophila,	and	given	that	recent	studies	have	

justified	the	use	of	Drosophila	accessory	glands	as	a	model	for	the	study	of	prostate	cancer	and	

other	pathologies	(Wilson	et	al.	2016),	I	cannot	help	but	wonder	if	any	parallel	changes	in	gene	

expression	have	taken	place	in	the	prostate	between	human	populations	with	shared	migration	

histories.	Some	studies	indicate	that	selection	for	hypoxia	tolerance	can	act	on	standing	

variation	in	similar	genes	and	pathways	in	both	D.	melanogaster	and	in	humans	(Jha	et	al.	

2016),	which	have	diverged	hundreds	of	millions	of	years	ago,	so	it	is	not	inconceivable	to	

hypothesize	that	some	human	populations	have	orthologs	of	reproductive	genes	and	pathways	

in	Drosophila	that	may	also	be	under	positive	selection.	Whether	such	shared	gene	expression	

changes	have	taken	place	between	human	populations	or	even	across	diverged	species	remains	

to	be	studied.		

In	conclusion,	I	have	used	natural	variation	across	closely-	and	distantly-related	

Drosophila	species	to	support	that	the	accessory	glands	in	males	of	D.	simulans	and	D.	hydei	

have	independently	reused	the	expression	of	250	shared	genes	in	response	to	their	change	in	

latitudinal	environment,	which	is	a	striking	difference	that	separates	the	gene	expression	

patterns	of	the	accessory	glands	from	those	in	the	testes.	These	genes	expressed	in	parallel	are	

under	positive	selection	in	these	species	and	indicate	that	fundamental	genetic	mechanisms	

that	respond	to	latitudinal	migrations	have	remained	somewhat	conserved	in	some	extant	

species.	Surprisingly,	results	from	the	accessory	glands	specifically	indicate	that	convergent	

evolution	in	behavior	of	this	organ	can	occur	between	species	roughly	50	million	years	

diverged,	with	spatially	varying	selection	contributing	to	the	maintenance	of	gene	expression	
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variation	in	these	species.	While	this	study	has	been	able	to	narrow	down	on	one	male	

reproductive	organ	that	seems	to	be	somewhat	predictable	in	its	genetic	response	across	some	

extant	species,	it	remains	to	be	seen	if	such	parallel	changes	in	gene	expression	across	species	

can	be	similarly	attributed	to	at	least	one	reproductive	organ	in	females,	such	as	the	paired	

spermathecae	or	parovaria.	These	are	two	paired	glandular	organs	of	the	female	reproductive	

tract	that,	among	other	functions,	secrete	RNA	and	protein	products	necessary	for	proper	

fertilization	of	the	egg,	and	future	studies	will	determine	if	these	female	organs	or	others	

behave	in	parallel	across	regions	and	species	like	we	have	seen	in	the	accessory	glands	of	

males.	The	co-occurrence	of	D.	melanogaster,	D.	simulans,	and	D.	hydei	and	their	recent	

colonization	of	novel	geographic	regions	allows	investigators	to	use	these	models	to	study	the	

effects	of	sex-specific	selection	and	local	adaptation	on	phenotypic	plasticity,	to	explain	how	

these	migration	scenarios	can	maintain	stable	genetic	variation	for	fitness,	and	to	study	the	

genotypic	consequences	such	as	allele	linkage	potentially	associated	with	given	habitats	or	

sexes.	
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FIGURES	AND	TABLES	

	

Table	1.	Panama	vs.	Maine	gene	differential	expression.	Numbers	of	expressed	genes	were	

13904	in	the	accessory	glands	and	15405	in	the	testes	of	D.	melanogaster,	13627	in	the	

accessory	glands	and	14502	in	the	testes	of	in	D.	simulans,	and	12418	in	the	accessory	glands	

and	13246	in	the	testes	of		D.	hydei.	10628	expressed	genes	were	one-to-one	orthologs	

between	species.	Fold	change	corresponds	to	mean	absolute	fold	change.	Tissue	biased	genes	

were	characterized	by	selection	of	those	genes	with	a	tau	value	of	0.9	or	greater	and	if	they	

were	most	highly	expressed	in	these	tissues	of	interest,	and	these	lists	were	compared	with	

similar	lists	generated	from	the	FlyAtlas	data.		P-values	derive	from	hypergeometric	test	for	

overrepresentation	of	tissue-biased	genes.		
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Figure	1.	Expression	fold	changes	for	each	comparison	in	D.	melanogaster,	D.	simulans,	and	D.	

hydei.	A)	Fold	changes	(log2)	for	all	genes	expressed	in	the	accessory	glands	in	Maine	vs.	

Panama.	B)	Fold	changes	(log2)	for	all	differentially	expressed	genes	in	the	accessory	glands	in	

Maine	vs.	Panama.	C)	Fold	changes	(log2)	for	all	genes	expressed	in	the	testes	in	Maine	vs.	

Panama.	D)	Fold	changes	(log2)	for	all	differentially	expressed	genes	in	the	testes	in	Maine	vs.	

Panama.
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Table	2.	Panama	vs.	Maine	parallel	gene	expression	in	the	accessory	glands	and	testes	of	

sexually	mature	males	in	D.	melanogaster,	D.	simulans,	and	D.	hydei	

	

Table	3.	Shared	directionality	of	Orthologs	expression	in	the	accessory	glands	and	testes	of	

sexually	mature	males	in	D.	melanogaster,	D.	simulans,	and	D.	hydei	
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Figure	2.	Linear	regression	analysis	of	log	fold	changes	calculated	from	DESeq2	analyses	of	

accessory	glands	in	D.	simulans	and	D.	hydei.	Dots	represent	log	transformed	fold	change	values	

of	differential	gene	expression	in	D.	simulans	(X-axis)	and	D.	hydei	(Y-axis)	across	Maine	and	

Panama.	R2:	adjusted	R-squared.	p-value	<	2.2e-16	and	F-	statistic	=	283.		
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Figure	3.	Enrichment	of	GO	annotation	terms	for	orthologous	gene	in	D.	simulans	and	D.	hydei	

where	shared	expression	is	higher	in	Maine.	Bars	indicate	fold	enrichment	of	the	respective	GO	

terms	in	the	phenotypic	classes.		

	

	

Figure	4.	Enrichment	of	GO	annotation	terms	for	orthologous	gene	in	D.	simulans	and	D.	hydei	

where	shared	expression	is	higher	in	Panama.	Bars	indicate	fold	enrichment	of	the	respective	

GO	terms	in	the	phenotypic	classes.



25	

	

Figure	5.	Venn	diagrams	depicting	all	shared	accessory	gland	biased	genes	(Panel	A)	and	shared	

accessory	gland	biased	orthologs	(Panel	B)	in	D.	melanogaster,	D.	simulans,	and	D.	hydei.		

	

Figure	6.	Venn	diagrams	depicting	all	shared	testes	biased	genes	(Panel	A)	and	shared	testes	

biased	orthologs	(Panel	B)	in	D.	melanogaster,	D.	simulans,	and	D.	hydei.	
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Figure	7.	Venn	diagram	showing	the	number	of	high	confidence	SFP	genes	that	are	also	A)	

accessory	gland	biased	and	B)	Testes-biased	in	expression	in	D.	melanogaster,	D.	simulans,	and	

D.	hydei		

	

Table	4.	High	confidence	SFPs	expressed	in	the	accessory	glands,	testes,	or	in	both	tissues	in	D.	

melanogaster,	D.	simulans,	and	D.	hydei.		

	

	

Table	5.	Differential	expression	of	selected	functionally	important	SFPs.	
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Figure	8.	Expression	of	9	functionally	important	SFPs	in	the	accessory	glands	across	all	three	

species	studied.	Sems	shows	no	expression	in	the	accessory	glands	of	D.	simulans	
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Figure	9.	Boxplot	of	the	relative	abundance	of	functionally	important	SFPs	and	the	rest	of	the	

known	SFPs	found	in	D.	melanogaster	accessory	glands	in	Maine.	Transcript	abundances	were	

averaged	across	all	three	biological	replicates	and	were	sorted	by	decreasing	order.	Selected	

functionally	important	SFPs	are	colored	in	yellow	and	the	rest	of	the	known	SFPs	are	colored	in	

blue.		
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Figure	10.	Boxplot	of	the	relative	abundance	of	functionally	important	SFPs	and	the	rest	of	the	

known	SFPs	found	in	D.	melanogaster	accessory	glands	in	Panama.	Transcript	abundances	were	

averaged	across	all	three	biological	replicates	and	were	sorted	by	decreasing	order.	Selected	

functionally	important	SFPs	are	colored	in	yellow	and	the	rest	of	the	known	SFPs	are	colored	in	

blue.		
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Chapter	2	

Evolution	of	Female	Sperm	Storage	Organs		

in	Flies	of	the	Genus	Drosophila	
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INTRODUCTION	

Can	an	organ	compensate	for	the	loss	of	a	specific	function	in	a	neighboring	one?	It	has	

long	been	known	that	changes	in	the	developmental	regulation	of	evolutionarily	conserved	

genes	are	a	major	force	in	phenotypic	evolution,	supporting	that	the	origin	of	new	traits	does	

not	necessarily	require	the	evolution	of	new	genes	(King	and	Wilson	1975,	Carroll	2005,	

Davidson	2006).	These	studies	suggest	that	the	origin	of	a	novel	trait	such	as	sperm	storage	

might	not	require	the	evolution	of	a	new	organ,	but	may	instead	rely	on	the	modification	of	an	

existing	organ	to	satisfy	this	function.	The	goal	of	this	research	is	to	test	this	hypothesis.			

The	spermathecae,	parovaria,	and	seminal	receptacle	of	Drosophila	females	are	

excellent	models	for	the	study	of	gain	and	loss	of	organ	functions.	Ancestrally,	both	

spermathecae	and	seminal	receptacle	stored	sperm	in	the	female	(Pitnick	et	al.	1999).	In	

females	of	Drosophila	melanogaster,	the	spermathecae	and	parovaria	are	major	exocrine	

glands	that	are	required	for	normal	fertility	and	sperm	storage	(Sun	et	al.	2013),	yet	34%	of	

Drosophila	species	show	a)	loss	of	sperm	storage	function	and	degeneration	of	tissues	in	the	

spermathecae,	and	b)	serious	morphological	divergence	in	their	seminal	receptacle,	which	

behaves	as	the	primary	sperm-storage	organ	in	these	species	(Pitnick	et	al.	1999).	These	

observations	suggest	that	neighboring	organs	in	the	female’s	reproductive	tract,	the	parovaria	

and	seminal	receptacle,	might	have	potentially	acquired	glandular	functions	previously	

restricted	to	the	spermathecae.		

A	comparative	investigation	of	these	organ-specific	transcriptomes	could	point	to	the	

evolution	of	some	level	of	parallel	gene	expression	changes	that	underlie	gain	of	sperm	storage	
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functions.	If	the	transcriptomes	underlying	independent	evolution	of	sperm	storage	are	not	

themselves	convergent,	then	I	will	identify	the	various	genomic	mechanisms	of	expression	gain	

and	loss	by	organ	and	by	species,	which	will	help	elucidate	the	relative	contributions	of	gene	

origin	and	regulatory	circuit	rewiring	to	the	evolution	of	organ	complexity.	These	genomic	

mechanisms	include	gene	duplication,	gene	co-option,	and	de	novo	gene	origin.	In	this	study,	I	

take	a	comparative	transcriptomics	approach	to	ask	whether	there	is	substantial	overlap	in	

gene	expression	that	is	potentially	associated	with	the	novel	ability	of	the	parovaria	to	store	

sperm	in	some	species,	and	I	also	investigate	gene	expression	differences	that	are	potentially	

associated	with	the	loss	of	sperm	storage	in	the	spermathecae	of	other	species.		

	
MATERIALS	AND	METHODS	
	
Experimental	Design		

Strong	phylogenetic	support	exists	for	the	independent	gain	of	sperm	storage	function	

in	the	parovaria	of	D.	nigricruria	and	D.	takahashii,	and	for	the	independent	loss	of	sperm	

storage	function	in	the	spermathecae	of	D.	bifurca	and	D.	serrata	(Pitnick	et	al.	1999).	My	

dissections	as	well	as	those	of	my	colleague	(CE	McDonough-Goldstein,	personal	

communication)	confirmed	the	presence	of	sperm	in	the	parovaria	of	D.	takahashii	and	D.	

nigricruria	females	after	mating,	and	my	dissections	have	also	confirmed	the	absence	of	sperm	

in	the	spermathecae	of	D.	serrata	and	D.	bifurca	females	after	mating.	These	observations	were	

made	at	several	timepoints,	including	immediately	after	and	hours	after	mating.	

To	better	understand	the	independent	gain	of	sperm	storage	in	the	parovaria	of		

D.	takahashii	and	D.	nigricruria,	I	dissected	the	seminal	receptacles,	spermathecae,	and	
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parovaria	from	these	two	species	as	well	as	those	in	D.	melanogaster,	D.	greeni,	D.	repleta,	and	

D.	hydei,	with	the	goal	of	comparing	the	transcriptome	outputs	from	these	tissues	across	

species.	Because	the	overall	pattern	of	sperm	storage	across	Drosophila	examined	supports	

that	females	in	ancestral	Drosophilid	species	stored	sperm	in	their	seminal	receptacle	and	

spermathecae	(Pitnick	et	al.	1999),	I	chose	to	compare	the	derived	tissue	transcriptomes	of	D.	

takahashii	and	D.	nigricruria	to	those	of	Drosophila	species	that	only	store	sperm	in	the	seminal	

receptacle	and	spermathecae,	as	seen	in	Fig.1.	This	study	will	allow	me	to	examine	the	

independent	evolution	of	sperm	storage	ability	in	two	distinct	groups	of	Drosophila	relatives.			

To	better	understand	the	independent	loss	of	sperm	storage	in	the	spermathecae	of	D.	

serrata	and	D.	bifurca,	I	dissected	the	seminal	receptacle,	spermathecae,	and	parovaria	from	

these	two	species	as	well	as	those	in	D.	melanogaster,	D.	greeni,	D.	repleta,	and	D.	hydei,	with	

the	goal	of	comparing	the	transcriptome	outputs	from	these	tissues	across	species.	Here,	I	

chose	to	compare	the	derived	tissue	transcriptomes	of	D.	serrata	and	D.	bifurca	to	those	that	

store	sperm	in	the	seminal	receptacle	and	spermathecae,	as	seen	in	Fig.	2.		

Genomic	Sequencing	

A	high	quality	genome	assembly	(Adams	et	al.	2000,	Dros.	Consort.	2007)	exists	for	D.	

melanogaster,	which	is	a	species	that	retains	sperm	storage	function	in	both	the	spermathecae	

and	seminal	receptacle	(Pitnick	et	al.	1999).	The	relatively	compact	size	of	Drosophila	genomes	

(Dros.	Consort.	2007,	Bosco	et	al.	2007,	Song	et	al.	2011)	has	allowed	for	the	rapid	sequencing	

of	27	fly	genomes	in	the	past	fifteen	years.	I	will	therefore	rely	on	well-established	methods	in	

the	field,	including	those	recently	used	by	the	Begun	lab	(Song	et	al.	2011)	to	sequence	the	
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genomes	of	D.	bifurca,	D.	nigricruria,	and	D.	greeni.	Together	with	previous	sequences	for	the	

remaining	species	(Adams	et	al.	2000,	Dros.	Consort.	2007),	I	will	have	access	to	complete	

genomes	of	eight	Drosophila	species	for	my	studies.		

RNA	extraction	and	Sequencing	

Virgin	females	were	collected	within	3	hours	of	eclosion	and	raised	at	25°C	in	low	

density	vials	(up	to	5	females	per	vial)	until	sexual	maturity.	All	tissue	dissections	included	100-

200	seminal	receptacles,	100-200	pairs	of	spermathecae,	and	100-200	pairs	of	parovaria.	

Dissected	tissues	were	immediately	transferred	into	Trizol	and	stored	at	-80°C	before	RNA	was	

extracted	following	a	standard	Trizol-Chloroform	extraction	protocol.	Three	replicates	were	

generated	for	each	tissue,	for	a	total	of	72	biological	samples	across	eight	species.	Poly(A)+	RNA	

was	prepared	from	an	aliquot	of	each	total	RNA	sample.	Due	to	the	limited	availability	of	RNA	

for	some	of	the	samples	and	due	to	the	variation	in	RNA	integrity	between	some	of	these	

samples,	I	decided	to	profile	gene	expression	using	the	3’	TAG-Seq	protocol.	For	typical	

experiments,	at	least	2	million	reads	per	sample	are	required	for	DGE	analysis	of	highly-	and	

moderately-expressed	genes.	Three	biological	replicates	were	sequenced	for	each	tissue	to	

allow	for	meaningful	DGE	analysis.	Barcoded	sequencing	libraries	were	prepared	each	from	1.3	

ng	total	RNA	sample	using	the	QuantSeq	FWD	kit	(Lexogen,	Vienna,	Austria)	for	multiplexed	

sequencing	according	to	the	recommendations	of	the	manufacturer	using	the	UMI	Second-

Strand	Synthesis	module	(Lexogen).		The	fragment	size	distribution	of	the	libraries	was	verified	

via	micro-capillary	gel	electrophoresis	on	a	LabChip	GX	system	(PerkinElmer,	Waltham,	MA).	
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The	libraries	were	quantified	by	fluorometry	on	a	Qubit	fluorometer	(LifeTechnologies,	

Carlsbad,	CA),	and	pooled	in	equimolar	ratios.	The	library	pool	was	Exonuclease	VII	(NEB,	

Ipswich,	MA)	treated,	SPRI-bead	purified	with	KapaPure	beads	(Kapa	Biosystems	/	Roche,	Basel,	

Switzerland),	and	quantified	via	qPCR	with	a	Kapa	Library	Quant	kit	(Kapa	Biosystems)	on	a	

QuantStudio	5	RT-PCR	system	(Applied	Biosystems,	Foster	City,	CA).	Libraries	were	sequenced	

on	a	NextSeq	500	sequencer	(Illumina,	San	Diego,	CA)	with	single-end	80	bp	reads.	Expression	

of	each	gene	in	each	organ	and	species	will	be	quantified	in	FPKM.	I	will	use	1	FPKM	as	my	

detection	threshold,	since	current	research	(Hebenstreit	et	al.	2011,	Wagner	et	al.	2013)	

supports	that	gene	expression	levels	below	this	threshold	most	likely	correspond	to	non-

functional	transcription.	This	threshold	can	be	modified	based	on	the	expression	data	

generated,	and	several	indices	of	transcriptome	similarity	across	organs	and	species	will	be	

estimated.			 	 	 	

Characterizing	gain	and	loss	of	gene	expression	

In	each	organ,	I	am	interested	in	identifying	the	genes	that	are	expressed	in	some	

species	but	not	in	others.	For	each	expressed/unexpressed	gene,	I	will	determine	the	branch	of	

the	Drosophila	phylogeny	where	its	expression	in	the	parovaria,	spermathecae,	or	seminal	

receptacle	was	gained	or	lost	in	a	fully	hierarchical	Bayesian	approach	implemented	in	BEAST	

(Drummond	et	al.	2012).	This	will	allow	me	to	identify	those	genes	for	which	the	gain	or	loss	of	

expression	can	be	mapped	with	greater	than	0.95	posterior	probability	to	a	specific	branch	of	

the	phylogeny	despite	missing	data,	if	any.	Using	these	inferences,	I	will	determine	if	there	are	

consistent	patterns	of	expression	gain	or	loss	across	organs	and	species	with	respect	to	number	
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and	types	of	genes/proteins.	These	data,	in	concert	with	transcriptome	and	genome	

assemblies,	will	be	used	to	identify	de	novo	genes	that	may	evolve	in	the	context	of	novel	organ	

function.	

Evolution	of	transcriptomes	

Here,	I	will	take	a	broader	quantitative	analysis	of	gene	expression	evolution.	I	will	

determine	whether	organs	that	have	recently	changed	sperm	storage	functions	show	rapid	

transcriptome	divergence	using	FPKM	estimates	of	1-to-1	orthologs.	The	relative	importance	of	

up-regulation	and	down–regulation	will	be	investigated,	and	the	particular	gene	functions	

associated	with	the	largest	expression	changes	will	be	determined	with	gene	ontologies.	I	will	

also	use	reliable	paralog	data	to	determine	whether	organ	function	evolution	is	associated	with	

novel	gene	duplications,	perhaps	associated	with	neofunctionalization.	Using	FPKM	estimates,	I	

will	also	determine	whether	parallel	changes	of	organ	function	are	associated	with	evidence	of	

parallelism	at	the	transcriptome	level.		

	
RESULTS	
	

Tables	1	and	2	present	the	total	number	of	3’	TAG	seq	reads	for	the	72	biological	

replicates,	ranging	between	4,000,000	and	7,000,000	reads	per	replicate.	Tables	3	and	4	

present	the	RNA	concentrations	for	the	various	biological	replicates.		
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DISCUSSION	
	

Decades	of	studies	in	Drosophila	reproductive	biology	have	characterized	the	various	

transcriptomic	components	of	the	testes	and	associated	male	tissues,	and	especially	those	

made	by	the	Drosophila	organ	equivalent	to	the	human	prostate:	the	accessory	glands.	

However,	studies	of	these	reproductive	transcriptomic	components	have	remained	more	

limited	in	females,	in	part	due	to	the	difficulty	of	accessing	some	of	these	tissues,	and	in	part	

due	to	the	limited	amounts	of	RNA	that	could	historically	be	sequenced	from	some	of	these	

tissues,	and	especially	the	spermathecae	and	parovaria.	To	begin	to	achieve	a	similar	level	of	

understanding	of	the	molecular	and	biological	roles	carried	out	by	the	collection	of	RNAs	in	

female	seminal	fluids,	I	utilized	transcriptomics	to	study	the	composition	of	three	female	

reproductive	tissues	dissected	from	females	across	8	Drosophila	species.		

	

Why	study	sperm	storage	in	females	of	Drosophila?		

Little	remains	known	with	respect	to	the	roles	played	by	the	diverse	reproductive	

organs	and	tissues	outside	of	ovaries	in	females.	In	the	few	and	far	away	studies	that	describe	

the	molecular	components	of	these	organs	in	Drosophila,	the	seminal	receptacle,	the	

spermathecae,	and	the	parovaria	are	female	reproductive	organs	known	to	be	important	sites	

for	the	secretion	of	products	associated	with	future	and	successful	fertilization.	However,	and	

with	respect	to	sperm	storage	molecules	made	by	females	specifically,	only	glucose	

dehydrogenase	(Gld)	has	been	demonstrated	so	far	to	have	an	active	role	in	recruiting	sperm	to	

the	spermathecae	(Schiff	et	al.	1992,	Lida	and	Cavener	2004).	While	little	is	known	about	the	
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active	role	played	by	females	in	sperm	storage,	much	more	is	known	about	the	tissue	of	origins,	

protein	classes,	and	degree	of	involvement	of	male-transferred	proteins	in	this	process.	These	

proteins	include	glucose	dehydrogenase	(Gld),	which	in	addition	to	being	produced	by	the	

spermathecae,	is	made	by	the	male’s	ejaculatory	duct	and	ejaculatory	bulb	(Cavener	1983,	

Schiff	et	al.	1992,	Lida	and	Cavener	2004,	McGraw	et	al.	2004,	Ram	&	Wolfner	2009).	Another	

protein	made	in	the	ejaculatory	duct	and	responsible	for	both	sperm	storage	and	sperm	release	

from	storage	is	Esterase-6	(Gilbert	1981,	Gilbert	and	Richmond	1982).	Otherwise,	there	has	

been	a	bias	in	the	literature	towards	the	characterization	of	accessory	gland	proteins	involved	

in	female	sperm	storage,	which	include	but	are	not	limited	to	the	prohormone	Acp36DE	(Avila	

&	Wolfner	2009,	Neubaum	&	Wolfner	1999,	Bloch	&	Wolfner	2003,	Chapman	et	al.	2000),	the	

lectins	Acp29AB	(Wong	et	al.	2008),	CG1652	and	CG1656	(Ravi	&	Wolfner	2007,	Ram	&	Wolfner	

2009),	the	serine	proteases	Seminase	(LaFlamme	et	al.	2012)	and	CG9997	(Ravi	&	Wolfner	

2007,	Ram	&	Wolfner	2009),	and	the	metalloprotease	CG11864	(LaFlamme	et	al.	2012,	Ravi	

Ram	et	al.	2006).	Although	only	one	female-produced	product	(Gld)	has	been	characterized	to	

be	involved	in	sperm	storage,	ablation	of	the	spermathecal	secretory	cells	results	in	a	decrease	

of	sperm	recruitment	into	this	organ	and	in	the	rapid	loss	of	sperm	motility	in	the	seminal	

receptacle,	implying	the	ability	of	certain	products	to	act	at	a	distance	from	their	production	

site	in	the	female	reproductive	tract	(Schnakenberg	et	al.	2011).	In	addition	to	such	

observations,	the	impressive	variation	in	physiology	of	these	female	reproductive	tissues	across	

species	and	especially	in	the	volume	of	the	cuboidal	secretory	cells	that	make	up	the	

spermathecae	and	parovaria,	as	well	as	the	variation	in	the	sperm	storage	abilities	of	these	

three	tissues	(Pitnick	et	al.	1999)	suggest	that	these	organs	vary	in	molecular	and	biological	
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functions	across	species,	which	motivates	us	to	study	the	transcriptome	bases	of	these	varied	

sperm	storage	phenotypes	across	tissues	and	species.		

In	addition	to	better	understanding	the	functions	of	these	female	organs	across	species,	

it	is	important	to	remember	that	sperm	maturation	rarely	ends	in	the	testes	of	animals.	As	

Pitnick	et	al.	(2020)	have	pointed	out,	sperm	activation	in	animals	often	takes	place	in	the	

female	reproductive	tract.	Modification	of	sperm	after	transfer	to	the	female	prolongs	the	

ability	of	these	sperm	to	be	retained	for	future	use,	which	predicts	an	evolutionary	dynamic	

relationship	of	the	reproductive	gene	products	made	by	both	males	and	females	to	support	

future	and	successful	fertilization.	It	has	been	previously	shown	that	male-biased	gene	

expression	evolves	rapidly	(Haerty	et	al.,	2007;	Zhang	et	al.,	2007;	Harrison	et	al.,	2015),	and	it	

is	suspected	that	such	changes	also	take	place	in	the	evolution	of	female-biased	gene	

expression.	In	support	of	the	dynamic	behavior	of	gene	expression	across	male	and	female	

reproductive	organs,	recent	work	by	Sirot	et	al.	(2014)	supports	the	evolution	of	a	novel	serine	

endopeptidase	through	duplication	of	an	existing	FRT	gene,	indicating	a	switch	in	sex-biased	

expression	of	one	of	the	duplicates	from	the	ancestral	pattern	of	female	reproductive	tract	

expression	to	the	male	accessory	gland.	My	work	on	the	evolution	of	these	organs	in	females	

will	hopefully	shed	some	light	on	the	frequency	of	gene	expression	changes	in	females	across	

species,	and	will	also	serve	as	a	foundation	for	characterizing	female	contributions	to	the	male-

female	interactions	that	are	important	to	animal	fertility.			
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Why	study	the	evolution	of	sperm	storage	in	females	of	Drosophila?		

So	far,	few	studies	have	examined	the	co-evolution	of	male	and	female	reproductive	

organs	and	products.	By	characterizing	the	transcriptomic	contents	of	these	dynamic	female	

organs	in	Drosophila,	these	studies	begin	to	compliment	the	large	body	of	knowledge	that	

exists	regarding	male	contributions	to	sex.	Also,	better	understanding	the	co-evolution	of	sexes	

has	the	potential	to	characterize	the	genetic	bases	of	reproductive	isolation	between	divergent	

populations	and	divergent	species.	The	diverse	male-female	interactions	that	take	place	in	

female	tissues	are	likely	to	be	involved	in	speciation,	and	one	cannot	understand	such	

interactions	without	first	categorizing	the	female-specific	contributions	to	reproduction.		

By	examining	the	content	of	these	female	tissue	transcriptomes,	I	hypothesize	that	gene	

co-option	may	explain	some	of	the	novel	abilities	of	sperm	storage	seen	in	the	parovaria	of	D.	

takahashii	and	D.	nigricruria.	In	a	recent	study	by	Meslin	et	al.	(2015),	the	authors	revealed	a	

suite	of	highly	expressed	and	secreted	gene	products	in	the	female	bursa	that	confer	stomach-

like	traits	for	mechanical	and	enzymatic	digestion	of	the	spermatophore.	By	studying	these	

bursa	genes	in	an	evolutionary	framework,	the	authors	found	that	the	majority	of	these	

digestive	genes	were	co-opted	in	expression	into	the	bursa,	while	they	also	still	remain	

expressed	in	their	ancestral	non-reproductive	tissues.	Other	examples	that	illustrate	the	extent	

by	which	a	pre-existing	phenotype	can	change	due	to	gene	co-option	include	the	strong	

association	between	the	expression	of	dsx	in	Drosophila	male	forelegs	and	the	presence	of	sex	

brushes	in	flies	of	the	immigrans	species	group	(Rice	et	al.	2018),	and	the	association	between	
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the	expression	of	ebony	and	male-specific	abdominal	pigmentation	(Signor	et	al.	2016),	among	

others.		

While	the	results	from	these	tissue	transcritpomes	have	not	yet	been	studied,	the	

underlying	genomic	mechanisms	for	the	gain	and	loss	of	sperm	storage	in	these	female	organs	

will	begin	to	compliment	the	wealth	of	species	data	that	exists	for	males	in	these	species.	While	

the	female	tissue	transcriptomes	have	not	yet	been	characterized,	I	am	curious	about	the	

overall	strategies	used	by	females	across	Drosophila	species	in	the	storage	of	sperm.	I	am	also	

intrigued	about	the	amenability	of	gene	expression	switches	between	the	sexes.	When	we	

compliment	the	male	reproductive	products	to	those	made	by	females,	do	we	find	mostly	find	

evidence	for	the	continuity	in	expression	of	the	same	genes	and	by	the	same	sex?	Do	we	find	

evidence	for	gene	expression	switches	between	the	sexes,	given	that	these	molecules	are	

ultimately	optimized	to	function	in	the	female	reproductive	tract?		
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Figure	1.	Gain	of	sperm	storage	in	females.	Panels	A	and	B	depict	the	Drosophila	species	chosen	

for	the	tissue	comparisons.	Blue	colors	indicate	species	where	females	only	store	sperm	in	the	

seminal	receptacle	and	the	spermathecae,	whereas	green	colors	indicate	species	where	

females	store	sperm	in	the	seminal	receptacle,	spermathecae,	and	parovaria.		

	

	

Figure	2.	Loss	of	sperm	storage	in	females.	Panels	C	and	D	depict	the	Drosophila	species	chosen	

for	the	tissue	comparisons.	Blue	colors	indicate	species	where	females	store	sperm	in	both	the	

seminal	receptacle	and	the	spermathecae,	whereas	yellow	colors	indicate	species	where	

females	only	store	sperm	in	the	seminal	receptacle,	having	lost	the	ability	to	store	sperm	in	the	

spermathecae.		
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Table	1.	Total	RNA	sequencing	read	numbers	for	the	seminal	receptacle,	spermathecae,	and	

parovaria	of	females	in	the	melanogaster	species	subgroup.	The	numbers	presented	are	in	

millions	of	reads	per	sample.	These	are	single-end	80	bp	reads.		

	

Species	 Tissue	 Replicate1		
(Million)	

Replicate2		
(Million)	

Replicate3		
(Million)	

D.	melanogaster	 Seminal	Receptacle	 4,251,173	 4,197,622	 4,108,152	

D.	melanogaster	 Spermathecae	 4,202,434	 4,159,211	 4,124,396	

D.	melanogaster	 Parovaria	 4,154,996	 4,061,629	 4,032,752	

D.	serrata	 Seminal	Receptacle	 4,382,185	 4,454,906	 4,479,418	

D.	serrata	 Spermathecae	 4,162,191	 4,478,506	 4,511,651	

D.	serrata	 Parovaria	 4,451,787	 4,461,173	 4,450,532	

D.	takahashii	 Seminal	Receptacle	 4,451,170	 4,101,486	 6,592,187	

D.	takahashii	 Spermathecae	 4,553,976	 5,743,592	 4,083,356	

D.	takahashii	 Parovaria	 4,123,693	 4,057,115	 6,119,308	

D.	greeni	 Seminal	Receptacle	 4,180,173	 4,090,413	 4,406,926	

D.	greeni	 Spermathecae	 4,155,264	 4,152,353	 4,209,395	

D.	greeni	 Parovaria	 4,304,716	 4,421,533	 4,103,207	
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Table	2.	Total	RNA	sequencing	read	numbers	for	the	seminal	receptacle,	spermathecae,	and	

parovaria	of	females	in	the	repleta	species	subgroup.	The	numbers	presented	are	in	millions	of	

reads	per	sample.	These	are	single-end	80	bp	reads.		

	

	

Species	 Tissue	

	

Replicate	1		
(Million)	

Replicate	2		
(Million)	

Replicate	3		
(Million)	

D.	repleta	 Seminal	Receptacle	
Sequencing		
in	progress	

Sequencing	
in	progress	

Sequencing		
in	progress	

D.	repleta	 Spermathecae	
Sequencing		
in	progress	

Sequencing	
in	progress	

Sequencing		
in	progress	

D.	repleta	 Parovaria	
Sequencing		
in	progress	

Sequencing	
in	progress	

Sequencing		
in	progress	

D.	nigricruria	 Seminal	Receptacle	 4,611,617	 4,353,412	 4,560,164	

D.	nigricruria	 Spermathecae	 4,443,953	 4,253,698	 4,048,971	

D.	nigricruria	 Parovaria	 4,382,755	 4,606,667	 4,101,152	

D.	bifurca	 Seminal	Receptacle	 4,022,522	 4,084,433	 4,162,980	

D.	bifurca	 Spermathecae	 4,061,723	 4,093,491	 4,133,574	

D.	bifurca	 Parovaria	 4,064,102	 4,156,349	 4,190,445	

D.	hydei	 Seminal	Receptacle	 4,082,994	 4,164,898	 4,286,627	

D.	hydei	 Spermathecae	 4,078,058	 4,038,672	 4,104,426	

D.	hydei	 Parovaria	 4,512,175	 4,308,182	 4,802,648	
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Table	3.	RNA	concentrations	for	the	seminal	receptacle,	spermathecae,	and	parovaria	samples	

from	females	dissected	in	the	melanogaster	species	subgroup.		

	

Species	 Tissue	

	

Replicate	1	
concentration	

(ng/ul)	

Replicate	2		
concentration	

(ng/ul)	

Replicate	3	
concentration	

(ng/ul)	

D.	melanogaster	 Seminal	Receptacle	 4.92	 8.08	 2.57	

D.	melanogaster	 Spermathecae	 8.24	 9.18	 0.90	

D.	melanogaster	 Parovaria	 2.20	 3.71	 2.30	

D.	serrata	 Seminal	Receptacle	 2.60	 2.92	 2.68	

D.	serrata	 Spermathecae	 11.0	 4.79	 11.3	

D.	serrata	 Parovaria	 4.78	 1.50	 2.00	

D.	takahashii	 Seminal	Receptacle	 3.23	 2.40	 1.80	

D.	takahashii	 Spermathecae	 24.1	 8.08	 6.96	

D.	takahashii	 Parovaria	 5.05	 3.00	 1.70	

D.	greeni	 Seminal	Receptacle	 5.89	 6.37	 1.90	

D.	greeni	 Spermathecae	 2.20	 4.78	 0.66	

D.	greeni	 Parovaria	 0.90	 0.18	 0.45	
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Table	4.	RNA	concentrations	for	the	seminal	receptacle,	spermathecae,	and	parovaria	samples	

from	females	dissected	in	the	repleta	species	subgroup.		

	

	

Species	 Tissue	

Replicate	1		
concentration	

(ng/ul)	

	
Replicate	2		

concentration	
(ng/ul)	

Replicate	3	
concentration	

(ng/ul)	

D.	repleta	 Seminal	Receptacle	 18.6	 17.4	 16.4	

D.	repleta	 Spermathecae	 19.7	 21.5	 25.8	

D.	repleta	 Parovaria	 4.78	 2.10	 1.20	

D.	nigricruria	 Seminal	Receptacle	 3.70	 3.59	 2.93	

D.	nigricruria	 Spermathecae	 5.86	 3.94	 3.79	

D.	nigricruria	 Parovaria	 2.50	 0.28	 1.70	

D.	bifurca	 Seminal	Receptacle	 1.10	 4.80	 14.8	

D.	bifurca	 Spermathecae	 43.4	 43.3	 26.6	

D.	bifurca	 Parovaria	 13.4	 7.59	 6.93	

D.	hydei	 Seminal	Receptacle	 7.45	 13.8	 11.3	

D.	hydei	 Spermathecae	 8.75	 7.87	 7.64	

D.	hydei	 Parovaria	 6.77	 4.84	 7.39	
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Chapter	3	

Re-Wiring	of	Gene	Regulatory	Networks	in	the	Drosophila	Testes:		

Mechanism	of	Gene	Co-Option	and	Transcriptome	Evolution	
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INTRODUCTION	

The	relationship	between	the	evolution	of	genomes	and	organismal	phenotypes	is	

complex	and	multifaceted.	It	has	long	been	appreciated	that	changes	in	gene	regulation	are	a	

major	force	in	phenotypic	evolution,	and	that	the	origin	of	new	traits	does	not	necessarily	

require	the	origin	of	new	genes	(Carroll,	2005;	Davidson,	2006;	King	and	Wilson,	1975).	In	

particular,	gene	cooption,	or	the	exaptation	of	pre-existing	genes	for	new	organismal	functions,	

is	one	of	the	major	sources	of	evolutionary	innovation	and	diversification,	and	gene	cooption	

results	in	rewiring	of	the	pre-existing	gene	regulatory	network	(Monteiro	and	Podlaha,	2009;	

Rosin	and	Kramer,	2009;	Schlosser	and	Wagner,	2004;	True	and	Carroll,	2002).	A	number	of	

studies	suggest	that	changes	in	the	developmental	regulation	of	evolutionarily	conserved	genes	

can	give	rise	to	new	morphological	structures	(Gotoh	et	al.,	2014;	Kijimoto	et	al.,	2012;	Tanaka	

et	al.,	2011).	However,	little	is	known	about	the	contribution	of	gene	regulatory	network	

rewiring	to	the	remodeling	of	tissue-specific	transcriptomes,	which	takes	place	via	gains	and	

losses	of	gene	expression,	a	process	known	as	transcriptome	turnover.		

Most	work	on	transcriptome	evolution	has	focused	on	quantitative	variation	in	gene	

expression	levels	between	and	within	species	(Brawand	et	al.,	2011;	Enard	et	al.,	2002;	Gilad	et	

al.,	2006;	Khaitovich	et	al.,	2005b;	McManus	et	al.,	2010;	Nuzhdin	et	al.,	2004;	Ranz	et	al.,	

2003).	However,	qualitative	(gene	presence/absence)	differences	between	the	transcriptomes	

of	different	species	have	the	potential	to	produce	the	greatest	evolutionary	shifts	in	organ	

function:	The	recruitment	of	the	Prolactin	gene	into	the	endometrial	decidual	cells	during	the	
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evolution	of	pregnancy	in	placental	mammals	is	a	prime	example	(Emera	et	al.,	2012;	Emera	

and	Wagner,	2012;	Lynch	et	al.,	2011).	In	primates,	the	origin	of	corticotropin-releasing	

hormone	expression	in	the	placenta	has	been	linked	to	the	evolution	of	the	fetal	adrenal	zone,	

a	structure	unique	to	primates	that	in	turn	stimulates	estrogen	production	in	the	placenta	

(Power	and	Schulkin,	2006).	Similarly,	the	evolution	of	optically	complex	eyes	in	many	animal	

lineages	involved	the	origin	and	regulatory	recruitment	of	a	variety	of	lens	crystallin	genes	

(Cvekl	and	Piatigorsky,	1996;	True	and	Carroll,	2002).		

Since	transcriptome	turnover	is	a	consequence	of	evolutionary	changes	in	the	

regulatory	networks	that	control	tissue	development,	I	proposed	to	use	the	gain	of	esg	

expression	in	the	testes	as	a	model	to	study	the	effects	of	gene	regulatory	rewiring	on	tissue	

function.	This	is	a	great	model	for	two	reasons.	Firstly,	male	reproduction	evolves	rapidly	both	

in	Drosophila	and	in	mammals	(Brawand	et	al.,	2011;	Ellegren	and	Parsch,	2007;	Khaitovich	et	

al.,	2005a;	Meiklejohn	et	al.,	2003;	Parsch	and	Ellegren,	2013;	Voolstra	et	al.,	2007),	leading	us	

to	expect	substantial	transcriptome	turnover	over	short	evolutionary	distances.	Secondly,	the	

gene	esg	is	autonomously	expressed	in	three	cell	types	that	constitute	the	testis	stem	cell	niche	

in	D.	melanogaster,	and	loss	of	expression	of	this	gene	leads	to	the	progressive	loss	of	all	cell	

types	in	the	testis	niche,	which	has	serious	consequences	to	the	testis	transcriptome	and	to	the	

male’s	fertility	in	this	species.	However,	this	gene	does	not	seem	to	have	the	same	roles	in	the	

testes	of	other	Drosophila	examined,	and	our	data	support	a	gain	of	expression	in	the	testes	of	

D.	melanogaster	after	divergence	from	D.	simulans.	This	model	will	allow	me	to	test	if	1)	

Changes	in	the	non-coding	region	led	to	the	gain	of	esg	expression	in	the	testes	of	D.	
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melanogaster,	and	2)	Rewiring	of	gene	regulatory	networks	in	the	testes	led	to	changes	in	

tissue	function.		

Preliminary	data	

Genome	assemblies	and	testes	transcriptomes.		

In	collaboration	with	others	in	the	modEncode	consortium,	the	Kopp	Lab	sequenced	the	

genomes	of	8	new	species	from	the	D.	melanogaster	species	group	(Chen,	2014).	For	most	of	

these	species,	the	resulting	genome	assemblies	are	of	very	high	quality	with	scaffold	N50	

between	390kb	and	3128kb	(Table	1).	Together	with	the	previously	sequenced	genomes	(Clark	

et	al.,	2007),	we	now	have	access	to	complete	genome	sequences	of	14	representatives	of	the	

D.	melanogaster	species	group	(Fig.	8).	The	Kopp	Lab	then	selected	11	species	from	the	

melanogaster	species	group	for	further	analysis	based	on	their	phylogenetic	position	and	the	

availability	of	high-quality	genome	assemblies	(Table	1).	For	each	of	these	species,	the	Kopp	lab	

sequenced	the	transcriptomes	of	testes	using	pools	of	30-50	mixed-age	males	raised	under	

standard	conditions.	For	each	species,	the	strain	chosen	was	the	same	strain	used	for	the	

reference	genome	sequence	(Chen,	2014).	Sequencing	libraries	were	prepared	from	1	mcg	of	

total	RNA	per	sample.	ERCC	control	spikes	(Jiang	et	al.,	2011;	Loven	et	al.,	2012)	were	added	to	

each	library	to	enable	data	normalization	and	presence/absence	calls.	All	libraries	were	

sequenced	on	Illumina	HiSeq	3000	or	4000	with	long	150bp	or	100bp	paired-end	reads.		
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Identification	of	Esg	transcriptional	targets	by	DamID.		

To	better	understand	the	gene	regulatory	network	that	includes	escargot,	our	

collaborators	at	UCLA	dissected	whole	testes	from	flies	expressing	low	levels	of	Dam::Esg	fusion	

protein	and	from	control	flies	expressing	Dam	alone	(method	visualized	in	figure	12),	and	

tissues	were	immediately	frozen	on	dry	ice	and	transferred	to	80°C.	Genomic	DNA	was	isolated	

from	approximately	50	testes	per	genotype	and	processed	following	the	protocol	in	Choksi	et	al	

(2006).	Triplicate	samples	of	labeled	DNA	were	hybridized	with	a	dye-swap	to	Nimble-	Gen	2.1	

M	whole-genome	tiling	arrays	(Roche)	at	the	FlyChip	facility	(www.flychip.org.uk).	DamID	data	

were	analyzed	to	identify	Esg	binding	regions	(EBRs)	with	minor	modifications	to	the	protocol	in	

Southall	and	Brand	(2009).	Overall,	these	analyses	suggest	that	314	and	1100	target	genes	are	

potentially	regulated	by	Esg	when	Esg	TFBS	are	examined	within	2kb	and	5kb	of	target	genes,	

respectively.		

	

MATERIALS	AND	METHODS	

Fly	Stocks	

The	following	stocks	were	used	in	my	study:	D.	melanogaster	w1118	(identifier	

FBal0018186),	the	GFP	trap	line	D.	melanogaster:	esg-GFP	(gift	from	Lynn	Cooley	and	Leanne	

Jones,	identifier	P01986),	D.	simulans	14021-0251.011	(National	Drosophila	Species	Stock	

Center),	and	D.	yakuba	14021-0261.01	011	(National	Drosophila	Species	Stock	Center).	For	each	

species,	the	wildtype	strain	chosen	was	the	same	strain	used	for	the	reference	genome	

sequence	(Chen,	2014).		
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Immunostaining	and	Microscopy	

Fly	cultures	were	raised	on	standard	Drosophila	media	at	22°C,	and	virgin	males	were	

collected	and	stored	in	low-density	vials.	Tissues	were	dissected	in	1x	PBS,	processed,	and	

immunostained	by	fixing	tissues	for	20	minutes	at	room	temperature	in	4%	formaldehyde	(0.1	

M	Pipes	pH	=	6.9,	1	mM	EGTA	pH	=	7.0,	2	mM	MgCl,	1%	Triton	X-100).	This	was	followed	by	

three	washes	in	1x	PBS	and	three	washes	in	0.1	M	Tris-HCl/0.3	M	NaCl	(pH	7.4)	with	0.5%	Triton	

X-100	(TNT)	for	15	minutes	each.	Tissues	were	then	blocked	in	Invitrogen/molecular	probes	

solution	Image-iT	FX	signal	enhancer	(Cat	#136933)	for	30	minutes	at	room	temperature,	and	

washed	three	times	in	TNT.	The	GFP	trap	line	D.	melanogaster	esg-GFP	did	not	require	any	

additional	staining	and	was	mounted	in	Fluomount	G	to	be	visualized	immediately	afterwards	

under	confocal	microscopy.	After	blocking	tissues	dissected	from	wild-type	flies,	appropriate	

primary	antibodies	were	added	to	the	samples	dissected	and	incubated	at	4 °C	overnight	to	

allow	ample	time	for	the	antibodies	to	bind	at	both	tested	dilutions.	The	primary	antibody	used	

was	rat	anti-esg	and	was	used	at	both	1:1000	and	at	1:100	dilutions	in	TNT	as	suggested	by	Dr.	

Hayashi,	who	could	not	guarantee	the	efficacy	of	this	antibody	more	than	25	years	after	it	was	

developed	by	his	laboratory.	The	secondary	antibody	used	was	AlexaFluor555-conjugated	goat	

anti-rat	(1:500	dilution,	Thermofisher).	To	minimize	cross-reactivity,	this	secondary	antibody	

was	adsorbed	against	mouse	IgG,	mouse	serum,	and	human	serum	prior	to	conjugation.	For	

some	of	the	later	imaging	in	D.	melanogaster	testes,	the	secondary	antibody	was	pre-absorbed	

with	testes	and	intestines	dissected	from	other	males	to	reduce	background	staining	and	to	

produce	a	clearer	signal.	Lastly,	tissues	were	mounted	in	Prolong	Gold	after	six	15minute	

washes	in	TNT.	Fluorescent	images	were	taken	on	an	Olympus	1000	confocal	microscope	at	the	



59	

MCB	LM	Imaging	Facility	at	the	University	of	California	Davis.	Images	were	processed	using	

Image	J	software	(v2.0.0,	Wayne	Rasband,	National	Institute	of	Health,	http://imagej.nih.gov/ij)	

and	Adobe	Photoshop,	and	at	least	eight	testes	were	examined	for	each	study	with	20x	and	40x	

oil-immersion	objectives.	Z-series	projection	were	produced	using	ImageJ.		

RNA	extraction	and	quantitative	RT-PCR	

After	dissection	from	7	day	old	and	sexually	males	in	D.	melanogaster,	D.	simulans,	and	

D.	yakuba,	eighty	testes	per	species	replicate	were	frozen	at	-80°C	in	fresh	Trizol	buffer	(Trizol	

Life	Technologies,	1559602659)	before	RNA	was	extracted	following	a	standard	Trizol-

chloroform	extraction	protocol.	For	each	replicate,	first	strand	complementary	DNA	(cDNA)	was	

generated	from	1	ug	of	purified	total	RNA	using	Superscript	III	reverse	transcriptase	(Invitrogen)	

and	oligo(dT)12-18	and	random	hexamers.	The	cDNA	was	then	used	to	as	a	template	for	qPCR	

analysis	using	SYBR	green	detection	on	a	BioRad	cycler.	The	following	reactions	were	carried	

out	in	triplicate	and	melting	curves	were	examined	to	ensure	single	products.	Lastly,	results	

were	quantified	using	the	delta-delta-Ct	method	(Livak	and	Schmittgen	2001)	to	normalize	to	

Act5C	transcript	levels	and	to	control	for	species	genotypes.	The	data	present	averages	and	

standard	deviations	from	at	least	3	independent	experiments.	The	primer	pairs	chosen	were	

published	earlier	(Xing	and	Li	2015)	and	the	following	forward	and	reverse	primers	were	used.		

Act5C:	GATCTGTATGCCAACACCGT,	GCGGGGCAATGATCTTGATC	

esg:	TACCCATCATCACCATGCGCCTAT,	TCCCGGCTGGCTAGTGTTTAGATT	
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RESULTS	

Immunostaining	and	Microscopy		

Both	panels	in	figure	1	support	the	expression	and	presence	of	the	escargot	

transcription	factor	in	the	testes	of	D.	melanogaster	males,	as	evidenced	by	visualizing	testes	

dissected	from	the	enhancer	trap	Esg-GFP.	These	images	support	specific	presence	of	the	esg	

factor	in	cells	that	make	up	the	stem	cell	niche	(figure	11	for	reference)	at	the	distal	end	of	the	

Drosophila	testis.	These	images	also	support	the	absence	of	the	esg	transcription	factor	in	the	

remaining	cell	types	that	make	up	the	testis	in	this	species.	Dissection	of	the	intestines	in	this	

transgenic	line	also	supports	the	expression	of	esg	in	the	stem	cells	that	make	up	the	intestine	

(figure	2)	but	nowhere	else	in	that	organ,	an	expression	pattern	earlier	characterized	and	

described	by	colleagues	in	the	field	(Korzelius	et	al.	2014,	Loza-Coll	et	al.	2014).		

When	using	antibodies	to	stain	the	testes	of	D.	melanogaster,	the	555	Secondary	Goat	

Anti	Rat	antibody	alone	(figure	3,	left	panel)	produces	a	strong	background	signal.	Similar	

images	were	obtained	(figure	3,	right	panel)	when	imaging	testes	that	were	stained	with	the	

primary	anti-esg	and	the	secondary	antibody	chosen.	To	potentially	decrease	the	background	

signal	in	the	testes,	aliquots	of	the	secondary	antibody	were	later	pre-absorbed	with	testes	and	

intestines	dissected	from	D.	melanogaster	males,	and	these	aliquots	were	used	to	produce	the	

images	seen	in	figure	4.	Similarly	to	the	earlier	results,	a	strong	background	continued	to	be	

seen	in	these	confocal	images.	This	staining	pattern	was	also	observed	when	studying	the	

expression	of	esg	in	the	testes	of	D.	simulans	(figure	5),	where	the	secondary	antibody	alone	

produced	a	strong	background	signal	in	the	testes	of	this	species.		
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Quantitative	RT-PCR		

To	validate	the	result	of	differential	expression	of	esg	in	our	preliminary	transcriptome	

study	of	the	testes	in	D.	melanogaster,	D.	simulans,	and	D.	yakuba	(figure	7),	I	performed	qPCR	

experiments	using	testes	from	these	three	species	to	determine	the	relative	change	in	

expression	of	escargot	across	this	tissue.	I	found	that	escargot	was	27	times	more	highly	

expressed	in	the	testes	of	D.	melanogaster	relative	to	D.	simulans,	and	that	escargot	was	

absent	in	expression	in	the	testes	of	D.	yakuba	(figure	6).		

	

	DISCUSSION	

Numerous	challenges	were	encountered	while	working	on	this	study.	Whether	the	

secondary	antibody	was	pre-absorbed	or	not,	the	strong	signal	could	not	be	avoided	when	

visualizing	the	testes	under	confocal	microscopy	in	D.	melanogaster	and	in	D.	simulans.	This	

fact	alone	made	the	comparison	between	treatments	of	the	same	tissue	impossible,	as	there	

was	no	mechanism	that	could	reliably	help	compare	tissues	stained	with	a	secondary	antibody	

alone	with	those	tissues	stained	with	both	primary	and	secondary	antibodies.	While	it	was	

comforting	to	know	that	escargot	was	indeed	expressed	in	the	stem	cell	niche	of	D.	

melanogaster	testes,	as	validated	by	my	images	of	the	enhancer	trap	Esg-GFP	line,	I	could	not	

reproduce	quality	images	of	specific	staining	in	the	testes	using	this	secondary	antibody.	To	

make	matters	more	challenging,	the	anti-escargot	antibody	produced	by	Dr.	Shigeo	Hayashi	

was	the	only	antibody	against	escargot	that	has	ever	been	used	successfully	for	the	purposes	of	
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tissue	staining.	Since	then,	a	handful	of	other	escargot	antibodies	were	generated	by	other	

academic	and	non-academic	labs,	but	none	of	them	have	been	able	to	be	used	for	

immunostaining	and	have	only	been	used	in	Western	blots	(personal	communication	with	

various	colleagues).		

Separately	from	my	immunostaining	studies,	it	was	exciting	to	validate	the	differential	

expression	of	escargot	in	the	testes	of	these	three	species	using	qPCR.		

All	of	my	qPCR	studies	independently	supported	the	differential	expression	of	esg	seen	across	

the	testes	of	D.	melanogaster,	D.	simulans,	and	D.	yakuba.	While	I	could	not	visualize	the	

difference	in	expression	seen	for	this	important	gene	across	species	testes,	I	hope	that	future	

studies	can	verify	the	minimal	expression	of	escargot	in	the	testes	of	D.	simulans	relative	to	D.	

melanogaster,	and	to	verify	the	absence	in	expression	of	escargot	in	the	testes	of	D.	yakuba.	If	

that	is	indeed	the	case,	then	I	am	curious	about	localization	of	escargot	products	in	the	testes	

of	D.	simulans.	While	escargot	is	expressed	in	the	hub	cells,	cyst	stem	cells,	and	germline	stem	

cells	of	the	testes	in	D.	melanogaster,	I	wonder	if	esg	expression	is	potentially	limited	to	one	or	

two	of	the	stem	cell	types	in	the	testes	of	D.	simulans.	Another	hypothesis	for	the	lower	

expression	of	esg	in	the	testes	of	D.	simulans	could	be	related	to	a	significantly	lower	

expression	of	this	gene	in	each	of	the	three	cell	types	where	it	is	expressed	in	D.	melanogaster	

testes.	A	third	scenario	that	might	explain	the	strong	difference	in	expression	of	this	gene	

between	D.	melanogaster	and	D.	simulans	testes	could	be	related	to	the	spatial	expression	of	

this	gene,	where	escargot	might	be	lowly	expressed	in	the	testes	of	D.	simulans	but	in	cells	

outside	of	the	stem	cell	niche.	No	matter	where	the	escargot	gene	is	expressed	in	the	testes	of	

D.	simulans,	our	testes	transcriptome	data	(figure	7)	seem	to	support	that	the	expression	of	
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escargot	is	a	derived	feature	of	the	testes	in	flies	of	the	genus	Drosophila,	and	that	this	gene	

has	quickly	become	an	important	regulator	of	testis	somatic	stem	cell	fate	(Demarco	et	al.	

2022,	2020)	in	at	least	one	species,	D.	melanogaster,	after	divergence	from	ancestral	flies	in	this	

group.	Lastly,	and	outside	of	the	testes,	the	transcription	factor	escargot	also	regulates	

intestinal	stem	cell	fate	in	D.	melanogaster.	While	there	are	no	studies	has	been	published	that	

examine	the	expression	of	this	gene	in	the	intestines	of	species	outside	of	D.	melanogaster,	I	

wonder	if	such	qualitative	differential	expression	could	also	be	seen	in	other	Drosophila	tissues.	

Escargot	is	an	important	transcription	factor	in	the	Snail	family	that	maintains	stemness	is	

various	tissues	of	D.	melanogaster,	and	this	feature	seems	to	be	derived	in	the	testes	of	D.	

melanogaster	as	well	as	other	species	including	D.	kikkawai	and	D.	ficusphila,	as	seen	in	our	

tramscriptome	study	of	the	testes	across	species	(figure	7).	In	the	future,	I	encourage	

colleagues	to	study	the	derived	expression	of	escargot	in	the	testes	of	these	species,	as	this	

gene	product	seems	to	have	rapidly	rewired	at	least	one	gene	regulatory	network	underlying	

the	cyst	stem	cells	of	the	D.	melanogaster	testes,	and	yet	nothing	is	known	about	the	

expression	of	this	gene	outside	of	D.	melanogaster.	If	colleagues	do	pick	up	such	studies,	I	

encourage	them	to	use	a	different	method	to	visualize	the	presence	of	this	transcription	factor	

across	species	tissues,	and	perhaps	the	more	modern	method	of	in	situ	hybridization	chain	

reaction	could	visualize	the	differences	in	expression	that	are	suggested	by	our	testes	

transcriptome	and	qRT-PCR	studies.		
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TABLES	AND	FIGURES	
	

	

Figure	1.	Left	Panel:	Adult	testis	in	D.	melanogaster	showing	expression	of	the	esg	gene	in	the	

stem	cell	niche	using	enhancer	trap	Esg-GFP.	Note	that	esg	shows	little	to	no	expression	outside	

of	the	testis	niche.	Right	Panel:	Magnified	image	supports	expression	of	the	esg	gene	in	the	D.	

melanogaster	niche.		

	

Figure	2.	Adult	intestines	in	D.	melanogaster	showing	expression	of	the	esg	gene	in	the	

intestinal	stem	cells	using	enhancer	trap	Esg-GFP.		
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Figure	3.	Left	Panel:	D.	melanogaster	adult	testis	stained	with	555	Secondary	Goat	Anti	Rat	

antibody	only.	Right	Panel:	D.	melanogaster	adult	testis	stained	with	Hayashi	anti-esg	antibody	

and	555	Secondary	Goat	Anti	Rat	antibody.		

	

	

Figure	4.	Left	and	Right	Panels:	D.	melanogaster	adult	testes	stained	with	a	pre-absorbed	555	

Secondary	Goat	Anti	Rat	antibody	only.	



66	

	

Figure	5.	Left	Panel:	D.	simulans	adult	testis	stained	with	555	Secondary	Goat	Anti	Rat	antibody	

only.	Right	Panel:	D.	simulans	adult	testis	stained	with	Hayashi	anti-esg	antibody	and	555	

Secondary	Goat	Anti	Rat	antibody.		

	

Figure	6.	Relative	escargot	expression	in	the	testes	of	D.	melanogaster,	D.	simulans,	and	D.	

yakuba.	Sexually	mature	males	were	dissected	to	quantify	mRNA	levels	of	both	Act5C	(control)	

and	escargot.	The	results	were	normalized	to	Act5C.		
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Figure	7.	Escargot	expression	(TPM)	examined	in	11	closely-related	species	of	Drosophila	in	the	

melanogaster	group.		

	

	

Figure	8.	Phylogeny	of	the	species	used	in	this	project.	Newly	sequenced	genomes	are	in	bold.	

(*)	RNA-seq	data	for	adult	males	and	females	and	embryos;	while	(+)	represents	those	species	

with	RNA-seq	data	for	AGs	and	testes.		
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Figure	9.	Gene	span	shows	total	extent	of	transcribed	region	of	the	esg	gene	in	D.	

melanogaster,	with	direction	of	transcription	indicated.	Transcript	shows	the	exon	(1410bp,	

orange)	and	noncoding	sequence	(grey).	CDS	shows	extent	of	sequence	(470AA)	encoding	

Escargot	polypeptide.		

	

Figure	10.	Extent	of	alignment	of	the	escargot	gene	between	D.	melanogaster	(reference	

sequence)	and	D.	simulans	(top	track),	and	between	D.	melanogaster	(reference)	and	D.	yakuba	

(bottom	track).	Grey	arrow	parallels	gene	length.	Purple	color	reflects	exon.	Pink	color	reflects	

conserved	non-coding	sequence.		
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Table	1.	Drosophila	genome	and	RNAseq	data.	(*)	Published	genome	(Clark	et	al.,	2007).		

(#)	Published	data	(Paris	et	al.,	2013).	(^)	modENCODE	data.	

Stage	of	Development	 Region	of	Expression	
Embryonic		 Central	brain	primordium,	dorsal	ectoderm,	ventral	ectoderm,	

antennal	primodrium,	visual	primordium,	tracheal	
morphogenesis,	peripheral	nervous	system,	wing	disc,	
abdominal	histoblasts,	gonad,	genital	disc,	haltere	disc,	wing	
disc,	prothoracic	leg	disc,	metathoracic	leg	disc,	dorsal	ridge,	
mesothoracic	leg	disc,	spiracle	

Adult	Male		 testis	stem	cell	niche	cells,	male	and	female	intestinal	stem	
cells,	malphigian	tubules,	salivary	glands,	neuroblasts,	

Table		2.	Escargot	expression	in	regions	of	the	embryo	and	adult	in	D.	melanogaster.	

Gene	 Cell	Type	 Stocks	
unpaired		 Hub	cells	 upd-GAL4	
traffic	jam	 Cyst	stem	cells	 tj-GAL4	
nanos	 Germline	stem	cells	 nos-GAL4-VP16	
Table	3.	Gal4	drivers	used	to	drive	the	expression	of	Gal4	in	the	hub,	Cyst	Stem	Cells,	and	

Germline	Stem	Cells	in	D.	melanogaster	adult	testes.		
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