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ABSTRACT	OF	THE	DISSERTATION	

	

Functional	Characterization	of	the	Active	Muta1	Transposable	Element	and	Pack-
Mutator-Like	Elements	in	the	Mosquito	Aedes	aegypti	

	
by	

	
Kun	Liu	

	
Doctor	of	Philosophy,	Graduate	Program	in	Plant	Biology	

University	of	California,	Riverside,	March	2017	
Dr.	Susan	Wessler,	Chairperson	

	

Mutator–like	 transposable	 elements	 (MULEs)	 are	 widespread	 across	 fungi,	 plants	

and	 animals.	Most	 of	 the	 research	of	MULEs	has	 focused	on	plant	where	 they	 are	

discovered	 and	 have	 significant	 impact	 on	 genome	 structure.	 Despite	 being	

widespread,	 only	 a	 few	 active	 MULEs	 have	 been	 identified,	 meanwhile,	 the	

transposition	 mechanism	 of	 the	 MULEs	 is	 previously	 unknown.	 Pack-MULEs	 are	

able	to	capture	and	amplify	genes	or	gene	fragments	on	a	large	scale,	and	a	subset	of	

plant	 Pack-MULEs	 have	 been	 shown	 to	 be	 likely	 playing	 functional	 roles	 in	

regulating	gene	expression	and	providing	novel	 coding	 capacities.	However,	Pack-

MULEs	have	only	been	reported	in	plant	species.	

	

We	report	that	Muta1	identified	from	the	mosquito	Aedes	aegypti	is	capable	of	

excision	and	reinsertion	in	a	yeast	transposition	assay,	element	reinsertion	

generated	either	8	bp	or	9	bp	target	site	duplications	(TSDs)	with	no	apparent	

sequence	preference.	Mutagenesis	analysis	revealed	the	importance	of	several	
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conserved	amino	acids,	including	the	DDE	triad	in	transposase	function;	donor	site	

TSD	also	impacts	the	transposition	of	Muta1.	Via	in	vitro	assays,	we	have	dissected	

the	process	of	DNA	breakage	and	end	joining	of	Muta1.	The	transposition	reactions	

involve	double	strand	break	with	hairpin	formation	on	the	flanking	DNA,	and	3’	OH	

joining	to	the	target	DNA,	which	is	also	observed	in	the	hAT	transposons	and	the	

V(D)J	recombination	system.	Mutagenesis	analysis	revealed	the	involvement	of	the	

DDE	triad	and	a	conserved	W	residue	in	transposition	reactions.	The	terminal	motif	

and	subterminal	repeats	also	impact	Muta1	transposition.	We	also	report	the	

identification	1,378	Pack-MULEs	from	the	A.	aegypti,	genome.	Pack-MULEs	

preferentially	acquire	genic	fragments;	they	contain	fragments	from	423	parental	

genes.	Of	the	A.	aegypti	Pack-MULES,	9.7%	are	expressed,	11.8%	directly	generate	

sRNAs,	and	no	evidence	of	the	translation	of	Pack-MULE	sequences	could	be	

detected.	Comparison	of	the	sequences	acquired	by	the	host	genes	indicates	that	

fragments	of	genomic	DNA	have	been	captured,	amplified	and	rearranged	on	a	large	

scale	and	for	a	long	period	of	time	in	the	A.	aegypti	genome.	Gene	acquisition	activity	

of	Pack-MULEs	might	provide	an	important	mechanism	for	the	evolution	of	genes	in	

A.	aegypti.	
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Chapter	1	Functional	characterization	of	the	active	Mutator-like	transposable	

element,	Muta1	from	the	mosquito	Aedes	aegypti	

	

Abstract	

Mutator-like	transposable	elements	(MULEs)	are	widespread	with	members	in	

fungi,	plants,	and	animals.	Most	of	the	research	on	the	MULE	superfamily	has	

focused	on	plant	MULEs	where	they	were	discovered	and	where	some	are	extremely	

active	and	have	significant	impact	on	genome	structure.	The	maize	MuDR	element	

has	been	widely	used	as	a	tool	for	both	forward	and	reverse	genetic	studies	because	

of	its	high	transposition	rate	and	preference	for	targeting	genic	regions.	However,	

despite	being	widespread,	only	a	few	active	MULEs	have	been	identified,	and	only	

one,	the	rice	Os3378,	has	demonstrated	activity	in	a	non-host	organism.		

Here	we	report	the	identification	of	potentially	active	MULEs	in	the	mosquito	Aedes	

aegypti.	We	demonstrate	that	one	of	these,	Muta1,	is	capable	of	excision	and	

reinsertion	in	a	yeast	transposition	assay.	Element	reinsertion	generated	either	8	bp	

or	9	bp	target	site	duplications	(TSDs)	with	no	apparent	sequence	preference.	

Mutagenesis	analysis	of	donor	site	TSDs	in	the	yeast	assay	indicates	that	their	

presence	is	important	for	precise	excision	and	enhanced	transposition.		Site	directed	

mutagenesis	of	the	putative	DDE	catalytic	motif	and	other	conserved	residues	in	the	

transposase	protein	abolished	transposition	activity.		
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Introduction	

Transposable	elements	(TEs)	are	mobile	fragments	of	DNA	that	can	move	from	one	

locus	to	another	in	the	host	genome,	often	replicating	in	the	process.	TEs	usually	

make	up	the	largest	fraction	of	eukaryotic	genomes;	accounting	for	almost	half	of	

the	human	genome,	and	more	than	70%	of	the	genomes	of	some	grass	species	

(Finnegan,	1989).	Based	on	their	transposition	intermediate,	eukaryotic	TEs	are	

divided	into	two	classes.	Class	1	elements	utilize	an	RNA	intermediate	in	the	

transposition	reaction	while	the	intermediate	for	most	class	2	elements	is	the	

element	itself	that	is	mobilized	by	a	'cut	and	paste'	mechanism	(Wicker	et	al.,	2007).	

A	TE	family	is	composed	of	one	or	more	transposase-encoding	autonomous	

elements	and	up	to	several	thousand	nonautonomous	elements	that	do	not	encode	

functional	transposase.	Family	members	share	the	same	terminal	inverted	repeats	

(TIRs)	and	target	site	duplications	(TSDs)	of	the	same	length	allowing	them	to	move	

in	trans	by	utilizing	the	transposase	encoded	by	the	autonomous	family	member	

(Feschotte	et	al.,	2007).		

	

Prior	studies	have	classified	class	2	TEs	into	upwards	of	19	superfamilies	on	the	

basis	of	the	relatedness	of	the	element-encoded	transposase	(Bao	et	al.,	2007).	The	

original	Mutator	element,	now	called	MuDR,	was	first	isolated	from	a	maize	strain	as	

the	agent	responsible	for	its	high	forward	mutation	rate	(Robertson	1978;		Lisch,	

2013).	Subsequently,	members	of	this	superfamily,	called	collectively	Mutator-like	

transposable	elements	(MULEs),	were	found	in	other	plants,	and	in	fungi,	
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protozoans,	and	in	a	variety	of	animals,	(from	insects	to	fish	to	metazoans,	

Neuveglise	et	al.,	2005;	Pritham	et	at.,	2005;	Lopes		et	al.,	2009).	Typical	features	of	

MULEs	include	long	terminal	inverted	repeats	(TIRs)	(>100	bp)	and	an	8-10	bp	TSD	

(Lisch	2002).	Nonautonomous	family	members	often	contain	a	variety	of	sequences	

between	the	TIRs,	including	fragments	from	host	genes;	such	elements	are	called	

Pack-MULEs	(Jiang	et	al.,	2004).		To	date,	only	a	few	active	MULEs	have	been	

identified,	including	MuDR,	Hop1,	Jittery,	TED,	and	Os3378	(Lisch	2013;	Chalvet		et	

al.,	2004;	Xu	et	al.,	2004;	Li	et	al.,	2013;	Zhao	et	al.,	2015).	Importantly,	only	the	rice	

Os3378	element	has	been	shown	to	transpose	in	a	heterologous	host	(Zhao	et	al.,	

2015).		

	

Most	MULE	transposases	contain	a	N-terminal	zinc	finger	DNA	binding	motif	and	a	

conserved	C-terminal	DDE	domain,	which	has	been	shown	to	be	the	catalytic	core	

for	transposition	reactions	in	other	superfamilies	but	not	to	date	for	MULEs	(Babu	

et	al.,	2006;	Nesmelova	et	al.,	2010).	Phylogenetic	studies	indicate	that	the	DDE	

domain	of	MULE	transposases	is	closely	related	to	the	IS256	family,	which	is	present	

in	diverse	prokaryotes	(Eisen	et	al.,	1994).	Each	residue	of	the	predicted	DDE	motif	

of	IS256	has	been	shown	to	be	necessary	for	transposition	(Loessner	et	al.,	2002).		

Most	MULE	transposases	also	harbor	a	CH	motif	and	a	W	residue	between	the	

second	D	and	E	of	the	DDE	domain,	which	are	also	conserved	in	the	hAT	

superfamily.	Mutagenesis	analyses	in	hAT	elements	demonstrated	the	importance	of	

these	residues	for	transposition	(Yuan	et	al.,	2011;	Hickman	et	al.,	2014).		Whether	
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these	residues	are	also	important	for	the	MULE	transposase	has	not	as	yet	been	

determined.	

	

TE-based	 genetic	 tools	 have	 facilitated	 our	 deep	 understanding	 of	 the	 biology	 of	

both	plants	and	animals.	One	of	the	most	important	species	lacking	such	tools	is	the	

mosquito,	 A.	 aegypti,	 which	 can	 spread	 dengue	 fever,	 yellow	 fever,	 chikungunya,	

zika,	 and	 many	 other	 diseases	 that	 are	 responsible	 for	 over	 one	 million	 deaths	

annually	 (Womack	 M	 1993;	 Marchette	 et	 al.,	 1969).	 Four	 exogenous	 TEs	 that	

transpose	 at	 high	 frequencies	 in	 Drosophila	 melanogaster	 (Hermes,	 Mos1,	 Minos,	

piggyBac)	were	 found	to	move	rarely	or	not	at	all	 in	 the	germ	line	of	A.	aegypti	as	

very	 few	 germinal	mutations	were	 detected	 (O'Brochta	 et	 al.,	 2003;	 Fraser	 et	 al.,	

2012).	 To	 explain	 this	 result,	 it	 was	 hypothesized	 that	mosquitoes	 have	 a	 strong	

genome	 defense	 system	 that	 could	 effectively	 recognize	 and	 silence	 foreign	 TEs	

(Scali	 et	 al.,	 2007).	 Therefore	 endogenous	 active	 TEs	 could	 be	 effective	mutagens	

from	generation	to	generation	as	they	might	be	able	to	evade	genome	surveillance.	

Nearly	 20%	 of	 the	 1.4	 Gb	 genome	 of	 A.	 aegypti,	 is	 derived	 from	 class	 2	 TEs	

representing	17	superfamilies,	which	enabled	the	search	for	potentially	active	TEs	

in	 the	genome	(Nene	et	al.,	2007).	 In	 this	study	we	show	that	Muta1,	identified	by	

computer-assisted	analysis	of	the	A.	aegypti	genome,	is	an	active	TE	capable	of	both	

insertion	 and	 excision	 in	 a	 yeast	 transposition	 assay.	 Site-directed	 mutagenesis	

analysis	revealed	that	transposition	activity	in	yeast	was	influenced	by	disruption	of	

several	 conserved	 residues	 and	 by	 the	 presence	 of	 TSDs	 at	 the	 donor	 site.	 With	
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characteristics	 such	 as	 high	 transposition	 activity,	 precise	 excision,	 and	 no	 target	

sequence	 preference,	 Muta1	 could	 be	 crafted	 into	 an	 effective	 tool	 for	 forward	

mutation	analysis	in	mosquitoes.	
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Results	

	
Characterization	of	the	MULE	superfamily	in	Ae.		

Over	1000	MULEs,	including	3	full-length	elements,	were	previously	reported	in	the	

A.	aegypti	genome	(Marquez	et	al.,	2010).	To	identify	potentially	active	MULEs,	

sequences	of	conserved	DDE	domains	were	used	as	queries	in	TBlastN	searches	

against	the	A.	aegypti	genome	through	the	TARGeT	program,	which	is	designed	for	

TE	discovery	(Yuan	et	al.,	2011;	Han	et	al.,	2009).	After	removal	of	duplicate	hits,	

141	sequences	with	significant	similarity	(e-	value	<10-15)	to	the	MULE	DDE	domain	

were	identified.	Full-length	elements	were	defined	by	comparison	of	sequences	in	

the	same	branch	of	the	phylogenetic	tree	where	adjacent	sequences	share	high	

similarity	that	extends	beyond	the	DDE	domain.	Sequences	near	the	boundary	of	

similarity	were	examined	manually	for	the	long	TIRs	and	8-10	bp	TSDs	that	are	

features	of	MULEs.		

	

Using	this	methodology,	31	full-length	elements	sorted	into	14	families,	each	with	>	

95%	sequence	similarity	(Muta1-14,	Figure	1-1).	All	14	families	have	8-9	bp	TSD,	12	

of	14	have	TIRs	>100	bp	and	two	have	TIRs	<60	bp.	Ten	of	the	12	long	TIR	families	

contain	short	subterminal	tandem	repeats	(9-15	bp).	All	families	except	Muta6	also	

contain	derivative	nonautonomous	elements,	which	share	high	sequence	similarity	

in	their	TIR	and	subterminal	regions,	but	carry	heterogeneous	internal	sequences	

including	fragments	of	host	genes.		
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The	phylogenetic	tree	also	reveals	the	evolutionary	relationships	of	the	14	families.	

Among	the	5	major	groups	resolved	on	the	tree,	group	B	includes	half	of	the	14	

families,	while	group	D	and	E	contains	one	family	each	(Figure	1-1).	Furthermore,	

long	branches	indicate	extensive	sequence	differences	between	families.	For	

example,	although	Muta5	and	Muta8	belong	to	group	A	and	locate	to	adjacent	clades,	

no	significant	nucleotide	similarity	was	detected	between	these	elements.	In	

another	example,	nucleotide	similarity	between	Muta3	and	Muta11	is	restricted	to	

the	DDE	region	(71%	identity,	~390	bp)	and	the	TIRs	(76%	identity,	~	110	bp).		

	

After	removal	of	other	TE	insertions	and	manual	correction	of	frameshifts	caused	by	

small	insertions	and	deletions,	the	31	full-length	elements	were	predicted	to	encode	

transposase	proteins	ranging	in	size	from	416	to	554	residues.	Comparison	of	

conceptually	translated	transposases	identified	conserved	regions,	other	than	the	

DDE	domain,	that	could	have	functional	significance.	The	transposases	of	13	families	

were	predicted	to	harbor	a	FLYWCH	type	zinc	finger	DNA	binding	domain	in	the	N-

terminus,	while	Muta6	was	predicted	to	harbor	a	SWIM	type	zinc	finger	DNA	

binding	domain	in	the	C-terminus.	Each	family	contains	at	least	one	putative	full-

length	copy	in	which	the	coding	region	is	not	interrupted	by	frameshifts	or	stop	

codons.	Of	particular	interest	to	this	study,	3	families	(Muta1,	Muta3	and	Muta5)	

include	at	least	2	members	that	are	identical	or	nearly	identical	(>99%	identity).	
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These	features	indicate	recent	and	possible	ongoing	activity	of	multiple	MULE	

families	in	A.	aegypti.	

	

Identification	of	the	active	Muta1	family	

Of	the	14	families,	Muta1	appeared	to	be	the	best	candidate	for	an	active	element.	

The	family	contains	7	identical	copies	and	an	8th	copy	with	only	two	point	mutations	

in	predicted	noncoding	DNA.	Muta1	is	3198	bp,	flanked	by	TSDs	of	8	bp	or	9	bp,	

TIRs	of	145	bp	comprised	of	a	10	bp	imperfect	palindromic	terminal	motif	with	the	

5th	and	6th	nucleotide	unpaired,	and	9	copies	of	a	12	bp	subterminal	tandem	repeat	

separated	by	3-4	bp	spacers	(Figure	1-2,	open	and	solid	arrows,	respectively).	

Because	of	the	complexity	of	the	TIR	structure,	Muta1	can	be	classified	as	a	type2	

Foldback	TE	(Bingham	et	al.,	1989).	The	Muta1	transposase	is	predicted	to	be	504-

amino	acid	transposase	and	encoded	by	two	exons.			

	

Over	300	putative	nonautonomous	elements	derived	from	Muta1	were	detected	in	

the	A.	aegypti	genome	(e-	value	<10-10),	with	171	flanked	by	perfect	TSDs	of	8	bp	or	

9	bp	(Figure	1-3A).		Most	of	the	derivative	elements	share	the	TIR	sequence	with	

Muta1,	but	the	TIRs	are	often	truncated,	with	variable	copies	of	the	subterminal	

repeats	(Figure	1-4).	There	are	multiple	copies	of	some	derivative	elements;	for	

example,	there	are	4	copies	of	Muta1NA1	(>98%	identical).	Most	derivative	

elements	contain	variable	internal	sequences	and	share	sequence	similarity	with	

only	the	TIR	of	Muta1.	For	about	20%	of	the	derivative	elements	these	variable	
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internal	regions	can	be	aligned	with	sequences	from	host	genes,	much	like	

previously	described	Pack-MULEs	(Jiang	et	al.,	2004).	For	example,	the	1623	bp	

Muta1NA3	contains	a	276	bp	fragment	from	a	serine/threonine-protein	kinase	gene	

(97.5%	identical,	e-value<	1e-51)	(Figure	1-4).	Among	the	171	insertion	sites,	110	

(64.3%)	are	located	in	gene	bodies	or	within	5kb	upstream	or	downstream	of	genes.	

In	a	control	dataset	of	171	randomly	selected	genomic	sites	(see	methods)	only	49	

(28.7%)	were	located	in	the	same	regions	(Figure	1-3B),	suggesting	that	Muta1	may	

have	an	insertion	preference	for	genic	regions	as	was	previously	reported	for	plant	

MULEs	(Lisch	2003).		

			

Muta1	can	transpose	in	yeast		

A	yeast	transposition	assay	was	employed	to	determine	whether	Muta1	transposase	

is	able	to	catalyze	the	movement	of	natural	and/or	artificial	nonautonomous	

elements.		In	prior	studies	members	of	five	superfamilies	(MULE,	Tc1/mariner,	hAT,	

PIF/Harbinger	and	piggyBac)	were	shown	to	transpose	in	yeast	(Zhao	et	al.,	2015;	

Yang	et	al.,	2004;	Weil	et	al.,	2000;	Hancock	et	al.,	2010;	Mitra	et	al.,	2008).	Our	yeast	

assay	consisted	of	two	plasmid	constructs:	an	expression	vector	containing	the	

Muta1	transposase	coding	sequence	downstream	of	the	galactose	inducible	GAL1	

promoter,	and	a	reporter	vector	containing	a	nonautonomous	element	inserted	in,	

and	blocking	expression	of,	the	ADE2	gene	(Figure	1-5A).	We	first	tested	the	

artificial	Muta1AR	element,	which	contains	250	bp	from	each	end	of	Muta1	(Figure	

3).	Transposase	mediated	TE	excision	restored	ADE2	expression	and	resulted	in	
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reversion	of	adenine	auxotrophy	to	prototrophy	(Figure	1-5B).	Excision	events	were	

validated	by	PCR	amplification	of	the	ADE2	empty	site	from	revertants	(Figure	1-

6A).		

	

In	subsequent	experiments,	the	reporter	plasmid	was	modified	by	inserting	several	

natural	nonautonomous	elements	(Muta1NA1-5,	Figure	1-4)	into	the	ADE2	coding	

region.	Despite	differences	in	TIR	length	and	the	length	and	sequence	of	internal	

regions,	Muta1	transposase	was	able	to	mobilize	all	of	these	elements,	but	none	with	

a	frequency	as	high	as	the	artificial	element	Muta1AR.		

Integration	events	catalyzed	by	Muta1	transposase	were	assayed	by	first	

constructing	the	nonautonomous	Muta1HIS	element	containing	a	yeast	selectable	

marker	HIS3	gene	flanked	by	250	bp	of	the	Muta1	termini	(Figure	1-4).	Integration	

of	Muta1HIS	into	yeast	chromosomes	was	assayed	in	plasmid-free	cells	following	

selection	with	5-FOA,	(see	Methods,	Figure	1-5D).	Comparison	of	the	frequency	of	

ADE2	revertants	retaining	the	HIS3	marker	and	are	5-FOA	resistant	(2.71	×	10−6	His+	

5-FOAR	cells/total	cells)	to	the	frequency	of	total	ADE2	revertants	(2.44	×	10−5	Ade+	

cells/total	cells)	indicated	that	about	11%	of	the	Muta1HIS	elements	excised	from	

the	donor	plasmid	had	reintegrated	in	yeast	chromosomes	(Table	1-2).	In	another	

assay,	ADE2	colonies	isolated	directly	from	the	Muta1HIS	excision	assay	were	tested	

to	determine	if	they	were	also	His+	and	5-FOAR.	Of	300	revertant	colonies,	41	(14%)	
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could	proliferate	on	selective	plates,	in	agreement	with	the	results	of	the	first	

approach	(Table	1-1).	

To	determine	the	precise	insertion	sites,	polymorphic	bands	on	transposon	display	

gels	were	recovered	(Biedler	et	al.,	2003),	sequenced	and	mapped	to	yeast	

chromosomes	(Figure	1-6B).	Sixty	of	62	sites	had	significant	matches	with	yeast	

genomic	sequence,	while	two	matched	plasmid	sequences.	Fourteen	of	the	60	

genomic	sites	were	in	gene	bodies	while	27	were	within	1kb	of	genes.	Thus	41/60	

insertions	(68%)	were	in	gene-rich	regions	(Lynch	et	al.,	2008).	Amplification	and	

sequencing	of	each	site	revealed	the	presence	of	TSDs	with	8	bp	for	21	events	and	9	

bp	for	39	events.	Consensus	sequences	generated	from	the	yeast	insertion	sites	and	

the	171	sites	for	Muta1	derivative	elements	in	the	A.	aegypti	genome	indicated	little	

or	no	sequence	preference	for	insertion	(Figure	1-7).	

	

The	Muta5	element	does	not	transpose	in	yeast	

The	successful	transposition	of	Muta1	in	yeast	prompted	us	to	perform	a	similar	

analysis	of	the	Muta5	family	which	contains	3	identical	copies,	a	4th	with	>99%	

sequence	identity,	and	3	copies	with	large	deletions	or	insertions	(Figure	1-1).	

Muta5	is	3496	bp,	flanked	by	TIRs	of	151	bp	and	TSDs	of	8	bp	or	9	bp	and	is	

predicted	to	contain	3	exons	that	encode	a	554-amino	acid	transposase.	The	TIR	of	

Muta5	contains	9	copies	of	a	15	bp	subterminal	tandem	repeat	and	an	8bp	terminal	

motif	(Figure	1-8A).	There	are	over	200	Muta5	derivative	elements	(e-	value	<10-15)	
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in	the	A.	aegypti	genome,	with	93	flanked	by	8	bp	or	9	bp	TSD.	Taken	together	the	

features	of	the	Muta5	family	strongly	suggested	that	it	was	an	active	element.		

However,	in	the	yeast	transposition	assay	the	Muta5	transposase	was	unable	to	

catalyze	transposition	of	Muta5AR	(Figure	1-8A),	which	contains	250	bp	from	the	

ends	of	Muta5	(Figure	1-8B).	

	

TSD	at	donor	site	affects	Muta1	transposition	in	yeast	

Successful	transposition	of	Muta1	in	yeast	facilitated	the	analysis	of	the	importance	

of	its	features	by	quantifying	the	impact	of	mutations	on	transposition	quality	and	

frequency.	With	regard	to	the	role	of	the	TSDs,	although	the	nonautonomous	

constructs	used	in	the	assays	described	thus	far	lacked	flanking	TSDs,	their	

reinsertion	still	generated	TSDs	of	8	bp	or	9	bp.	To	examine	the	impact	of	TSD	

length	or	sequence	on	excision	frequency	of	Muta1AR,	three	versions	of	8	bp	

(TTCAATAG,	CGATTCAA	and	GGTAACTC)	or	9	bp	(ATTCAATAG,	TCGATTCAA	and	

CGGTAACTC)	TSDs	were	tested.		Addition	of	8	bp	or	9	bp	TSDs	at	the	donor	site	

increased	Muta1AR	excision	frequency	by	~7	fold	and	~3	fold,	respectively	when	

compared	to	the	controls	lacking	TSDs	(Table	1-2).	Similarly,	introduction	of	TSDs	

flanking	Muta1HIS	increased	reintegration	by	about	40%	and	90%	for	8	bp	TSDs	or	

9	bp	TSDs	respectively	(Table	1-2).	For	both	excision	and	integration,	TSD	sequence	

had	little	impact.		
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We	next	addressed	the	question	of	whether	the	presence	or	absence	of	TSDs	at	the	

donor	site	impacts	the	quality	of	excision	by	analyzing	so-called	transposon	

footprints.	Specifically,	class	2	TEs	often	leaves	a	footprint	upon	excision	consisting	

of	a	few	nucleotides	or	small	rearrangements	at	the	site	of	excision	site	(Sutton	et	

al.,	1983).	Formation	of	footprints	involves	DNA	repair	of	sequences	flanking	the	

excised	element.	To	assess	the	impact	of	TSDs	on	the	repair	of	excision	sites,	the	

donor	element	construct	was	modified	so	that	all	excision	footprints	(not	only	those	

that	maintain	the	reading	frame)	could	be	analyzed.	First,	nonautonomous	elements	

were	inserted	in	the	5’	UTR	of	ADE2	(Figure	1-5C).		Second,	because	insertion	of	

Muta1AR	in	the	5’UTR	resulted	in	leaky	ADE2	expression,	we	substituted	the	longer	

Muta1NA1	(Figure	1-4),	which,	in	the	absence	of	transposase,	blocked	ADE2	

expression.	When	either	8	bp	or	9	bp	TSDs	were	added	to	Muta1NA1,	about	90%	of	

revertants	were	precise	(Table	1-2),	meaning	that	the	element	was	removed	as	well	

as	a	single	copy	of	the	TSD.	The	quality	of	excision	appeared	to	be	independent	of	

TSD	sequence	(Figure	1-9B-G).	In	contrast,	absence	of	donor	site	TSDs	reduced	

perfect	excision	to	only	10%	of	the	ADE2	revertant	colonies	sequenced	(Table	1-2).	

Most	excision	sites	reflected	loss	of	a	few	nucleotides	from	either	side	of	the	flanking	

DNA.	Occasionally,	part	of	the	TIR	(up	to	13	bp)	was	left	after	excision	and	repair	

(Figure	1-9A).		
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Mutagenesis	of	Muta1	transposase	

The	catalytic	domains	of	all	characterized	transposases	of	class	2	TEs	contain	a	

DDE/D	amino	acid	triad	(Yuan	et	al.,	2011)	and	mutagenesis	studies	confirmed	its	

functional	significance	in	the	piggyBac,	Mariner	and	hAT	superfamilies	(Mitra	et	al.,	

2008;	Brillet	et	al.,	2007;	Zhou	et	al.,	2004).	Alignment	with	the	transposase	of	other	

active	MULEs	showed	that	the	DDE	triad	in	Muta1	corresponds	to	D214,	D283	and	

E419	(Figure	1-10A).	To	determine	if	these	conserved	sites	play	key	roles	in	

transposition,	site-directed	mutagenesis	was	performed.	Transposition	activity	was	

completely	abolished	when	D214,	D283	or	E419	was	mutated	to	alanine	(Figure	1-

10B).	In	contrast,	mutation	of	nonconserved	sites,	including	E129,	E188,	E239,	

W313	and	D473	to	alanine	had	little	impact.	Although	E373	is	not	a	conserved	site,	

mutation	to	alanine	also	completely	abolished	transposition	activity.	

The	functional	significance	of	two	additional	highly	conserved	residues	in	Muta1,	

H307	and	W401,	were	tested.	In	a	prior	study	these	residues	were	shown	to	be	

essential	for	transposition	of	the	hAT	superfamily	member	Hermes	(Zhou	et	al.,	

2004;	Hickman	et	al.,	2014).	Mutation	of	the	corresponding	Hermes	H	and	W	

residues	(H268	and	W319)	to	alanine	completely	abolished	transposition	activity.	

Similarly	for	the	Muta1	transposase,	mutation	of	H307	or	W401	to	alanine	abolished	

activity	(Figure	1-10B).	Analysis	of	Hermes	transposase	also	showed	that	the	W319	

residue	was	likely	necessary	for	the	correct	positioning	of	flanking	DNA	during	the	

excision	reaction,	and	that	other	aromatic	residues	can	partially	substitute	for	this	
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function	(Hickman	et	al.,	2014).	When	W401	of	Muta1	was	mutated	to	

phenylalanine,	transposition	activity	was	reduced	by	79%	and	the	frequency	of	

precise	excision	dropped	from	90%	to	approximately	48%	(8	bp	donor	site	TSD,	

14/29	events)	and	50%	(9	bp	donor	site	TSD,	15/30	events)	(Figure	1-9H&I),	

suggesting	that	the	Muta1	W401F	mutation	also	led	to	inaccurate	positioning.	These	

results	confirmed	the	importance	of	the	putative	DDE	motif,	the	conserved	H307,	

W401	and	identified	the	nonconserved	E373	as	a	potentially	important	residue	for	

transposase	function.	
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Discussion	

	
The	MULE	superfamily	is	widespread	in	eukaryotic	genomes	and	is	closely	related	

to	prokaryotic	IS256	elements.	However,	although	it	is	also	found	in	the	genomes	of	

many	insects,	no	active	elements	have	been	reported	in	insect	species.	In	this	study,	

we	performed	a	thorough	search	for	potentially	active	MULEs	in	the	A.	aegypti	

genome	and	demonstrate	that	Muta1	encodes	a	transposase	that	catalyzes	the	

excision	and	reinsertion	of	nonautonomous	derivative	elements	in	yeast.	With	the	

availability	of	this	heterologous	transposition	assay,	the	function	of	the	conserved	

MULE	DDE	domain	and	the	role	of	TSD	in	transposition	were	tested.		

	

The	DDE/D	domain	is	proposed	to	be	the	catalytic	core	involved	in	transposition	of	

class	2	TEs	and	has	been	identified	in	all	superfamilies	(Yuan	et	al.,	2011).		Prior	to	

this	study,	the	functional	significance	of	this	domain	had	been	experimentally	

validated	only	for	members	of	the	piggyBac,	Tc1/Mariner,	and	hAT	superfamilies	

(Mitra	et	al.,	2008;	Brillet	et	al.,	2007;	Zhou	et	al.,	2004).	Results	of	this	study	

provide	the	first	experimental	evidence	for	the	importance	of	the	DDE	motif	in	the	

transposition	reaction	of	Muta1,	a	member	of	the	MULE	superfamily.	Specifically,	

transposition	was	completely	abolished	when	any	of	the	three	residues	were	

mutated	to	alanine	(Figure	1-10B).		

In	addition	to	the	DDE	triad,	other	residues	critical	for	transposition	were	identified.	

W401	of	Muta1	is	a	conserved	residue	that	is	also	found	in	the	hAT	superfamily	
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(Yuan	et	al.,	2011;	Zhou	et	al.,	2004).	Crystallographic	analysis	and	in	vitro	

biochemical	assays	showed	that	the	corresponding	W318	residue	in	Hermes	

functions	in	the	positioning	of	flanking	DNA,	which	ensures	that	the	double	strand	

break	occurs	at	the	correct	position	when	an	element	excises	from	flanking	DNA	

(Hickman	et	al.,	2014).	Other	aromatic	residues	partially	substitute	for	its	function,	

however	the	mutant	transposase	generated	additional	species	of	intermediates	in	

double	strand	break	repair	than	the	wild-type	transposase,	suggesting	that	

inaccuracy	in	the	position	of	the	cleavage	site	may	be	the	cause	by	these	mutations	

(Hickman	et	al.,	2014).	For	Muta1,	the	W401A	mutation	completely	abolished	

transposition	activity	while	the	W401F	mutation	resulted	in	a	79%	reduction	of	

transposition	frequency	(Figure	1-10B)	and	caused	inaccurate	excision	as	the	

frequency	of	precise	excision	dropped	from	90%	to	~50%	(Figure	1-9	H&I).	Taken	

together	these	data	suggest	that	this	conserved	tryptophan	residue	is	likely	playing	

a	similar	role	in	hAT	and	MULE	transposases,	which	is	to	correctly	position	flanking	

DNA	for	the	excision	reaction.	In	addition	to	the	W	residue,	a	CxxH	motif	is	also	

shared	between	MULE	and	hAT	elements,	the	Hermes	H268	was	found	to	be	located	

close	to	the	DDE	active	center	and	involved	in	the	interaction	with	TIRs	(Hickman	et	

al.,	2014).	Mutation	of	the	corresponding	H307	to	alanine	resulted	in	a	99.5%	

reduction	of	Muta1	transposition	activity	(Figure	1-10B),	suggesting	the	importance	

of	this	residue	for	Muta1	transposase	function.	Taken	together,	our	study	provides	

experimental	evidence	to	support	the	close	evolutional	relationship	reported	

previously	between	the	MULE	and	hAT	superfamilies	(Yuan	et	al.,	2011).	
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Prior	to	this	study,	the	only	MULE	shown	to	transpose	in	a	heterologous	host	was	

the	rice	Os3378	element	(Zhao	et	al.,	2015).	Because	both	Muta1	and	Os3378	have	

demonstrated	activity	in	yeast	assays	that	employed	very	similar	experimental	

design	and	nonautonomous	elements	of	similar	size,	comparison	of	assay	results	

may	be	informative	(Table	1-3).	Excision	frequencies	of	the	500	bp	Muta1AR,	as	high	

as	6940	events	per	107	cells	(Figure	1-2),	is	~320	fold	higher	than	Os3378NA469	

(469bp).	For	both	elements,	excision	frequencies	are	increased	by	the	presence	of	

donor	site	TSD	with	Muta1AR	enhanced	by	~7	fold	(8	bp)	and	3	fold	(9	bp),	and	

Os3378NA469	enhanced	by	~17	fold	with	TSDs	of	9	bp	(Table	1-3).	About	80%	of	

Os3378	integration	sites	in	the	yeast	genome	were	located	in	gene	bodies	or	within	

1	kb	of	flanking	regions	of	genes	while	Muta1	had	a	slightly	lower	ratio	of	68%.	In	

summary	Muta1	shows	very	similar	transposition	behavior	as	Os3378,	and	the	

higher	activity	of	Muta1	makes	it	a	better	tool	for	the	future	study	of	MULE	

transposition,	for	example,	the	biochemical	process	of	excision	and	integration,	and	

how	Pack-MULEs	capture	host	gene	fragments	(Jiang	et	al.,	2004).	

The	presence	of	donor	site	TSDs	impacts	the	quality	of	Muta1-mediated	excision	

events	as	various	footprints	were	generated	without	donor	TSD	(Figure	1-9A).	The	

predominance	of	small	deletions	(1-4	bp)	suggests	that	the	Muta1	transposase	cuts	

outside	the	TIR.	In	contrast,	with	the	presence	of	either	8	bp	or	9	bp	TSD	at	the	

donor	site,	most	excision	events	were	precise	and	the	actual	TSD	sequence	did	not	

seem	to	matter	(Figure	1-9	B-G).	Similar	behavior	was	also	observed	for	IS256,	the	
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prokaryotic	TE	family	related	to	MULEs,	and	for	the	one	other	MULE	tested,	Os3378.	

Reduction	of	TSD	from	8bp	to	6bp	eliminated	precise	excision	of	IS256	and	reduced	

the	Os3378	precise	excision	frequency	from	97.44%	to	82.05%	(Zhao	et	al.,	2015;	

Loessner	et	al.,	2002).	For	IS256	it	was	hypothesized	that	precise	excision	is	

achieved	through	a	transposase-independent	replication	slippage	mechanism	that	

requires	a	short	stretch	of	homologous	DNA	with	a	minimum	length	of	8	bp	(Hennig	

et	al.,	2008).	In	our	assay,	the	absence	of	donor	TSDs	resulted	in	a	90%	reduction	in	

precise	excision	(Figure	S1-9	A-G),	which	suggests	a	role	for	TSDs	in	promoting	

precise	excision.	

	

Thirty-one	full-length	MULEs	that	group	into	14	families	were	identified	in	the	A.	

aegypti	genome.	Several	families	have	identical	or	nearly	identical	full-length	copies	

including	Muta1	(7	identical),	Muta5	(3	identical),	and	Muta3	(2	with	only	2	

noncoding	SNPs).	Although	the	existence	of	identical	genomic	copies	is	a	feature	of	

active	TEs,	Muta5	was	unable	to	catalyze	the	movement	of	nonautonomous	

derivative	elements	in	yeast	(Figure	1-8).	One	explanation	for	our	success	with	

Muta1	but	failure	with	Muta5	is	that	the	latter	has	3	predicted	exons	while	the	

former	has	2.	More	predicted	exons	would	increase	the	chances	of	incorrectly	

assembling	the	actual/functional	Muta5	transposase.		
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Accumulation	of	seven	identical	copies	of	Muta1	in	A.	aegypti	suggests	that	this	

element	may	still	be	active	or	that	it	has	some	success	evading	the	genome	

surveillance	system	shown	previously	to	effectively	silence	exogenous	TEs	

(O'Brochta	et	al.,	2003;	Scali	et	al.,	2007).	In	this	regard,	it	may	be	possible	to	

engineer	Muta1	to	make	it	an	effective	endogenous	mutagen.	Like	the	MuDR	system	

in	maize,	where	the	genome	has	numerous	copies	of	nonautonomous	Mu	elements,	

there	are	over	300	Muta1	derivative	elements	in	the	A.	aegypti	genome	(Figure	1-

3A).	If	Muta1	was	able	to	mobilize	even	a	subset	of	these	elements	as	it	does	in	

yeast,	it	could	be	an	effective	tool	for	high	frequency	insertional	mutagenesis,	

especially	when	coupled	with	its	preference	for	genic	insertions	and	a	lack	of	target	

sequence	preference	(Figure	1-3B	&	1-7).		
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Conclusions	

This	is	the	first	report	of	the	transposition	of	a	non-plant	MULE,	Muta1,	in	a	

heterologous	system	and	provides	the	first	experimental	evidence	for	the	functional	

significance	of	the	DDE	domain	in	the	transposition	reaction	in	the	MULE	

superfamily.	High	frequency	transposition	in	a	yeast	assay	facilitated	the	

determination	of	Muta1	transposition	features	including	precise	excision,	genic	

targeting	with	no	sequence	preference	and	the	impact	of	TIR	and	TSD	for	insertion	

and	excision.	Taken	together,	Muta1	may	be	a	valuable	tool	for	forward	genetics	in	

mosquitoes.		
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Material	and	Methods	

	
Identification	of	MULEs	in	A.	aegypti		

The	conserved	MULE	DDE	domain	from	all	eukaryotes	(Yuan	et	al.,	2011)	was	used	

as	query	to	search	the	A.	aegypti	genome	(AaegL3	build,	

https://www.vectorbase.org/organisms/aedes-aegypti/liverpool/aaegl3)	by	

TBLASTN,	as	implemented	in	the	TARGeT	pipeline	(Han	et	al.,	2009)	with	an	E-value	

cutoff	of	0.001.	Flanking	DNA	sequences	with	10	kb	upstream	and	downstream	of	

the	matched	region	were	retrieved.	The	ends	of	a	putative	element	were	determined	

by	aligning	two	closely	related	elements	with	their	20	kb	flanking	sequences,	TIR	

boundaries	and	TSDs	were	manually	identified.	Coding	capacity	of	each	element	was	

predicted	by	the	GENSCAN	program	(http://genes.mit.edu/GENSCANinfo.html).	

To	identify	Muta1	derivative	nonautonomous	elements,	50	bp	from	each	end	of	

Muta1	was	used	in	a	BLASTN	search	with	TARGeT	(Han	et	al.,	2009)	using	default	

parameters.	One	hundred	bp	of	flanking	DNA	sequences	were	retrieved	for	manual	

verification	of	the	TIR	and	TSD	of	each	derivative	element.	Fifty	bp	flanking	each	

element	were	used	for	BLASTN	searches	against	the	A.	aegypti	genome	(AaegL3	

build)	to	determine	the	genomic	location	and	compared	to	the	genome	annotation	

(release	AaegL3.3,	https://www.vectorbase.org/organisms/aedes-

aegypti/liverpool/aaegl3)	to	determine	the	adjacent	genes.	For	the	control	data	set,	

171	genome	coordinates	across	the	4,757	scaffolds	were	randomly	generated,	and	
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compared	to	the	genome	annotation	(release	AaegL3.3)	to	determine	the	

surrounding	sequences	and	genes.	The	random	insertion	sites	generation	used	

1,000	replicates	to	estimate	the	expected	number	of	insertions	(and	standard	

deviations)	in	each	category.		

		

Yeast	construct	construction	

Genomic	DNA	of	individual	A.	aegypti	mosquito	(Liverpool	strain,	obtained	from	Dr.	

Atkinson,	UC	Riverside)	was	extracted	using	the	DNeasy	Blood	&	Tissue	Kit	

(Qiagen).	The	two	exons	of	Muta1	predicted	by	GENSCAN	program	were	cloned	

from	genomic	DNA	and	fused	through	overlap	PCR.	The	complete	transposase	

coding	sequence	was	then	cloned	into	the	Gateway	cloning	vector	pENTR	and	

transferred	to	destination	vector	pGAL415-ccdb	(Alberti	et	al.,	2007)	with	LR	

Clonase	(Invitrogen)	to	generate	the	pGAL415-ccdbMuta1	plasmid	(Figure	1-5A).		

Two	hundred	fifty	bp	from	each	end	of	Muta1	were	fused	by	overlap	PCR	to	

generate	Muta1AR.	The	HIS3	fragment	containing	the	yeast	HIS3	coding	sequence,	

HIS3	5’	and	3’	UTR,	and	HIS3	promoter	was	cloned	from	vector	pGAL415-ccdb	

(Alberti	et	al.,	2007).	The	HIS3	fragment	was	then	fused	with	250	bp	from	each	end	

of	Muta1	through	overlap	PCR	to	generate	Muta1HIS.	Muta1NA1-5	elements	were	

cloned	directly	from	genomic	DNA.	All	nonautonomous	elements	were	inserted	in	

the	HpaI	site	of	ADE2	for	the	exon	excision	assay	or	the	XhoI	site	for	5’	UTR	excision	

assay	through	homologous	recombination	in	yeast	as	previously	described	
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(Hancock	et	al.,	2010).	Donor	site	TSDs	were	introduced	by	adding	corresponding	

TSD	sequences	in	primers.	

	

For	Muta5	assay,	plasmid	pGAL415-ccdbMuta5	was	constructed	in	the	same	way	as	

pGAL415-ccdbMuta1,	and	Muta5NA	was	constructed	by	overlap	PCR.	

	

Transposition	assay	

The	yeast	transposition	assay	using	Saccharomyces	cerevisiae	strain	DG2523	and	the	

pWL89a	vector	was	described	previously	(Yang	et	al.,	2006;	Weil	et	al.,	2000).	

Transformation	was	performed	using	the	Frozen-EZ	Yeast	Transformation	kit	

(Zymo	research).	For	excision	assays,	transformants	were	grown	in	5	ml	liquid	

media	of	CSM	-leu-ura	with	2%	dextrose.	After	growth	to	saturation	(36	hours),	cells	

were	washed	twice	with	5	ml	water,	resuspended	in	0.5	ml	water	and	plated	onto	

CSM	-his-leu-ade	with	2%	galactose.	Colonies	were	counted	after	incubation	at	30°C	

for	15	days	and	viable	counts	were	made	by	plating	100	μl	of	a	1	×	105	and	1	×	106	

dilution	on	YPD	plates.		

	

For	the	reintegration	assay,	cells	were	grown	to	saturation	in	5ml	liquid	CSM	-leu-

ura	with	2%	dextrose,	cells	were	washed	twice	with	5	ml	sterile	water,	resuspended	

in	0.5	ml	water	and	plated	onto	CSM	-leu-ura-ade	with	2%	galactose	plate	and	CSM	-

his-leu+5-FOA	with	2%	galactose	plates.	Colonies	were	counted	after	incubation	at	
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30°C	for	15	days,	and	viable	counts	were	made	by	plating	100	μl	of	a	1	×	105	and	1	×	

106	dilution	on	YPD	plates.	In	another	approach,	individual	Ade+	Muta1HIS	excision	

revertant	colonies	isolated	directly	from	plates	of	CSM	-his-leu-ade	with	2%	

galactose	were	streaked	on	CSM	-his+5-FOA	plates	to	calculate	the	reintegration	

frequency.	

	

Excision	and	reinsertion	analysis	

For	footprint	analysis,	colony	PCR	was	performed	on	ADE2	revertant	colonies	using	

primers	(Table	S	1-3)	flanking	the	insertion	sites.	PCR	products	were	gel	extracted	

(Zymoclean	Gel	DNA	Recovery	Kit)	and	sequenced.	For	reinsertion	analysis,	

transposon	display	was	conducted	(Biedler	et	al.,	2003).	Genomic	DNA	was	

extracted	from	revertant	colonies	using	the	Yeastar	genomic	DNA	kit	(Zymo	

research);	DNA	samples	were	digested	by	BfaI	followed	by	adapter	ligation.	Pre-

amplification	and	selective	amplification	were	used	to	amplify	the	sequences	

between	Muta1	TIR	and	the	BfaI	adapter	sequence.	Amplicons	consisting	of	flanking	

sequences	of	the	reinsertion	sites	and	part	of	Muta1	TIR	were	resolved	on	a	4%	

agarose	gel,	and	polymorphic	fragments	were	recovered	and	sequenced.	Flanking	

sequences	were	mapped	to	the	yeast	genome	(S288C,	http://yeastgenome.org/)	and	

the	reinsertion	sites	were	determined	with	regard	to	the	closest	genomic	features.		

The	insertion	site	analysis	figure	was	made	using	the	program	Pictogram		

http://genes.mit.edu/pictogram.html.	
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Mutagenesis	of	Muta1	transposase		

Site-directed	mutagenesis	was	used	to	generate	mutant	versions	of	Muta1	

transposase.	One	pair	of	primers	was	used	for	each	mutation	site,	and	pGAL415-

ccdbMuta1	plasmid	was	used	as	template.	PCR	products	were	digested	with	Dpn1	to	

remove	template,	and	the	resulting	plasmid	was	sequenced	to	confirm	that	

mutations	occurred	as	expected.	
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Figures	and	Tables	
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Figure	1-1.	Phylogentic	tree	and	structure	of	MULEs	in	A.	aegypti.	

Neighbor-joining	tree	generated	from	a	multiple	alignment	of	141	conceptually	
translated	catalytic	domains	from	transposase	proteins	with	bootstrap	values	
calculated	from	1000	replicates.	For	element	structures:	TIRs	are	black	triangles,	
exons	are	black	boxes,	DDE	domains	are	blue	boxes,	introns	are	lines	connecting	
boxes,	colored	lines	indicate	within	family	identity	of	noncoding	regions,	other	TE	
insertions	are	gray	triangles	above	elements,	and	dashed	lines	are	missing	
sequences	caused	by	gaps,	deletions	or	large	insertions.	The	maize	MuDR	
transposase	is	used	as	an	outgroup.	The	A.	aegypti	Mutator	transposases	are	
classified	into	5	major	lineages	(A-E).	
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Figure	1-2.	Structural	features	of	the	Muta1	element	and	its	transposase.		
	
The	eight	virtually	identical	Muta1	elements	contain	noncoding	regions	(shaded)	
and	the	coding	region	(white	boxes)	for	the	predicted	504-residue	transposase	with	
the	predicted	zinc	and	catalytic	(DDE)	domains	discussed	in	the	text.	Structural	
features	of	Muta1	include	its	distinctive	long	TIR	(black	arrowheads)	whose	
substructure,	expanded	at	the	bottom,	includes	the	10	bp	terminal	palindromic	
motif	(open	arrow)	and	the	12	bp	subterminal	tandem	repeats	(black	arrows)	with	
linker	DNA	of	3-4bp	represented	by	gaps	between	solid	arrows.	
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Figure	1-3.	Features	of	Muta1	derivative	elements	in	A.	aegypti.	
	
(A)	171	Muta1	derivative	elements	divide	into	5	groups	based	on	size.	Within	each	
group,	the	number	of	elements	with	8	bp	TSD	and	9	bp	TSD	are	shown	in	grey	and	
black,	respectively.	
	
(B)	Distribution	of	Muta1	derivative	element	insertion	sites	in	the	A.	aegypti	
genome.	Mean	±	s.d.,	n=1,000	(for	control).	Number	of	Insertion	sites	in	the	A.	
aegypti	genome	and	control	data	set	is	shown	in	black	and	grey,	respectively.	
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Figure	1-4.	Structural	features	of	nonautonomous	Muta1	elements	used	in	this	
study.	
	
Muta1NA1	through	Muta1NA5	are	natural	elements;	Muta1AR	and	Muta1His	are	
artificial.	Element	lengths	and	internal	sequences	are	indicated.	Black	arrowheads	
represent	the	TIRs,	which	include	the	terminal	palindromic	motif	(open	arrow)	and	
subterminal	tandem	repeats	(solid	arrows).	Gray	shaded	regions	are	sequences	
derived	from	Muta1;	colored	regions	of	each	element	indicate	the	diverse	origin	of	
internal	sequences.	Excision	frequencies	from	the	ADE2	reporter	in	yeast	assays	are	
on	the	right.	
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Figure	1-5.	Yeast	transposition	assay	constructs.	
	
(A)	The	structure	of	pMuta1_PAG415	and	pWL89A.	AmpR,	ampicillin	resistance	
gene;	ori,	E.	coli	replication	origin;	Pgal1,	GAL1	promoter;	CYC1	ter,	terminator;	CEN,	
centromere	sequences	of	yeast	chromosomes;	ARS,	autonomous	replication	site.	
Dashed	lines	indicate	the	position	of	nonautonomous	element	insertions,	in	the	
5’UTR	and	coding	region	respectively.	Black	arrows	indicate	the	positions	of	
primers	used	for	PCR	analysis	in	Figure	S3A.	
	
(B)	Excision	from	coding	region	of	ADE2.	
	
(C)	Excision	from	5’	UTR	of	ADE2.	
	
(D)	Reintegration.	In	the	parental	strain,	pWL89A	carries	Muta1HIS	in	the	coding	
region	of	ADE2.	Reintegration	is	assayed	by	selecting	cells	that	retain	the	HIS	marker	
in	Muta1HIS	when	the	parental	plasmid	is	excluded	by	5-FOA	treatment,	which	is	
toxic	to	Ura+	cells.	
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Figure	1-6.	Analysis	of	excision	and	reinsertion	events.	

(A)	PCR	analysis	of	the	Muta1NA1	excision	sites	from	ADE2	revertants	using	
flanking	primers.	Expected	band	size	is	820	(control)	or	350bp,	with	or	without	
Muta1NA1,	respectively.	

(B)	Transposon	display	analysis	of	Muta1HIS	reinsertion	in	yeast	genome.	DNA	
bands	are	amplicons	consisting	of	flanking	sequences	of	the	reinsertion	sites	and	
part	of	TIR.	PWL89A-Muta1HIS	vector	is	used	as	control.	Arrows	indicate	the	
polymorphic	bands	that	represent	the	insertion	of	Muta1HIS	in	different	genomic	
locations.	
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Figure	1-7.	Seqlogo	of	 insertion	sites	of	A.	aegypti	Muta1	derivative	elements	
and	reintegration	sites	in	yeast.	
	
Both	8bp	TSDs	(A)	and	9bp	TSDs	(B)	and	their	7bp	flanking	sequences	are	analyzed,	
insertion	preference	is	shown	as	a	pictogram	(height	of	letter	indicates	percentage	
of	each	nucleotide	at	that	position)	and	the	frequencies	of	preferred	nucleotides,	if	
any,	are	shown.		
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Figure	1-8.	Structural	features	of	Muta5	and	excision	assay	results.		
	
(A)	Structural	features	of	Muta5.	White	boxes	are	coding	regions,	shaded	boxes	are	
noncoding	regions,	and	triangles	are	the	TIR.	Within	the	TIR,	black	arrows	represent	
9	copies	of	the	15bp	subterminal	tandem	repeat,	open	arrow	represents	the	8bp	
terminal	motif.	The	putative	554-residue	transposase	is	predicted	to	harbor	a	zinc	
finger	domain	and	the	catalytic	(DDE)	domain.	The	artificial	Muta5AR	element	
contains	250	bp	from	each	end	of	Muta5.	
	
(B)	Excision	frequencies	of	Muta5AR	and	Muta5AR	from	the	ADE2	reporter	in	yeast	
assay.	Muta1	is	used	as	the	positive	control.	
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Figure	1-9.	Footprints	from	Muta1NA1	excision	events.	
	
Arrows	indicate	the	Muta1NA1	insertion,	length	and	sequence	of	TSD	in	each	assay	
is	shown	above	the	arrows.	TSD	or	sequences	derived	from	TSD	are	shown	in	bold,	
sequences	derived	from	Muta1NA1	are	underlined,	the	number	of	recovered	events	
are	on	right.		
	
(A)	Footprints	of	Muta1NA1	excision	from	the	ADE2	5’	UTR	without	donor	site	TSD.	
	
(B-D)	Footprints	of	Muta1NA1	excision	from	the	ADE2	5’	UTR	with	different	8	bp	
TSD	sequence.	(B):	TTCAATAG;	(C):	CGATTCAA;	(D):	GGTAACTC.	
	
(E-G)	Footprints	of	Muta1NA1	excision	from	the	ADE2	5’	UTR	with	different	9	bp	
TSD	sequence.	(E):	TCGATTCAA,	(F):	CGGTAACTC,	(G):	ATTCAATAG.		
	
(H-I)	Footprints	of	Muta1NA1	excision	from	the	ADE2	5’	UTR	with	the	transposase	
W401F	mutation.	(H):	the	8bp	TSD	TTCAATAG	was	used.	(I):	the	9bp	TSD	
ATTGAATAG	was	used.		
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Figure	1-10.	MUSCLE	alignment	of	the	DDE	domain	in	MULE	transposases	and	
the	impact	of	mutations.		
	
	(A)	MUSCLE	alignment	of	the	DDE	domain	in	Muta1,	MuDR,	TED,	atMu1,	Os3378,	
Jittery,	and	Hop.		Shaded	residues	have	related	physical	or	chemical	properties	with	
darker	shading	denoting	more	conservation.	Asterisks	denote	residues	conserved	in	
all	sequences.	
	
(B)	Schematic	of	the	504	amino	acid	Muta1	transposase	with	positions	of	the	
putative	FLYWCH	type	zinc	finger	DNA	binding	domain	(24-92	aa),	and	DDE	triad	
(residues	D214,	D283,	E419).		Designated	amino	acids	were	mutated	to	alanine	(A)	
or	to	both	alanine	and	phenylalanine	(F)	resulting	in	the	excision	frequencies	shown	
below.		See	text	for	details.	
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Table	1-1.	Muta1	integration	in	yeast.		
	

Assay	 Frequency	
Muta1His	integration	*	

	ade2＋	excisant	 2.44	×	10−5	Ade+	cells/total	cells			
His＋	5-FOAR	excisant	 2.71	×	10−6	His+	5FOAR	cells/total	cells	

	
ratio	of	reintegration	=	11%	

Muta1His	integration	**	 		
ade2＋	excisant	 	300	colonies	
His＋	5-FOAR	excisant	 	41	colonies	

		 ratio	of	reintegration	=	14%	
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Table	1-2.	Impact	of	TSD	on	transposition.	
	 		 		

TSD		
TSD				

sequence	
Excision		 Reintegration	 	precise		

frequency	(X	10	-5)	 frequency	(%)	*	 /total	excision			

0bp	 		 11.03±1.13		 	13.9±1.8	 4/38		
		 TTCAATAG		 	63.34±9.12	 	20.88±1.53	 25/29		

8bp	 CGATTCAA		 76.33±11.53		 	18.22±2.90	 27/31		
		 GGTAACTC		 68.53±12.16		 	19.15±2.39	 24/27		

		 ATTCAATAG		 31.52±5.27		 	27.83±3.01	 27/29		
9bp	 TCGATTCAA		 	36.43±6.12	 	24.35±1.98	 28/30		
		 CGGTAACTC		 28.38±3.11		 29.01±2.76		 	26/30	

	 	 	 	 	*	Measured	by	analysis	of	independent	Ade+	revertants	to	maintain	Muta1His	but	
lacking	plasmid.	
	
	 	



 40	

Table	1-3.	Comparison	of	Muta1	and	Os3378	transposition	in	yeast.	
	

		 Muta1	 OS3378	
Excision	frequency	no	TSD	(X	10-7)	*	 1103	 1.2	
Excision	frequency	8bp	TSD	(X	10-7)	*	 6940	 －	
Excision	frequency	9bp	TSD	(X	10-7)	*	 3211	 20.2	
Reintegration	frequency	No	TSD	**	 13.90%	 59.26%	
Reintegration	frequency	8bp	TSD	**	 19.41%	 －	

Reintegration	frequency	9bp	TSD	**	 27.06%	 39.28%	
Percentage	of	reinsertion	in	gene	rich	regions	 80%	 68%	

	 	 	*			Based	on	the	excision	of	Muta1AR	or	Os3378NA469	from	the	coding	region	of	
ADE2.	
**	Based	on	the	reintegration	of	Muta1His	or	Os3378NA469.	
－	Corresponding	experiment	was	not	reported.	
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Chapter	2	Transposition	of	Mutator–like	transposable	elements	(MULEs)	

resembles	hAT	elements	and	V(D)J	recombination	system	

	

Abstract	

Mutator–like	transposable	elements	(MULEs)	are	widespread	across	fungi,	plants	

and	animals.	Despite	their	abundance	and	importance	as	genetic	tools	in	plants,	the	

transposition	mechanism	of	the	MULE	superfamily	was	previously	unknown.	The	

active	Muta1	element	permits	in	vitro	analysis	of	key	steps	in	Muta1	transposition	

using	purified	transposase.	Muta1	transposase	specifically	binds	to	the	Muta1	ends	

and	catalyzes	the	excision	of	Muta1	ends	from	donor	site	flanking	DNA	through	

double	strand	breaks	(DSB),	and	the	joining	of	newly	excised	transposon	ends	with	

target	DNA.	In	the	process,	the	DSB	forms	hairpin	intermediates	on	the	flanking	

DNA	side.	Analysis	of	mutant	transposase	revealed	the	involvement	of	the	

conserved	DDE	motif	and	a	W	residue.	The	transposition	pathway	resembles	the	

hAT	transposons	and	the	V(D)J	recombination	system.	The	importance	of	a	

conserved	W	in	transposition	also	supports	the	close	relationship	between	MULE	

and	hAT	superfamilies.	Yeast	transposition	and	in	vitro	assays	demonstrated	that	

the	terminal	motif	and	subterminal	repeats	of	Muta1	TIR	also	influence	Muta1	

transposition.	
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Introduction	

Transposable	elements	(TEs)	are	DNA	sequences	that	can	move	from	one	locus	to	

another	in	the	genome.	TE	induced	genomic	alterations,	including	insertions,	

deletions,	duplications	and	translocations	have	been	linked	to	changes	in	gene	

structure	and	expression	(Finnegan,	1989,	Kazazian	et	al,	2004).	TEs	are	found	in	

virtually	all	eukaryotes	where	they	can	comprise	the	largest	proportion	of	the	

genome.		For	example,	sequences	derived	from	TEs	account	for	about	half	of	the	

human	genome	and	more	than	70%	of	the	genomes	of	some	grass	species	

(Feschotte	et	al.,	2007).		

	

TEs	are	classified	by	their	transposition	intermediate:	class	1	TEs	use	RNA	whereas	

the	element	itself	is	the	transposition	intermediate	for	class	2	TEs.	Class	2	TEs	are	

classified	into	superfamilies	on	the	basis	of	the	element	encoded	transposase	that	

catalyzes	their	movement	(Wicker	et	al.,	2007).	A	TE	family	consists	of	transposase-

encoding	autonomous	elements	and	nonautonomous	elements	that	do	not	encode	

functional	transposase	(Feschotte	et	al.,	2007).	Within	a	family,	elements	usually	

share	the	terminal	inverted	repeat	(TIR)	sequence	and	the	length	of	the	target	site	

duplication	(TSD)	that	is	generated	upon	insertion	by	the	action	of	transposase.			

	

Mutator–like	transposable	elements	(MULEs)	are	class	2	TEs	first	identified	in	maize	

(Robertson	1978;	Lisch	2013)	and	subsequently	found	to	be	widespread	with	
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members	in	plants,	animals,	protozoans,	and	fungi	(Neuveglise	et	al.,	2005;	Pritham	

et	at.,	2005;	Lopes		et	al.,	2009;	Marquez	et	al.,	2010).	Typical	structural	features	of	

MULEs	include	long	TIRs	(>100bp)	and	8-10bp	flanking	TSDs	(Lisch	2002).	

Nonautonomous	MULEs	often	carry	various	sequences	between	their	TIRs	including	

host	gene	fragments;	such	elements	are	called	Pack-MULEs	(Jiang	et	al.,	2004).	The	

high	transposition	frequency	of	one	superfamily	member,	MuDR	has	been	widely	

exploited	for	gene	tagging	and	mutagenesis	in	maize	(Lisch	et	al.,	2009).	

	

MULE	transposases	harbor	a	zinc	finger	DNA	binding	domain	and	a	DDE	catalytic	

domain	(Babu	et	al.,	2006;	Nesmelova	et	al.,	2010).	Phylogenetic	analysis	of	

transposases	from	all	known	eukaryotic	superfamilies	indicate	that	MULEs	and	

hATs	are	closely	related.	For	example	they	share	a	[C/D](2)	H	motif	located	15-45	

amino	acids	downstream	of	the	second	D	of	the	DDE	triad	and	a	W	residue	upstream	

of	the	E	residue	of	the	DDE	triad	(Yuan	et	al.,	2011;	Chalvet		et	al.,	2004;	Li	et	al.,	

2013).	MULE	and	hAT	elements	also	have	longer	TSDs	than	most	other	

superfamilies,	with	the	predominant	TSDs	for	hAT	elements	at	8	bp,	and	8	to	10bp	

for	MULE	elements.	These	shared	features	suggest	that	their	transposition	

mechanism	may	also	be	similar.		

	

Among	the	eukaryotic	class	2	TEs,	transposition	begins	with	the	cleavage	of	one	

strand	at	both	ends	of	the	element,	the	nucleophile	is	usually	H2O	and	this	first	

cleavage	results	in	an	exposed	3′-hydroxyl	groups	(OH)	at	either	the	element	side	or	
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the	flanking	(host	DNA)	side	(Figure	2-1).	The	free	3′OH	serve	as	nucleophile	for	the	

cleavage	of	the	second	strand	and	liberation	of	the	transposon	from	the	donor	site		

(Nesmelova	et	al.,	2010;	Hickman	et	al.,	2010).	For	the	second	strand	cleavage,	there	

are	three	distinct	mechanisms	known	to	date.	In	the	first	pathway,	Tc1/mariner	

transposases	make	double-stranded	cuts	to	release	the	transposon	end	from	donor	

site	(Figure	2-1A,	Plasterk	et	al.,	1999;	Feng	et	al.,	2007).	In	the	second	pathway,	

first	strand	cleavage	results	in	a	3′OH	on	the	flanking	DNA,	which	subsequently	

attacks	the	opposite	strand	to	generate	a	hairpin	structure	on	the	flanking	DNA	

(Figure	2-1B).	This	pathway	is	used	by	hAT	and	Transib	elements,	and	the	V(D)J	

recombination	system,	which	produces	the	highly	diverse	repertoire	of	T	cell	

receptors,	antibodies	and	immunoglobulins	(Hiom	et	al.,	1998;	Zhou	et	al.,	2004,	

Henken	et	al.,	2012).	In	the	third	pathway	employed	by	piggyBac	elements,	the	3′OH	

generated	in	the	first	strand	cleavage	is	on	the	transposon	end.	When	it	attacks	the	

opposite	strand,	a	hairpin	structure	is	formed	at	the	transposon	end	(Figure	2-1C,	

Mitra	etal.,	2008).	After	release	from	the	donor	site,	the	3’	OH	on	the	free	transposon	

ends	serve	as	nucleophiles	in	a	concerted	attack	on	the	target	DNA	in	a	reaction	

called	strand	transfer.	The	break	in	the	target	DNA	is	repaired	by	host	enzymes,	

thereby	generating	the	TSD	on	both	sides	of	the	inserted	transposon.	In	contrast,	the	

break	in	the	donor	site	is	repaired	either	by	end-joining,	a	pathway	that	often	leaves	

“footprints”	at	the	donor	site	reflecting	element	excision	(Weil	et	al.,	2000),	or	

homology-dependent	gene	conversion	using	a	sister	chromatid	or	homolog	as	a	

template	(Engels	et	al.,	1990;	Plasterk	et	al.,	1991).	
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Because	MULEs	and	hATs	have	a	close	evolutionary	relationship	and	share	features	

including	the[C/D](2)H	motif,	the	W	residue	and	long	TSDs,	their	transposition	

mechanism	is	likely	to	be	similar.		To	test	this	hypothesis,	we	studied	transposition	

of	Muta1,	isolated	from	the	genome	of	the	mosquito,	Aedes	aegypti,	which	can	

spread	dengue	fever,	yellow	fever,	chikungunya,	zika,	and	many	other	diseases	

(Womack	1993;	Marchette	et	al.,	1969).	Muta1	transposase	was	able	to	catalyze	the	

transposition	of	natural	and	artificial	nonautonomous	elements	in	a	yeast	assay	(see	

chapter	1).	In	this	study,	steps	of	the	Muta1	transposition	mechanism	were	

dissected,	from	the	binding	of	purified	transposase	to	the	Muta1	end,	to	cleavage	of	

the	Muta1	end	from	the	donor	site,	and	finally	the	joining	of	cleaved	Muta1	end	to	

target	DNA.	Mutagenesis	analysis	revealed	that	the	conserved	DDE	triad	and	the	W	

residue	shared	with	hATs	play	critical	roles	in	all	steps	of	Muta1	transposition.	The	

terminal	motif	and	subterminal	repeats	of	the	Muta1	TIR	also	impact	transposition	

reactions.	
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Results	

	

Muta1	transposase	binds	the	transposon	end	

The	Muta1	transposase	harbors	a	N-terminal	FLYWCH	type	zinc-finger	domain	and	

a	C-terminal	DDE	catalytic	domain	(Figure	2-2A).	The	504	amino	acid	transposase	

was	cloned,	expressed	and	purified	from	E.	coli	as	a	His-tagged	derivative.	Initially,	

C-terminal	His-tag	was	used,	however	the	fusion	protein	had	poor	affinity	for	the	

nickel	column.	Therefore	a	N-terminal	His-tag	was	added	and	the	double	His-tag	

fusion	protein	was	used	in	subsequent	experiments	(see	Methods).	

	

Muta1	is	3198bp,	flanked	by	8	bp	or	9	bp	TSDs,	and	145	bp	TIRs	comprised	of	a	10	

bp	imperfect	palindromic	terminal	motif	and	9	copies	of	a	12	bp	subterminal	

tandem	repeat	separated	by	3-4	bp	linkers	(Figure	2-2A).	The	Muta1	L-TIR	and	R-

TIR	share	high	sequence	identity	(97.2%),	with	all	sequence	differences	located	in	

the	linker	DNA	between	subterminal	repeats.	For	this	reason	the	L-	and	R-TIR	are	

considered	as	symmetric	and	only	L-TIR	was	used	in	this	study.	

	

Before	determining	transposition	reaction	intermediates	(Figure	2-1),	we	tested	

whether	Muta1	transposase	(purified	from	E.coli)	could	bind	to	the	L-TIR.		A	5’	P32	

end	radiolabeled	165	bp	fragment	containing	the	full	length	L-TIR	and	20	bp	of	

flanking	sequence	was	used	as	substrate	in	DNA	binding	assays	(Figure	2-2B).	The	

result	indicates	that	Muta1	transposase	binds	to	DNA	fragments	containing	Muta1	
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L-TIR	in	the	presence	of	100	molar	excess	of	nonspecific	DNA.	The	binding	is	

specific	as	addition	of	competitor	DNA	reduced	the	binding	strength	(Figure	2-2C,	

lanes	2-4).	The	many	bands	(ranging	from	350	bp	to	greater	than	700	bp)	observed	

in	Muta1-L-TIR	binding	possibly	represent	binding	of	oligomeric	transposase	

proteins	(Figure	2-2C,	lanes	2-4).		

	

Muta1	transposase	catalyzes	double	strand	breaks	through	a	hairpin	

intermediate	on	the	flanking	DNA	side	

As	shown	in	Figure	1,	each	of	the	characterized	cleavage	pathways	produces	distinct	

reaction	intermediates	that	can	be	determined	experimentally.	For	the	donor	

cleavage	assay,	Muta1	transposase	was	incubated	with	a	5’	radiolabeled	188	bp	end	

labeled	fragment	containing	the	full	length	Muta1	L-TIR	and	43	bp	flanking	

sequence	(Figure	2-3A).	The	reaction	products	were	examined	on	both	native	and	

denaturing	polyacrylamide	gels	to	detect	formation	of	a	hairpin	intermediate.	On	a	

native	gel,	two	cleavage	products	were	observed:	the	145	bp	band	reflects	the	

Muta1	L-TIR	and	the	43	bp	band	reflects	the	flanking	DNA	(Figure	2-3B,	lanes	5-8).	

The	structure	of	these	cleavage	products	is	shown	(Figure	2-3B	diagram).	Both	

fragments	increase	in	amount	as	the	incubation	time	is	extended	(from	10	to	120m,	

Figure	2-3B,	lanes	5-8,).	

	

On	a	denaturing	gel,	two	reaction	products	were	detected	(Figure	2-3C,	lanes	4-8).	

The	size	of	the	two	products	is	consistent	with	the	middle	pathway	in	Figure	2-3A:	
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the	145	nt	band	reflects	the	Muta1	L-TIR,	and	the	86	nt	band	reflects	a	linearized	

DNA	hairpin	containing	both	strands	of	the	flanking	DNA	(43	+	43	nt,	Figure	2-3C	

diagram	and	lanes	4-8).	The	amount	of	both	fragments	increases	as	incubation	time	

is	extended	(from	5	to	120	min,	Figure	2-3C,	lanes	4-8,).	These	results	indicate	that	

Muta1	donor	cleavage	involves	formation	of	a	hairpin	structure	in	flanking	DNA	

(Figure	2-3A,	model	2).	

	

Muta1	transposase	joins	the	transposon	end	to	target	DNA	

Donor	site	cleavage	of	Muta1	generates	free	3’	OH	on	the	L-TIR	(Figure	2-3A,	middle	

cleavage	model),	which	could	serve	as	a	nucleophile	in	an	end	joining	reaction.	To	

test	if	Muta1	transposase	could	join	the	Muta1	L-TIR	to	target	DNA,	a	“pre-cleaved”,	

that	is,	with	its	3’	OH	already	exposed	L-TIR	fragment	was	constructed	to	serve	as	

substrate	with	the	target	as	intact	pUC19	plasmid	(2.6	kb).	The	substrate	contains	

the	full	length	L-TIR	with	20	bp	of	Muta1	internal	sequence,	on	its	bottom	strand,	

the	3’	end	OH	is	exposed	and	the	5’	end	is	radiolabeled	(Figure	2-4A).		

	

Labeled	substrate	and	pUC19	plasmid	were	incubated	with	Muta1	transposase	and	

reaction	products	displayed	on	native	and	denaturing	agarose	gels	(Figure	2-4).	

Two	bands	of	2.8	kb	and	4.1	kb	were	observed	on	the	native	gel	(Figure	2-4B,	lanes	

3-5).	The	2.8	kb	band	reflects	double-end	join	(DEJ),	which	is	generated	by	

concerted	joining	of	L-TIR	substrate	to	each	strand	of	target	DNA,	thereby	forming	a	

linear,	double-stranded	DNA	molecule	(Figure	2-4B	diagram).	The	4.1	kb	band	
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reflects	single-end	join	(SEJ),	which	is	generated	by	joining	one	L-TIR	substrate	to	

one	strand	of	the	target	DNA.	SEJ	results	in	a	nicked	circular	plasmid,	in	which	one	

strand	of	pUC19	is	broken	by	the	joining	of	one	L-TIR	fragment	and	the	other	

plasmid	strand	is	intact	(Figure	2-4B	diagram).	The	amount	of	SEJ	and	DEJ	product	

increases	over	time	(from	20	to	120	min,	Figure	2-4B,	lane	3-5).	On	a	denaturing	gel,	

only	one	product	is	observed,	consistent	with	DEJ	and	the	linearized	SEJ	products,	

as	the	double-stranded	SEJ	product	is	denatured	(Figure	2-4C,	lane	3-5).	These	

results	indicate	that	Muta1	transposase	is	able	to	join	the	Muta1	L-TIR	fragment	to	

target	DNA	in	vitro.	

	

Subterminal	repeats	impact	Muta1	transposition	reactions	in	vitro	

After	providing	data	for	the	mechanism	of	transposition,	we	turned	our	attention	to	

the	cis	requirements	for	transposition	beginning	with	the	TIRs.	Muta1	can	be	

classified	as	a	type	2	foldback	transposon	because	its	TIR	is	composed	of	

subterminal	tandem	repeats	capable	of	forming	secondary	structures	(Figure	2-2A,	

Engels	et	al.,	1990).	Although	foldback	elements	are	abundant	in	animal	and	plant	

species,	in	the	MULE	and	P	superfamilies,	the	function	of	the	subterminal	repeats	is	

largely	unknown	(Plasterk	et	al.,	1991;	Windsor	et	al.,	2000).	With	the	active	Muta1,	

we	were,	for	the	first	time,	able	to	experimentally	test	the	function	of	subterminal	

repeats	in	foldback	transposons.	In	the	initial	assays,	DNA	fragments	containing	the	

full	length	L-TIR	(with	9	copies	of	the	subterminal	repeat)	was	used	as	substrate	

(Figure	2-4).	The	function	of	subterminal	repeats	was	tested	by	reducing	their	copy	
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number	in	substrates	used	in	DNA	binding,	donor	site	cleavage,	and	end	joining	

assays.	

	

DNA	binding	with	full	length	L-TIR	resulted	in	multiple	bands,	which	suggest	

binding	of	oligomeric	transposase	(Figure	2-2C).	To	test	if	the	binding	of	multiple	

transposase	proteins	correlated	with	the	presence	of	multiple	copies	of	subterminal	

repeats,	we	generated	a	series	of	DNA	fragments	consisting	of	variable	copies	of	the	

subterminal	repeat,	and	tested	their	binding	activity.	All	six	DNA	substrates	contain	

the	same	20bp	flanking	sequence	but	different	sequences	derived	from	Muta1	L-TIR,	

corresponding	to	the	terminal	motif	alone;	one	copy	of	the	subterminal	repeat	

alone;	the	terminal	motif	plus	1,	2	or	3	copies	of	the	subterminal	repeat,	and	finally	

the	full	length	TIR.	Although	the	substrates	vary	in	size	(Figure	2-5A,	diagram	and	

bottom	bands	in	lanes	1-12,	20-165	bp),	their	binding	to	transposase	is	specific	as	

addition	of	competitor	DNA	reduced	the	binding	strength	(Figure	2-5A,	lanes	1-2,	5-

12).	A	single	band	around	350	bp	was	observed	with	the	substrate	containing	the	

terminal	motif	and	zero	or	one	copy	of	subterminal	repeat	(Figure	2-5A,	lanes	1&2,	

5&6).	No	binding	activity	was	detected	with	the	substrate	only	containing	the	

subterminal	repeat	and	20	bp	flanking	DNA	(Figure	2-5A,	lanes	3,	4).	Additional	

bands	(larger	than	350	bp)	were	detected	with	substrates	containing	2	or	more	

copies	of	subterminal	repeats	(Figure	2-5A,	lanes	7-12).	These	results	indicate	that	

the	Muta1	transposase	binds	specifically	to	fragments	containing	the	10bp	terminal	

motif	and	20bp	flanking	DNA	(Figure	2-5A,	lanes	1-2)	but	not	to	the	fragment	
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containing	only	one	copy	of	subterminal	repeat	and	flanking	DNA	(Figure	2-5A,	

lanes	3-4).	Increasing	the	number	of	the	subterminal	repeat	promotes	the	binding	

strength	and	generates	additional	bands	(Figure	5A,	lanes	1-2,	5-12).	

	

In	the	donor	site	cleavage	assay,	three	different	DNA	fragments	were	used	as	

substrates.	They	contain	either	or	both	of	the	terminal	motif	and	the	subterminal	

repeat,	and	100	bp	of	flanking	DNA	(Figure	2-5B	diagram).	On	a	native	

polyacrylamide	gel,	the	cleavage	product	(100	nt)	was	only	detected	with	the	

substrate	containing	both	motifs	(Figure	2-5B,	lane	3	and	bottom	diagram)	after	60	

min	incubation	with	transposase.	

	

In	end	joining	assay,	3	different	DNA	fragments	containing	either	or	both	of	the	2	

motifs	and	20	bp	of	Muta1	internal	sequence	were	used	as	substrates	(Figure	2-5C	

diagram).	On	native	agarose	gels,	DEJ	and	SEJ	products	were	only	detected	with	the	

substrates	containing	the	terminal	motif,	with	or	without	the	subterminal	repeat.	

(Figure	2-5C,	lane	2&6).		

	

Terminal	palindromic	motif	impacts	Muta1	transposition	reactions	in	vitro	

The	sequence	of	the	terminal	motif	of	Muta1	TIR,	GGGTCTACCC,	is	an	imperfect	

palindrome	with	the	5th	and	6th	nucleotides	unpaired.	To	determine	if	the	sequence	

and	the	palindromic	pattern	of	this	motif		 have	any	impact	on	transposition,	
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mutagenesis	analysis	was	conducted	for	DNA	binding,	donor	site	cleavage	and	

target	joining	reactions.	

	

For	the	DNA	binding	assay,	DNA	fragments	containing	20bp	flanking	sequence,	one	

copy	of	the	subterminal	repeat,	and	mutant	versions	of	the	terminal	motif	were	used	

as	substrates	(Figure	2-6A	diagram)	to	achieve	clear	results	and	avoid	the	

complication	caused	by	the	multiple	nucleoprotein	complexes	(Figure	2-5A).	

Mutations	introduced	in	the	terminal	motif	were	selected	to	disrupt	or	restore	the	

palindromic	pattern	(Figure	2-6	A&B,	red	letters	in	sequences).	For	example,	the	

first	mutant	has	the	first	nucleotide	G	substituted	by	a	T,	and	the	second	mutant	

DNA	keeps	this	mutation	and	also	has	its	10th	C	changed	to	an	A,	thus	restoring	the	

palindrome.	Band	strengths	indicate	that	mutations	in	the	terminal	motif	have	a	

negative	impact	on	binding	activity,	however	the	weaker	binding	caused	by	a	single	

mutation	was	partially	restored	by	the	second	mutation,	which	restores	the	

palindromic	pattern	(Figure	2-6A,	lanes	3-12,	Figure	2-6B).	This	indicates	that	the	

palindromic	pattern	is	important	for	transposase	binding.	Another	observation	is	

that	the	weaker	binding	caused	by	single	mutations	is	more	apparent	when	the	

mutation	located	closer	to	the	end	of	the	TIR,	for	example,	with	mutation	on	1st	or	

2nd	nucleotide	(Figure	2-6A,	lane	3&5,		Figure	2-6B),	the	binding	is	much	weaker	

than	the	substrate	with	mutation	on	the	4th	and	5th	nucleotide	(Figure	2-6A,	lanes	

9&11,	Figure	2-6B).	
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In	donor	site	cleavage	assay,	the	DNA	substrates	(Figure	6C	diagram)	contain	a	

100bp	flanking	DNA	segment,	one	copy	of	the	subterminal	repeat	and	the	terminal	

motif	with	mutations	(Figure	6C,	red	letters	in	sequences).	Cleavage	product	(100	

nt)	was	observed	with	all	mutant	substrates	but	less	than	with	the	wild-type	

terminal	motif	(Figure	2-6C,	lanes	2-12),	indicating	that	the	mutations	reduced	

cleavage	activity,	but	the	palindromic	pattern	had	no	significant	impact.		

	

In	the	end	joining	assay,	substrates	(Figure	2-6D	diagram)	contain	one	copy	of	the	

subterminal	repeat	and	mutated	versions	of	the	terminal	motif	(Figure	2-6D,	red	

letters	in	sequences).	The	amount	of	SEJ	and	DEJ	products	indicate	that	mutations	in	

the	3rd	and	4th/5th	nucleotide	(Figure	2-6D,	lane	7&12)	have	negative	impact	on	end	

joining	activity,	while	mutations	in	other	positions	and	the	palindromic	pattern	has	

no	significant	impact	(Figure	2-6D,	lanes	2-12).	

	

Subterminal	repeats	and	terminal	motif	impact	Muta1	transposition	in	yeast	

The	subterminal	repeats	and	the	terminal	motif	impact	Muta1	transposition	

reactions	in	vitro	(Figure	2-5&2-6).	To	determine	if	they	also	impact	transposition	in	

vivo,	yeast	transposition	assays	were	performed.	The	assay	employs	a	Muta1	

transposase	expression	vector	and	a	reporter	vector	containing	a	nonautonomous	

element	inserted	in	the	5’	UTR	that	blocks	expression	of	the	ADE2	gene	(Figure	2-

7A).	Transposase-mediated	element	excision	restores	ADE2	expression	and	permits	

the	cells	to	grow	on	minimal	plates	(Figure	2-7B).		
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To	test	the	contribution	of	subterminal	repeats,	we	constructed	a	series	of	artificial	

nonautonomous	elements	and	tested	their	mobility	in	yeast.	The	artificial	elements	

were	generated	by	modifying	Muta1NA1,	which	is	a	natural	Muta1	derivative	

element	cloned	from	the	A.	aegypti	genome	(Figure	2-8A).	In	the	artificial	elements,	

the	315bp	internal	sequence	of	Muta1NA1	was	flanked	by	variable	numbers	of	the	

two	motifs,	as	indicated	by	the	number	of	“Ts”	(Terminal	motif)	and	”Rs”	

(subterminal	Repeat).	For	example,	1T0R+1T7R	represents	an	element	with	one	

copy	the	terminal	motif	but	no	subterminal	repeat	on	the	left	end	and	one	copy	of	

the	terminal	motif	and	seven	copies	of	the	subterminal	repeat	on	the	right	end.	The	

transposition	frequencies	of	the	artificial	elements	indicate	that	having	the	terminal	

motif	and	one	copy	of	the	subterminal	repeat	on	both	ends	is	sufficient	for	an	

element	to	be	mobilized	by	Muta1	transpoase,	and	increasing	the	copy	number	of	

subterminal	repeats	promotes	transposition	(Figure	2-8B).		

	

To	test	the	impact	of	the	sequence	and	palindromic	pattern	of	the	terminal	motif,	

mutations	were	introduced	at	both	ends	of	Muta1NA1.	All	mutations	resulted	in	

reduced	excision	frequency,	and	the	palindromic	pattern	seems	to	be	unimportant	

(Figure	2-8C).	Notably,	mutations	closer	to	the	end	of	the	TIR	led	to	a	more	severe	

reduction	in	transposition	activity.	For	example,	the	excision	frequency	of	

Muta1NA1	was	lower	when	a	mutation	was	located	in	the	1st	or	2nd	nucleotide	than	

in	the	4th	and	5th	nucleotide	of	the	terminal	motif,	(Figure	2-8C).	
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Identification	of	the	catalytic	core	of	the	Muta1	transposase	

Prior	mutagenesis	analysis	identified	several	functionally	important	residues	of	

Muta1	transposase,	including	the	DDE	triad	(D214,	D283,	E419)	and	W401	(see	

chapter	1),	which	is	shared	between	the	transposases	from	MULEs	and	hAT	

elements.	To	probe	the	function	of	these	amino	acids	in	Muta1	transposition,	

transposases	with	D214A,	D283A,	E419A,	W401A	or	W401F	mutations	were	

purified	and	assayed	for	DNA	binding,	donor	site	cleavage,	and	end	joining	activities.	

	

Although	still	capable	of	binding	specifically	to	the	Muta1	L-TIR	fragment	(Figure	2-

9A,	lanes	2-13),	the	alanine	substitution	mutant	transposases	lost	activity	in	all	DNA	

cleavage	and	joining	reactions,	while	the	W401F	mutation	retained	partial	activity.	

First,	in	the	cleavage	assay,	no	cleavage	products	were	detected	after	120	min	

incubation	with	alanine	substitution	mutant	transposases	(Figure	2-9B,	lanes	3-6),	

and	the	W401F	mutant	generated	less	cleavage	products	than	wild-type	transposase	

(Figure	2-9B,	lanes	2&7).	The	alanine	substitution	mutants	were	also	defective	in	

the	end	joining	reaction	(Figure	2-9C,	lanes	3-6),	as	no	joining	products	were	

detected,	while	the	W401F	mutation	only	lost	partial	activity	(Figure	2-9C,	lanes	

2&7).	These	results	indicate	that	the	DDE	triad	and	the	W	reside	are	involved	in	

donor	site	cleavage	and	end	joining	of	Muta1-mediated	transposition.		
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Discussion	

Our	experiments	provide	evidence	for	a	double	strand	break	mechanism	catalyzed	

by	the	Muta1	transposase	involving	formation	of	a	hairpin	structure	in	the	flanking	

DNA,	thereby	releasing	the	transposon	from	the	donor	site	(Figure	1B&3C).	The	

same	mechanism	has	been	reported	for	hAT	and	Transib	elements,	the	V(D)J	

recombinase	RAG1,	and	a	subset	of	retroviral	integrases	(Figure	2-1B,	Zhou	et	al.,	

2004;	Hencken	et	al.,	2012;	Agrawal	et	al.,	1998;	Craig	et	al.,	2002).	These	findings	

support	the	close	evolutionary	relationship	between	MULEs	and	hATs,	first	revealed	

by	phylogenetic	analysis	(Yuan	et	al.,	2011).	

		

After	transposon	excision,	the	gap	repair	at	the	donor	site	requires	the	opening	of	

the	hairpin	structure,	our	experiments	suggests	that	this	step	is	not	likely	performed	

by	Muta1	transposase,	because	the	amount	of	the	hairpin	accumulates	over	time	

and	the	cleaved	hairpin	is	not	detected	(Figure	2-3C).	Similar	finding	is	also	

observed	in	the	Hermes,	Transib	and	RAG1	systems	(Zhou	et	al.,	2004;	Hencken	et	

al.,	2012;	Agrawal	et	al.,	1998).	The	hairpin	may	be	opened	by	host	enzymes	like	

Artemis,	which	can	open	hairpins	(Zhou	et	al.,	2004;	Agrawal	et	al.,	1998;	Mitra	et	

al.,	2008).	Subsequent	joining	of	the	opened	hairpins	in	hAT,	Transib	and	RAG1	

systems	may	be	achieved	by	the	nonhomologous	end-joining	pathway,	which	often	

leaves	footprints	at	the	donor	site	(Zhou	et	al.,	2004;	Agrawal	et	al.,	1998;	Weil	et	al.,	

2000).	Muta1	may	utilize	a	distinct	gap	repair	mechanism	because	yeast	

transposition	assay	revealed	that	the	majority	(>	90%)	of	excision	events	were	
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precise	(see	chapter	1),	which	means	the	element	was	removed	as	well	as	a	single	

copy	of	the	TSD,	thus	leaving	no	footprint	at	the	donor	site.	Interestingly,	variable	

Muta1	footprints	were	detected	when	TSD	was	absent	from	the	donor	site	(see	

chapter	1),	similar	to	other	MULE	(rice	Os3378)	and	the	prokaryotic	IS256	family	

that	is	closely	related	to	MULEs	(Hennig	et	al.,	2008;	Zhao	et	al.,	2015).	It	was	

hypothesized	that	IS256	utilizes	a	transposase-independent	replication	slippage	

pathway	for	the	donor	site	gap	repair,	which	requires	at	least	8	bp	of	homologous	

DNA	flanking	the	break	point	(Hennig	et	al.,	2008).	Therefore,	the	gap	repair	

mechanism	of	Muta1	is	more	likely	similar	to	IS256	family	instead	of	hAT	elements.	

	

Mutagenesis	analysis	confirms	the	importance	of	the	DDE	triad	in	Muta1	

transposition	reactions	(Figure	2-9	A-C).	Direct	involvement	of	the	DDE	triad	in	DSB	

and	end	joining	reactions	has	also	been	shown	for	Hermes,	Transib	and	piggyBac	

transposases	and	for	the	RAG1	recombinase.	In	all	cases,	transposases	with	alanine	

substitution	of	the	DDE	triad	lost	activity	for	all	reactions	(Zhou	et	al.,	2004;	

Agrawal	et	al.,	1998;	Hencken	et	al.,	2012;	Mitra	et	al.,	2008).	Prior	studies	showed	

that	the	conserved	DDE	triad	of	many	transposases	(including	hAT	Tc1/Mariner,	

piggyBac	and	the	prokaryotic	Tn5)	and	the	RAG1	recombinase	was	organized	in	an	

RNaseH-like	fold	to	form	the	active	site.	In	the	typical	RNase	H-like	fold	of	β1-	β2-	

β3-α1-β4-α2/3-β5-α4-α5/6,	the	DDE	triad	is	usually	located	on	specific	secondary	

strucutres,	with	the	first	D	on	β1,	the	second	D	right	after	β4,	and	the	E	on	α4	

(Figure	2-10,	RAG1,	Hickman	et	al.,	2010).	However,	the	secondary	structure	
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predictions	suggest	that	the	same	fold	is	not	likely	present	in	most	A.	aegypti	MULE		

transposases,	because	of	the	lack	of	β-strand	adjacent	to	the	second	D	of	the	DDE	

triad	and	the	addition	of	4	α-helices	between	the	second	D	and	the	E		(Figure	2-10).	

Possibly	the	multiple	critical	residues	within	Muta1	transposase	are	closely	

positioned	to	form	the	active	center	through	more	complex	folding	or	formation	of	

transposase	oligomer.	

	

One	explanation	for	the	fact	that	MULE,	hAT,	Transib	and	V(D)J	systems	all	form	

hairpin	structures	in	flanking	DNA	is	that	besides	the	DDE	triad,	they	share	a	few	

functionally	important	amino	acids	which	are	critical	for	the	hairpin	formation,	

especially	the	W	residue.	Crystallographic	analysis	and	in	vitro	assays	revealed	that	

the	W318	in	Hermes	plays	an	important	role	in	the	flanking	DNA	positioning,	which	

ensures	that	DSB	occurs	at	the	correct	position	in	element	excision	process	

(Hickman	et	al.,	2014).	And	crystallographic	analysis	revealed	that	mutation	on	the	

corresponding	W893	of	RAG1	could	destabilize	the	structure	of	RAG1	(Kim	et	al.,	

2015).	We	also	identified	the	W	from	multiple	alignment	analysis	(Figure	2-11).	For	

Muta1,	alanine	substitution	of	W401A	mutation	abolished	all	DNA	cleavage	and	

joining	reactions,	while	W401F	caused	reduction	of	activity	(Figure	2-9	B&C)	and	

decreased	the	ratio	of	precise	excision	from	90%	to	50%	in	yeast	assay	(see	chapter	

1),	indicating	this	mutation	could	cause	inaccuracy	in	Muta1	excision.	Collectively,	

our	data	suggests	this	W	plays	a	critical	role	in	Muta1	transposition,	possibly	

involved	in	the	hairpin	formation,	which	is	similar	to	its	role	in	hAT	elements.	
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Despite	their	abundance,	the	function	of	the	subterminal	repeats	of	Foldback	

transposons	remains	unclear	(Rebatchouk	et	at.,	1997;	Potter	et	al.,	1980;	Windsor	

et	al.,	2000).	It	has	been	suggested	the	tandem	repeats	in	a	foldback	transposon	

could	enhance	the	terminal	recognition	of	transposase	by	providing	more	binding	

sites	(Marzo	et	al.,	2013).	However,	this	hypothesis	has	not	been	experimentally	

demonstrated	because	of	the	lack	of	active	foldback	elements.	Because	Muta1	is	

active	in	heterologous	system	(yeast)	and	the	transposase	is	capable	of	catalyzing	

transposition	reactions	in	vitro,	we	had	the	first	chance	to	test	if	the	function	of	

subterminal	repeats	in	foldback	transposons.	In	DNA	binding	assay,	when	the	

number	of	subterminal	repeats	increases	in	the	substrates,	the	binding	with	

transposase	is	not	only	stronger	but	also	generates	additional	bands,	this	suggests	

that	the	multiple	copies	of	subterminal	repeats	could	enhance	the	binding	with	

transposase	(Figure	2-5A).	In	the	donor	site	cleavage	assay,	cleavage	product	was	

only	detected	when	the	subterminal	repeat	is	present	in	the	substrate	(Figure	2-5B).	

In	addition,	yeast	excision	assays	revealed	increased	copy	number	of	the	

subterminal	repeats	in	the	TIR	had	positive	impact	on	excision	frequency	(Figure	2-

8A).	This	could	be	explained	by	the	stronger	binding	activity	resulted	from	more	

copies	of	subterminal	repeats.	Collectively,	our	study	provides	the	first	experimental	

evidence	that	subterminal	repeats	are	critical	for	transposition	of	foldback	

transposons,	possibly	by	enhancing	the	transposase	recognition.	
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The	palindromic	pattern	of	the	Muta1	terminal	motif	(sequence	of	GGGTCTACCC)	

only	affects	transposase	binding	(Figure	2-6A-D),	some	restriction	enzymes	also	

recognize	palindromic	sequences	as	their	binding	site	(Sakai	et	al.,	1995),	Muta1	

termini	recognition	may	utilize	similar	mechanism,	in	which	the	terminal	

palindromic	motif	could	provide	structural	hints	to	delimit	the	end	of	the	element.	

Mutations	in	the	Muta1	terminal	motif	also	reduced	donor	site	cleavage	activity	and	

excision	frequency	in	yeast,	suggesting	its	sequence	may	be	optimal	for	

transposition.	Similarly,	mutagenesis	on	the	end	of	TIR	also	reduces	transposition	

for	other	transposons,	for	example,	when	mutations	were	introduced	to	the	TIR	of	

maize	Ds	element,	excision	activity	was	greatly	reduced	(Weil	et	al.,	2000).	
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Conclusions	

We	have	dissected	the	mechanism	underling	Muta1	transposition.	Similar	DNA	

breakage	and	target	joining	mechanism	and	conserved	residues	support	the	close	

evolutionary	relationship	between	MULE	and	hATs	superfamilies	and	the	V(D)J	

recombination	system.	The	involvement	of	subterminal	repeats	in	foldback	element	

transposition	is	also	experimentally	demonstrated.	Future	analysis	of	Muta1	

transposition	may	provide	new	insights	to	understand	the	evolutionary	

relationships	between	MULE,	hAT	elements	and	the	V(D)J	recombination	system.		
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Materials	and	methods	

Muta1	transposase	expression	and	purification	

The	Muta1	transposase	coding	sequence	(1512	bp)	was	isolated	by	PCR	

amplification	from	pMuta1-PAG415	(Figure	2-7A,	see	chapter	1).	In	the	PCR	process,	

codons	of	6	histidines	were	added	to	the	N-terminal	of	the	coding	sequence	and	

cloned	between	the	NcoI	and	PstI	sites	of	plasmid	pBAD-Myc-HisC	(Invitrogen)	

(which	has	a	C-terminal	His-tag)	to	generate	pBAD-Muta1-His-NC.	This	fusion	

construct	has	6	His	residues	on	both	the	N	and	C	terminus	of	the	Muta1	coding	

sequence.	E.	coli	Top10	(Invitrogen)	cells	containing	pBAD-Muta1-His-NC	were	

grown	with	shaking	at	30°C	in	LB	medium	containing	100	mg/ml	carbenicillin	to	

OD600	of	0.5.	The	culture	was	induced	with	0.2%	L-arabinose	for	18	h	at	16°C.	Cells	

were	harvested	by	centrifugation	at	8000	rpm	for	5	minutes	and	resuspended	in	8	

mL	of	PBS	buffer	(50	mM	NaH2PO4,	500	mM	NaCl	and	10	mM	imidazole,	pH	7.5).	

After	addition	of	lysozyme	(0.2g/liter	of	culture),	cells	were	incubated	on	ice	for	30	

minutes	before	lysis	by	sonication	for	30	min	(Fisher	Scientific).	6ml	lysate	was	

loaded	onto	a	pre-equilibrated	Ni2+	column	(Invitrogen)	containing	1ml	Ni2+	resin.	

The	column	was	washed	with	35	ml	of	TBS	buffer	with	50	mM	imidazole	followed	

by	35	ml	of	TBS	buffer	with	100	mM	imidazole.	Muta1–His	fusion	protein	was	eluted	

with	7	ml	of	TBS	buffer	with	500	mM	imidazole,	dialyzed	twice	against	35	ml	

volume	of	TBS	buffer	and	concentrated	using	centrifuge	filtration	(Amicon	system)	

to	a	final	volume	of	100	ul.	Glycerol	was	added	to	a	final	concentration	of	15%	(v/v)	

and	stored	at	-80°C.	
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DNA	binding	assay	

DNA	fragments	containing	full	length	L-TIR	were	generated	by	PCR	from	full	length	

Muta1,	fragments	corresponding	to	partial	TIR	were	synthesized	oligos	(IDT).		

DNAs	substrates	were	5’	end	radiolabelled	on	both	strands	with	gamma-P32-ATP	

and	T4	polynucleotide	kinase	(NEB).	120nM	Muta1	transposase	and	2nM	

radiolabelled	DNA	were	incubated	in	25mM	HEPES,	5%	(v/v)	glycerol,	0.01%	

bovine	serum	albumin	(BSA)	and	4mM	dithiothreitol	(DTT)	in	the	presence	of	a	

100-fold	molar	excess	of	sheared	herring	sperm	DNA	at	room	temperature	for	30	

minutes.	Unlabeled	full	length	Muta1	L-TIR	DNA	was	used	in	100	or	500	molar	

excess	as	competitor	DNA.	The	products	were	run	on	5%	native	acrylamide	gels,	all	

gels	were	dried	and	exposed	to	X-ray	film.	

	

Double	strand	break	reactions	

The	DSB	assay	was	conducted	as	previously	described.	200nM	of	Muta1	transposase	

was	incubated	with	1.5nM	of	radiolabelled	Muta1	L-TIR	or	other	end	fragments	in	

25mM	HEPES	(pH	8.0),	3mM	Tris	(pH	8.0),	75mM	NaCl,	2mM	DTT,	10mM	MgCl2,	

0.01%	BSA,	5%	glycerol	and	10nM	pUC19	in	a	final	volume	of	20	ul	at	30°C	for	

different	time	intervals.	Reactions	were	stopped	by	incubation	in	1%	SDS	and	20mM	

EDTA	for	30	min	at	65°C	and	displayed	on	5%	native	and	denaturing	(with	7M	urea)	

acrylamide	gels.	
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End	joining	reactions	

Following	published	protocols	(Zhou	et	al.,	2004;	Mitra	et	al.,	2008),	200nM	of	

Muta1	transposase	was	incubated	with	1.5nM	of	radiolabelled	Muta1	L-TIR	or	other	

end	fragments	in	25mM	HEPES	(pH	8.0),	3mM	Tris	(pH	8.0),	75mM	NaCl,	2mM	DTT,	

10mM	MgCl2,	0.01%	BSA,	5%	glycerol	and	10nM	pUC19	in	a	final	volume	of	20	ul	at	

30°C	for	30	minutes.	Products	were	displayed	on	native	or	denaturing	(with	50mM	

NaOH)	1%	agarose	gels.		

	

Mutagenesis	of	Muta1	transposase	

Site-directed	mutagenesis	was	used	to	generate	mutant	versions	of	Muta1	

transposase.	One	pair	of	primers	was	used	for	each	mutation	site,	and	PBAD-Muta1-

His-NC	plasmid	(described	in	first	section	of	Methods)	was	used	as	template.	PCR	

products	were	digested	with	Dpn1	to	remove	template,	and	the	resulting	plasmid	

was	sequenced	to	confirm	that	mutations	occurred	as	expected.		

Yeast	transposition	assay	

The	yeast	transposition	assay	using	Saccharomyces	cerevisiae	strain	DG2523	and	the	

pWL89A	vector	were	described	previously	(Yang	et	al.,	2006;	Weil	et	al.,	2000).	The	

pMuta1-PAG415	plasmid	(Figure	2-7A,	see	chapter	1)	was	used	for	transposase	

expression.	Mutant	versions	of	Muta1NA1	were	generated	by	PCR.	All	

nonautonomous	elements	were	inserted	in	the	XhoI	site	of	pWL89A	(Figure	2-7B)	

through	homologous	recombination	in	yeast	as	previously	described	(Yang	et	al.,	
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2006).	Transformation	was	performed	using	the	Frozen-EZ	Yeast	Transformation	

kit	(Zymo	research).	Transformants	were	grown	in	5	ml	liquid	media	of	CSM	-leu-

ura	with	2%	dextrose.	After	growth	to	saturation	(36	hours),	cells	were	washed	

twice	with	5	ml	H2O,	resuspended	in	0.5	ml	H2O	and	plated	onto	CSM	-his-leu-ade	

with	2%	galactose.	Colonies	were	counted	after	incubation	at	30°C	for	15	days	and	

viable	counts	were	made	by	plating	100	μl	of	a	1	×	105	and	1	×	106	dilution	on	YPD	

plates.		

Colony	PCR	was	performed	on	ADE2	revertant	colonies	using	primers	flanking	the	

insertion	sites	and	PCR	products	were	gel	extracted	(Zymoclean	Gel	DNA	Recovery	

Kit)	and	sequenced	for	footprint	analysis.	
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Figures		

	

	

		
	
Figure	2-1.	 Comparison	of	 transposase-mediated	 cleavage	and	 target	 joining	
mechanisms.	
	
Key	steps	in	three	DNA	cleavage	and	target	joining	pathways	of	TE	superfamilies.	
Black	triangle	indicates	the	TIR.	After	transposon	ends	released	through	different	
DNA	cleavage	mechanisms,	the	free	3’	OH	is	used	for	target	joining.	
	
(A)	Tc1/mariner	transposases	make	double-stranded	cuts	and	generate	element	
end	with	free	3’	OH.	
	
(B)	hAT	transposases	catalyze	the	cleavage	reaction	through	formation	of	a	hairpin	
structure	in	flanking	DNA.		
	
(C)	piggyBac	transposases	generate	a	hairpin	structure	at	the	transposon	end	and	
release	transposon	from	the	donor	site.		
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Figure	2-2.	In	vitro	analysis	of	DNA	binding	of	Muta1	transposase.		
	
(A)	The	3198	bp	Muta1	encodes	a	504	amino	acid	transposase	with	the	predicted	
zinc	and	catalytic	(DDE)	domains.	White	boxes	indicate	exons	and	grey	boxes	
indicate	noncoding	regions.	Black	arrowheads	represent	the	TIR	whose	
substructure	is	expanded	below.	In	this	and	all	subsequent	figures:	open	arrows	
represent	the	10	bp	terminal	palindromic	motif,	and	black	arrows	are	the	12	bp	
subterminal	tandem	repeat.		
	
(B)	The	165	bp	DNA	substrate	used	in	DNA	binding	assay	is	5’	radiolabelled	at	both	
strands	(asterisk)	and	contains	a	20	bp	flanking	DNA	segment	(white	box)	and	the	
full	length	Muta1	L-TIR.		
	
(C)	Muta1	tpase	and	DNA	binding	assay.	Lanes	1-4:	fastest	migrating	band	present	
in	all	lanes	is	DNA	substrate,	slower	migrating	bands	(>	300	bp)	are	nucleoprotein	
complexes.	Competitor	DNA	is	unlabeled	DNA	in	(B)	which	was	added	in	100	(+)	or	
500	(++)	molar	excess.	One	hundred	molar	excess	of	nonspecific	DNA	is	added	in	all	
reactions.		
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Figure	2-3.	In	vitro	analysis	of	Muta1	double	strand	cleavage.	
	
(A)	The	188	bp	DNA	substrate	is	5’	radiolabeled	and	contains	full	length	Muta1	L-
TIR	(145	bp)	and	a	43	bp	flanking	segment.	The	possible	reaction	outcomes	of	the	
three	DNA	cleavage	pathways	in	Figure	1	are	shown.	
	
(B)	Reaction	products	on	a	native	polyacrylamide	showing	43	bp	and	145	bp	Muta1	
L-TIR	products	(lanes	5-8).		
	
(C)	Reaction	products	on	a	denaturing	polyacrylamide	gel	showing	the	145	and	86	
nt	bands	(lanes	4-8).Diagram	on	right	indicates	the	predicted	structure	and	size	of	
each	band.	
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Figure	2-4.	In	vitro	analysis	of	Muta1	end	joining	with	target	DNA.	
	
(A)	The	165	bp	DNA	substrate	contains	full	length	Muta1	L-TIR	with	20	bp	of	Muta1	
internal	sequence.	Two	lines	indicate	the	DNA	double	strands.	On	the	bottom	strand,	
the	5’	P	is	radiolabeled	and	the	3’	OH	is	exposed.		
	
(B)	Reaction	products	on	a	native	agarose	gel	reveal	two	bands	at	4.1	kb	and	2.8	kb,	
which	reflect	joining	product	SEJ	(nicked	circular	plasmid	formed	by	joining	of	one	
transposon	end	to	one	plasmid	strand)	and	DEJ	(linearized	plasmid	formed	by	
concerted	joining	of	two	transposon	ends	to	two	plasmid	strands),	as	indicated	in	
the	diagram	on	right.	
	
(C)	Reaction	products	on	a	denaturing	agarose	gel,	only	the	2.8	kb	is	seen,	which	
reflects	both	DEJ	and	SEJ	produts.	
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Figure	2-5.	In	vitro	analysis	of	the	impact	of	the	Muta1	subterminal	repeats	on	
tpase	binding,	double	strand	break	and	end	joining	reactions.	
	
(A)	DNA	binding	assay.	Diagrams	at	top	of	gel	show	structure	of	DNA	substrates,	all	
contain	20	bp	flanking	DNA	segment	(open	box)	and	subterminal	repeats	and	
terminal	motif.	Unlabeled	substrate	shown	in	Figure	2B	is	added	in	100	(+)molar	
excess	as	competitor	DNA;	and	100	molar	excess	of	nonspecific	DNA	is	added	in	all	
binding	reactions.	Reaction	products	are	displayed	on	native	polyacrylamide	gel.		In	
each	lane,	the	bottom	band	indicates	the	DNA	substrate	(size	from	30	bp	to	165	bp	),	
and	the	top	bands	(>	300	bp)	indicate	nucleoprotein	complexes.	
	
(B)	Donor	cleavage	assay.	Diagram	on	top	shows	the	structure	of	DNA	substrates,	
and	the	bottom	diagram	shows	the	predicted	structures	of	cleavage	products.	
Reactions	products	are	displayed	on	native	polyacrylamide	gel,	the	100	bp	band	
indicates	the	cleavage	product.	
	
(C)	End	joining	assay.	Diagram	on	top	shows	the	structure	of	DNA	substrates,	intact	
pUC19	plasmid	is	used	as	target	DNA,	reaction	products	are	displayed	on	native	
agarose	gel.	The	4.1	kb	and	2.8	kb	band	indicates	product	of	SEJ	and	DEJ,	
respectively.	
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Figure	2-6.	In	vitro	 analysis	of	 the	 impact	of	 the	Muta1	terminal	palindromic	
motif	on	DNA	binding,	double	strand	break	and	end	joining.	
		
(A)	DNA	binding	assay.	Diagram	shows	the	structure	of	DNA	substrates.	Red	letters	
indicate	mutations	in	the	terminal	motif.	Reactions	products	are	displayed	on	native	
polyacrylamide	gel.	Unlabeled	substrate	shown	in	Figure	2B	is	added	in100	(+)	
molar	excess	as	competitor	DNA;	and	100	molar	excess	of	nonspecific	DNA	is	added	
in	all	binding	reactions.	In	each	lane,	the	bottom	band	indicates	the	DNA	substrate	
(~	50	bp),	and	the	top	band	(~	350	bp)	indicates	nucleoprotein	complexes.	
	
(B)	Quantification	of	the	DNA	binding	of	substrates	used	in	(A).	The	strength	of	
binding	was	quantified	with	the	ImageJ	software	and	repeated	5	times	to	generate	
the	standard	deviation.	
	
(C)	Cleavage	assay.	Diagram	shows	the	structure	of	DNA	substrates	and	cleavage	
products.	Sequences	of	substrates	are	shown,	red	letters	indicate	mutations	in	
terminal	motif.	Reactions	products	are	displayed	on	native	polyacrylamide	gel.	In	
lanes	2-12,	the	122	bp	and	100	bp	bands	indicate	the	DNA	substrate	and	cleavage	
product,	respectively.		
	
(D)	End	joining	assay.	Diagram	shows	the	structure	of	DNA	substrates.	Red	letters	
indicate	mutations	in	terminal	motif.	Intact	pUC19	plasmid	is	used	as	target	DNA,	
and	reaction	products	are	displayed	on	native	agarose	gel.	In	lanes	2-12,	the	4.1	kb	
and	2.8	kb	bands	indicate	SEJ	and	DEJ	product,	respectively.	
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Figure	2-7.	Yeast	transposition	assay	constructs.	
	
(A)	The	structure	of	transposase	expression	vector	pMuta1_PAG415	and	reporter	
vector	pWL89A	(see	methods).	AmpR,	ampicillin	resistance	gene;	ori,	E.	coli	
replication	origin;	Pgal1,	GAL1	promoter;	CYC1	ter,	terminator;	CEN,	centromere	
sequences	of	yeast	chromosomes;	ARS,	autonomous	replication	site.	Dashed	lines	
indicate	the	position	of	nonautonomous	elements	insertion	site	in	the	5’	UTR	of	
ADE2.		
	
	(B)	Muta1NA1	excision	from	5’	UTR	of	ADE2.	
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Figure	2-8.	Analysis	of	the	impact	of	Muta1	subterminal	repeats	and	terminal	
motif	on	transposition	in	yeast.	
	
(A)	Muta1NA1	contains	10bp	terminal	motif	on	both	ends;	3	copies	and	7	copies	of	
the	subterminal	repeats	on	left	and	right	end	respectively;	and	a	315bp	of	internal	
DNA	segment.	
	
(B)	Excision	frequencies	of	Muta1NA1	derivative	elements	generated	by	altering	the	
copy	number	of	the	two	motifs	at	both	ends	of	Muta1NA1.	TIR	composition	of	each	
element	is	shown	at	the	left	(see	text	for	details).	For	each	element,	6	replicates	
were	used.		
	
(C)	Excision	frequency	of	mutant	versions	of	Muta1NA1.	Mutations	are	introduced	at	
both	ends	of	the	terminal	motif	of	Muta1NA1,	as	indicated	by	red	letters.	For	each	
element,	6	replicates	were	used.	
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Figure	2-9.	 In	vitro	mutagenesis	analysis	of	 the	role	of	conserved	residues	of	
Muta1	transposase	in	transposition.		
	
(A)	DNA	binding	assay	using	wild	type	and	mutant	transposases.	Diagram	shows	the	
structure	of	DNA	substrate.	Unlabeled	substrate	shown	in	Figure	2B	is	added	in	100	
(+)	molar	excess	as	competitor	DNA;	and	100	molar	excess	of	nonspecific	DNA	is	
added	in	all	binding	reactions.	Binding	products	are	displayed	on	native	
polyacrylamide	gel.	In	each	lane,	the	bottom	band	indicates	the	DNA	substrate	(~	50	
bp),	and	the	top	band	(~	350	bp)	indicates	nucleoprotein	complexes.	
	
(B)	Cleavage	assay	using	wild	type	and	mutant	transposases,	diagram	shows	the	
structure	of	DNA	substrates	and	predicted	cleavage	products.	Reactions	products	
are	displayed	on	native	polyacrylamide	gel,	the	120bp	and	100	bp	bands	indicate	
DNA	substrates	and	cleavage	product,	respectively.		
	
	
(C)	End	joining	assay	using	wild	type	and	mutant	transposases,	diagram	shows	the	
structure	of	DNA	substrates.	Intact	pUC19	plasmid	is	used	as	target	DNA.	Reaction	
products	are	displayed	on	a	native	agarose	gel,	the	4.1	kb	and	2.8	kb	bands	indicate	
products	of	SEJ	and	DEJ,	respectively.	
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Figure	2-10.	Comparison	of	sequences	and	predicted	secondary	structures	of	
transposases	and	RAG1	recombinase.	
	
DDE	domain	sequences	of	Muta1-14,	MuDR,	TED,	Os3378,	Jittery,	Hop,	Hermes	and	
RAG1	were	aligned	with	ClustalW	(all	MULE	sequences)	and	by	eye	(Hermes	and	
RAG1).	The	secondary	structure	features	are	numbered	as	for	RAG1.	The	DDE	triad	
is	boxed;	the	conserved	CxxH	motif	and	W	residue	are	labeled	by	asterisk.	Red	
letters	represent	predicted	α-helix	and	blue	letters	indicate	predicted	β-strand.		
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Figure	2-11.	Multiple	alignment	of	the	DDE	domain	in	Transib	transposases.	
	
Conserved	residues	are	highlighted,	asterisks	indicate	the	DDE	triad,	the	W	residue	
is	further	discussed	in	the	text.	Distances	between	the	conserved	blocks	are	
indicated	in	the	number	of	amino	acid	residues.	
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Chapter	3	Characterization	of	the	Pack-Mutator–like	transposable	elements	

(Pack-MULEs)	in	the	mosquito	Aedes	aegypti	

	

Abstract		

Gene	duplication	followed	by	sequence	and	functional	divergence	is	an	important	

mechanism	for	evolution	of	new	genes.	Pack-MULEs,	nonautonomous	Mutator-like	

transposable	elements	(MULEs)	that	carry	gene	or	gene	fragments,	are	able	to	

duplicate	and	amplify	gene	fragments	on	a	large	scale	in	plants,	including	maize,	rice	

and	Arabidopsis.	Prior	studies	have	shown	that	Pack-MULEs	are	potentially	involved	

in	generating	new	open	reading	frames	and	regulating	host	gene	expression.	

However,	despite	their	abundance	and	importance,	Pack-MULEs	have	not	been	

reported	outside	the	plant	kingdom.	

	

Here,	we	report	the	identification	of	1,378	Pack-MULEs	in	the	genome	of	the	

mosquito,	Aedes	aegypti,	including	663	chimeric	elements,	which	acquired	

sequences	from	two	or	more	genomic	locations.	A.	aegypti	MULEs	preferentially	

acquire	fragments	from	genic	regions,	with	423	host	genes	involved.	Among	the	

2,249	gene	fragments	identified	in	Pack-MULEs,	only	83	(2.8%)	are	acquired	from	

coding	sequences,	while	the	rest	are	from	introns	or	UTRs.	Of	the	A.	aegypti	Pack-

MULES,	9.7%		are	expressed,	11.8%	directly	generate	sRNAs,	and	no	evidence	of	the	

translation	of	Pack-MULE	sequences	could	be	detected.	Comparison	of	the	
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sequences	acquired	by	the	host	genes	indicates	that	fragments	of	genomic	DNA	have	

been	captured,	amplified	and	rearranged	on	a	large	scale	and	for	a	long	period	of	

time	in	the	A.	aegypti	genome.	Gene	acquisition	activity	of	Pack-MULEs	might	

provide	an	important	mechanism	for	the	evolution	of	genes	in	A.	aegypti.		
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Introduction	

Transposable	elments	(TEs)	are	DNA	sequences	that	can	move	from	one	genomic	

location	to	another.	In	the	process,	they	can	generate	genomic	alterations	including	

insertions,	excisions,	duplications	and	translocations	(Finnegan,	1989;	Wicker	et	al.,	

2007).	With	this	ability	and	their	ubiquitous	presence	in	eukaryotic	genomes,	TEs	

are	considered	to	play	important	roles	in	genome	evolution	(Yang	et	al.,	2006).	TEs	

are	classified	as	class	1,	which	utilize	an	RNA	intermediate	in	their	movement	and	

class	2,	which	use	a	“cut	and	paste”	mechanism	where	the	transposition	

intermediate	is	the	element	itself.	An	exception	for	class	2	TEs	is	Helitron,	which	

transposes	via	a	rolling-circle	mechanism	(Kapitonov	et	al.,	2001).	

	

In	addition	to	occasionally	duplicating	during	transposition,	several	types	of	TEs	are	

found	to	capture	and	duplicate	host	genes	or	gene	fragments,	in	which	the	sequence	

and	functional	divergence	provides	means	for	the	generation	of	new	genes	(Bureau	

et	al.,	1994;	Flagel	et	al.,	2009).	In	a	process	called	transduction,	class	1	TEs	can	

acquire	flanking	host	genomic	sequences	via	transcriptional	readthrough	(Moran	et	

al.,	1999).	For	example,	the	human	L1	element	has	been	shown	to	transduce	

adjacent	genes	and	other	genomic	sequences	on	a	large	scale	(10%	of	L1	elements	

are	involved	in	transduction,	Moran	et	al.,	1999).		Several	class	2	TE	superfamilies	

have	also	been	reported	to	acquire	fragments	of	host	genes,	including	MULE,	CACTA	

and	Helitron	(Pickeral	et	al.,	2000;	Jiang	et	al.,	2004;	Morgante	et	al.,	2005).	The	

mechanism	of	gene	fragment	acquisition	by	class	2	TEs	is	unclear,	but	the	capture	of	
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introns	indicates	that	the	process	occurs	at	the	DNA	level,	which	differs	from	

transduction	(Jiang	et	al.,	2004).	Duplicated	gene	fragments	may	have	functional	

impacts	on	the	host	depending	on	whether	they	are	transcribed,	translated	or	

associated	with	small	RNAs	(sRNAs).	

	

Mutator–like	transposable	elements	(MULEs),	a	class	2	TE	superfamily	that	was	first	

identified	in	maize	(Robertson	1978;	Bennetzen	et	al.,	1984).	Subsequent	research	

indicated	that	this	superfamily	is	widespread	in	plants,	animals,	fungi,	protozoans,	

and	are	closely	related	to	the	prokaryotic	IS256	family	(Eisen	et	al.,	1994;	Chalvet	et	

al.,	2004;	Neuveglise	et	al.,	2005;	Pritham	et	at.,	2005).	They	are	characterized	by	

long	terminal	inverted	repeats	(TIRs,	>100	bp)	and	9–11	bp	target	site	duplication	

(TSD).	MULE	families	typically	consist	of	a	few	autonomous	elements	containing	the	

transposase	gene,	and	up	to	thousands	of	nonautonomous	elements	that	can	be	

mobilized	in	trans	by	the	transposase	produced	by	the	autonomous	copies	(Lisch	

2002).	In	a	MULE	family,	all	members	share	the	TIR	sequence,	but	many	

nonautonomous	MULEs	are	not	simple	deletion	derivatives	of	their	coreresponding	

autonomous	copies.	Instead,	they	carry	diverse	internal	sequences	between	the	TIRs	

including	host	gene	fragments	(Bennetzen	et	al.,	1994).		

	

MULEs	carrying	host	gene	or	gene	fragments	are	called	Pack-MULEs	(Jiang	et	al.,	

2004).	They	have	been	identified	in	other	plant	species,	including	maize	and	

Arabidopsis	(Carels	et	al.,	2000;	Wong	et	at.,	2001).	Pack-MULEs	have	been	reported	



 85	

to	duplicate	host	gene	fragments	on	a	large	scale,	especially	in	rice,	where	more	than	

2,900	Pack-MULEs	were	found	to	carry	fragments	acquired	from	over	1,500	genes	

(Jiang	et	al.,	2011;	Ferguson	et	al.,	2013).	Rice	Pack-MULEs	contribute	to	the	genome	

architecture	and	evolution	through	modifying	the	GC	content	and	GC	gradient	in	the	

genome	(Ferguson	et	al.,	2013;	Juretic	et	al.,	2011).	In	addition,	of	the	rice	Pack-

MULEs,	over	20%	are	transcribed;	more	than	half	are	associated	with	sRNAs,	and	a	

few	are	translated	(Juretic	et	al.,	2011;	Hanada	et	al.,	2009).	

	

A	prior	study	(see	chapter1)	identified	14	MULE	families	in	the	genome	of	the	

mosquito,	Aedes	aegypti,	which	can	spread	dengue	fever,	yellow	fever,	chikungunya,	

zika,	and	many	other	diseases	(Womack	M	1993;	Marchette	et	al.,	1969;	Nene	et	al.,	

2007).	The	14	MULE	familie	all	have	8-9	bp	TSD,	12	of	14	have	TIRs	>100	bp	and	

two	have	TIRs	<50	bp.	Ten	of	the	12	long	TIR	families	contain	short	subterminal	

tandem	repeats	(9-15	bp).	Most	families	also	contain	derivative	nonautonomous	

elements,	which	share	high	sequence	similarity	in	their	TIR	and	subterminal	

regions,	but	carry	heterogeneous	internal	sequences	including	fragments	of	host	

genes	(see	chapter	1).	Here	we	report	the	identification	and	characterization	of	

Pack-in	the	A.	aegypti	genome.	
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Results	

The	Inventory	of	MULEs	in	the	A.	aegypti	Genome		

A	prior	study	identified	Pack-MULEs	in	the	A.	aegypti	genome	(see	chapter	1),	to	

identify	and	characterize	Pack-MULEs,	we	first	assessed	the	abundance	of	MULEs	in	

the	A.	aegypti	genome.	Repeat	families	with	TIR	and	8-9	TSD	(which	is	a	feature	of	

MULEs)	in	A.	aegypti	were	identified	with	RECON	as	previously	described	(Jiang	et	

al.,	2004;	Hanada	et	al.,	2009;	Ferguson	et	al.,	2013),	and	the	resulting	families	were	

examined	for	and	8-10	bp	TSD,	which	is	the	feature	of	MULEs.	Because	some	of	the	

MULE	families	identified	previously	have	unusually	short	TIRs	(as	short	as	16	bp,	

see	chapter	1),	we	considered	all	TE	families	with	8-9	bp	TSD	as	potential	MULEs,	

regardless	of	the	TIR	length.	To	achieve	accurate	classification,	the	repeat	families	

were	compared	to	the	14	A.	aegypti	MULE	families	(see	chapter	1)	and	all	MULE	

families	in	Repbase	libraries.	A	TE	family	with	8-10	bp	TSD	was	defined	as	a	MULE	

only	if	(1)	it	shares	sequence	homology	to	MULE	TIRs	(e-	value	<10-10);	or	(2)	the	

internal	sequences	of	family	members	share	significant	similarity	(e-	value	<10-10)	

to	the	MULE	transposases.	Our	search	resulted	in	24	MULE	families	(with	2,235	

elements)	and	53	families	(with	6,394	elements)	that	cannot	be	classified	because	

the	lack	of	sequence	similarity	to	known	MULEs	and	thus	excluded	in	the	following	

analysis.	Prior	study	in	rice	indicated	that	MULEs	with	long	TIR	were	more	often	

involved	in	gene	acquisition	events	(Ferguson	et	al.,	2013),	to	test	if	this	finding	is	

also	true	for	A.	aegypti	MULEs,	the	2,235	MULEs	with	TSDs	were	sorted	into	19	

long-TIR	MULE	families	(TIR	>	50	bp)	and	5	short-TIR	MULE	families	(TIR	<	50	bp)	
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based	on	the	similarity	and	length	of	TIRs.	Among	the	MULEs,	1,631	(72.9%)	were	

long-TIR	MULEs,	indicating	this	type	is	more	predominant	than	the	short-TIR	

MULEs	(Figure	3-1).		

	

Regarding	their	insertion	sites	in	the	genome,	1,005	(40.7%)	MULEs	are	located	in	

gene	bodies	or	within	5kb	upstream	or	downstream	of	genes;	in	a	control	dataset	of	

equal	number	of	randomly	selected	genomic	sites	(Figure	3-2	A&B,	see	methods),	

indicating	A.	aegypti	MULEs	may	preferentially	target	genic	regions	for	insertion,	as	

previously	reported	for	plant	MULEs	and	many	other	TE	superfamilies	(Lisch	2002).	

	

Identification	of	Pack-MULEs	in	the	A.	aegypti	Genome		

Based	on	the	Pack-MULE	identification	protocol	described	previously	(Jiang	et	al.,	

2004;	Hanada	et	al.,	2009;	Ferguson	et	al.,	2013),	the	2,235	A.	aegypti	MULEs	were	

used	in	BLAST	searches	to	determine	if	they	were	Pack-MULEs.	If	the	internal	

sequence	of	a	MULE	has	a	significant	match	(e-	value	<10-10)	to	a	non-TE	genomic	

homolog,	the	genomic	homolog	is	called	the	host	fragment	or	host	gene	(if	it	is	in	a	

genic	region).	As	a	result,	1,378	MULEs	were	found	to	contain	host	genic	fragments,	

and	304	MULEs	contain	intergenic	fragments.	In	addition,	62.6%	of	the	long-TIR	

MULEs	and	58.9%	of	the	short-TIR	MULEs	contain	host	fragments	(Figure	3-1).	

According	to	the	internal	sequence	contained	within	the	TIR,	MULEs	were	further	

sorted	into	three	groups	(Figure	3-2	C&D):	(1)	Pack-MULEs,	as	defined	previously,	

refer	to	elements	containing	sequences	matching	functionally	annotated	genes	or	
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hypothetical	genes;	(2)	MULE-Tpase,	refers	to	elements	containing	sequences	with	

significant	homology	(e-	value	<10-10)	to	known	MULE	transposases;	and	(3)	MULE,	

refers	to	elements	without	any	identifiable	host	sequences.	To	test	if	these	A.	aegypti	

Pack-MULEs	are	an	artifact	of	sequence	assembly,	30	were	randomly	selected	and	

sequenced	after	PCR	amplification	from	isolated	genomic	DNA.	The	results	

confirmed	that	all	virtual	elements	exist	in	the	genome	and	that	they	carry	gene	

fragments	and	are	flanked	by	8-9	bp	TSDs.	

	

Among	the	Pack-MULEs,	672	carry	a	single	gene	fragment,	411	carry	two	gene	

fragments	and	295	carry	three	or	more	fragments	(ranging	from	3	to	8).	A	total	

number	of	2,641	gene	fragments	were	identified;	their	average	length	is	178	bp	

(ranging	from	39	bp	to	1,724	bp)	and	the	average	sequence	identity	to	host	genes	is	

81.9%	(ranging	from	63.7%	to	100%,	Figure	3-3).	Thirty-eight	acquired	fragments	

share	high	sequence	identity	with	host	genes	(>	98%),	indicating	possible	ongoing	

gene	acquisition	activity	in	the	A.	aegypti	genome.	

	

Pack-MULEs	containing	the	same	acquired	fragments	were	clustered	as	subfamilies,	

the	results	showed	that	1,211	out	of	1,378	Pack-MULEs	are	single-copy	elements,	

and	the	remainders	are	multi-copy.	The	multi-copy	subfamilies	presumably	arose	

by	replicative	transposition	of	an	ancestral	Pack-MULE	that	had	previously	acquired	

gene	fragments.	51	subfamilies	have	two	to	four	copies;	and	6	subfamilies	have	five	

or	more	copies	(Table	3-1).	These	multi-copy	subfamilies	were	generated	by	
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transposition	instead	of	other	duplication	events	because	all	subfamily	members	

have	distinct	TSDs.	The	element	sequence	identity	within	each	multi-copy	subfamily	

ranges	from	91%	to	95%,	suggesting	they	may	not	be	involved	in	recent	

transposition	events.	The	average	sequence	identity	between	the	acquired	

fragments	in	these	multi-copy	Pack-MULEs	and	the	host	copies	is	89.4%	(ranging	

from	79.3%	to	91.9%,	Table	3-1),	suggesting	that	the	multi-copy	Pack-MULEs	may	

not	be	involved	in	recent	acquisition	events.	Notably	the	Pack-MULEs	of	higher	copy	

subfamilies	(copy	number	>4)	are	shorter	than	the	single	copy	elements	(Table	3-1).		

	

To	study	the	timing	of	acquisition	events,	all	acquired	gene	fragments	in	each	of	the	

Pack-MULE	families	were	classified	based	on	their	sequence	identity	to	the	parental	

sequences.	For	the	four	families	containing	more	than	100	Pack-MULEs,	analysis	of	

the	divergence	between	acquired	fragments	and	their	host	copies	produce	a	

temporal	pattern	indicative	of	successive	gene	acquisition	activity	(Figure	3-4).	

	

Structures	of	representative	Pack-MULEs	are	shown	(Figure	3-5),	which	all	carry	

different	internal	sequences.	The	423	host	genes	identified	from	the	1,378	Pack-

MULEs	involve	diverse	cellular	processes	including	transcription,	signal	

transduction	and	cell	metabolism,	indicating	that	a	wide	variety	of	gene	fragments	

have	been	captured	by	Pack-MULEs.	From	the	evolutionary	standpoint,	of	great	

interest	is	the	discovery	of	Pack-MULEs	that	are	involved	in	sequential	acquisition	

events,	which	not	only	have	potential	to	create	novel	genes	through	rearrangement	
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and	fusion	of	diverse	genomic	sequences,	but	also	provide	hints	for	the	study	of	the	

mechanism	of	gene	acquisition.	A	total	number	of	four	step-wise	acquisition	events	

were	identified,	in	which	a	fragment	(fragment	A)	is	first	captured	by	Pack-MULE,	

and	next	a	second	fragment	(fragment	B)	is	inserted	into	fragment	A	(Figure	3-5C).	

All	of	the	four	Pack-MULEs	involved	in	sequential	acquisition	are	single-copy	

element,	their	length	varies	from	3.2	kb	to	5.6kb	(mean	is	4.4	kb).	For	the	four	Pack-

MULEs,	the	average	length	and	sequence	identity	of	fragment	A	and	fragment	B	is	

508	bp	(ranging	from	106	bp	to	1,175	bp)	and	85.9%	(ranging	from	78.3%	to	

92.5%),	and	253	bp	(ranging	from	52	bp	to	487	bp)	and	93.4%	(ranging	from	85.4%	

to	98.2%),	respectively.	However,	in	all	four	cases,	the	intermediate	element	of	the	

sequential	events	(a	Pack-MULE	containing	fragment	A	but	not	fragment	B)	is	not	

identified.	

	

A.	aegypti	Pack-MULEs	preferentially	acquire	genic	sequences		

Because	plant	Pack-MULEs	preferentially	acquire	DNA	fragments	from	genic	

regions,	we	asked	if	A.	aegypti	Pack-MULEs	have	the	same	preference	preference	

(Ferguson	et	al.,	2013).	To	address	this	question,	the	host	copies	of	acquired	

fragments	in	Pack-MULEs	were	examined.		Among	the	3,288	host	fragments,	2,249	

are	captured	from	genic	regions	and	1,039	from	intergenic	regions.	Considering	

genic	sequences	(241.55	Mb)	account	for	roughly	17.5%	of	the	A.	aegypti	genome,	

and	68.3%	of	the	acquired	sequences,	this	result	indicates	that	genic	sequences	are	

overrepresented	as	the	source	of	the	acquired	fragments	(Figure	3-6A,	P	<	0.05,	χ2	
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test).	For	the	fragments	captured	from	genes,	we	further	analyzed	their	sequence	

oringin	and	identified	83	fragments	from	coding	sequences,	1,841	introns,	134	5’	

UTRs	and	191	3’	UTRs,	this	could	be	explained	by	the	long	introns	of	A.	aegypti,	

which	account	for	about	84.4%	of	A.	aegypti	gene	space	preference	(Ferguson	et	al.,	

2013).	In	addition,	among	different	age	groups	(defined	by	the	sequence	identity	to	

the	host	copy),	the	distribution	of	fragments	acquired	from	each	genetic	region	in	

not	significantly	different	(Figure	3-6B,	P	>0.5,	χ2	test).		

	

The	junction	of	acquisition	events	in	Pack-MULEs	

Relatively	new	acquisition	events	(>95%	sequence	identity	between	acquired	

fragments	and	host	sequences)	permitted	the	identification	of	acquisition	

breakpoints	and	boundary	of	acquired	fragments	in	Pack-MULEs.	These	junction	

sequences	allowed	us	to	study	the	features	of	gene	acquisition	events,	for	example,	

if	there	is	sequence	homology	between	the	MULE	internal	sequence	flanking	the	

acquisition	junction	and	the	ends	of	acquired	sequence.	To	this	end,	the	boundary	of	

145	acquired	fragments	were	identified	and	analyzed.	

	

After	obtaining	the	junctions,	for	each	acquired	fragment,	three	sets	of	sequences	

were	compared:	(1)	30	bp	border	of	the	fragment;	(2)	30	bp	Pack-MULEs	sequences	

flanking	the	fragment	insertion	site;	and	(3)	30	bp	host	gene	sequences	flanking	the	

host	copy	of	the	fragment.	However,	in	most	cases,	no	apparent	sequence	homology	

between	the	boundary	of	acquired	fragments	and	their	surrounding	sequences	were	
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identified.	To	evaluate	GC	content	plays	a	role	in	gene	acquisition	process,	100	bp	of	

Pack-MULE	and	host	gene	sequences	flanking	the	acquired	fragment	or	its	host	copy			

were	divided	into	ten	10	bp	bins	(Figure	3-7A).	The	result	revealed	that	the	

acquired	fragments	were	often	located	in	Pack-MULE	internal	regions	with	lower	GC	

content	(<	30%,	P	<	0.1,	χ2	test),	whereas	the	GC	content	of	the	sequences	

surrounding	the	host	fragments	was	not	significantly	different	from	other	regions	in	

the	host	gene	(Figure	3-7A,	P	>0.5,	χ2	test).	In	addition,	the	GC	content	of	the	entire	

Pack-MULE	internal	region,	the	entire	host	genes,	acquired	fragments	and	host	

fragments	were	not	significantly	different	and	no	apparent	GC	gradient	was	

observed	(Figure	3-7	B&C,	P	>0.5,	χ2	test),	A.	aegypti	Pack-MULEs	do	not	specifically	

acquire	sequences	with	higher	GC	content,	different	from	rice	Pack-MULEs	(Hanada	

et	al.,	2009;	Ferguson	et	al.,	2013).	

	

Expression	of	A.	aegypti	Pack-MULEs	

To	explore	their	possible	functionality,	we	examined	the	transcription	profile	of	the	

Pack-MULEs	(the	entire	elements)	was	examined	using	RNA-Seq	data	from	42	A.	

aegypti	expression	libraries	representing	different	mosquito	developmental	stages	

and	diverse	tissues	(Akbari	et	al.,	2013).	A	Pack-MULE	was	considered	transcribed	

only	if	its	FPKM	(fragments	per	kilobase	of	exon	per	one	million	fragments	mapped)	

value	of	unique	mapped	reads	was	at	least	1.0	in	at	least	one	RNA-Seq	library.		Only	

119	(8.6%)	Pack-MULEs	are	transcribed.	To	test	if	the	small	portion	of	transcribed	

Pack-MULEs	is	because	of	low	coverage	of	the	RNA-Seq	libraries,	transcription	of	
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host	genes	was	examined	using	the	same	method.	Of	the	423	host	genes,	75.2%	

(318)	were	transcribed	(FPKM	>1	in	at	least	one	of	the	42	libraries).	

	

As	another	measure	of	transcription,	all	Pack-MULEs	were	used	to	query	a	database	

of	307,080	unique	A.	aegypti	cDNAs	and	ESTs.	Only	99	(7.2%)	Pack-MULEs	had	

cDNA/EST	matches	(sequence	identity	>	99.5%),	whereas	278	(65.7%)	host	genes	

had	matches.	This	indicates	that	most	Pack-MULEs	are	not	transcribed,	consistent	

with	the	RNA-seq	data.	After	combining	the	results	of	two	approaches,	134	

transcribed	Pack-MULEs	were	identified,	representing	9.7%	of	total	Pack-MULEs.		

	

Among	the	134	transcripts	produced	from	Pack-MULEs,	two	contain	fragments	

captured	from	coding	sequences,	19	contain	UTR	fragments	while	the	rest	contain	

either	intron	or	intergenic	fragments.	Two	of	the	transcribed	Pack-MULEs	are	multi-

copy	elements	and	68	out	of	134	(50.7%)	transcribed	Pack-MULEs	are	chimeric	

elements,	similar	to	the	proportion	of	chimeric	elements	in	total	Pack-MULEs	

(48.1%).	Examples	of	transcribed	Pack-MULEs	are	shown	(Figure	3-8).		

	

To	determine	if	any	Pack-MULEs	were	translated,	peptide	sequences	identified	from	

proteomic	analyses	in	A.	aegypti	were	collected	(Hugo	et	al.,	2013;	Marinotti	et	al.,	

2014;	Nunes	et	al.,	2016;	Oktarianti	et	al.,	2015;	Sirot	et	al.,	2003;	Popova-Butler	et	

al.,	2009;	Almeras	et	al.,	2010;	Bayyareddy	et	al.,	2012).	The	2,731	peptides	

represent	16.4%	of	the	annotated	genes	based	on	the	AaegL3.3	annotation	
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(VectorBase).	However,	none	of	the	Pack-MULEs	had	exact	match	with	the	peptide	

sequences,	whereas,	62	out	of	423	(14.6%)	host	genes	had	unique	and	perfect	

matches.	

	

Small	RNA	production	of	A.	aegypti	Pack-MULEs		

Plant	MULEs	were	shown	to	be	important	sources	of	plant	sRNAs	production	

(Hanada	et	al.,	2009;	Ferguson	et	al.,	2013).	To	test	if	A.	aegypti	Pack-MULEs	also	

generate	sRNAs,	4	A.	aegypti	sRNA	libraries	representing	different	developmental	

stages	were	searched	(Aguiar	et	al.,	2015;	Arensburger	et	al.,	2011).	We	first	tried	to	

identify	sRNAs	associated	with	the	TIR	of	MULEs	because	the	inverted	repeats,	if	

transcribed,	could	trigger	sRNA	biogenesis.	Perfectly	matched	sRNAs	were	

identified	in	all	19	long-TIR	MULE	families	and	2	of	the	5	short-TIR	families	in	at	

least	one	library.	Next,	we	looked	for	sRNAs	derived	from	the	entire	internal	region	

of	Pack-MULEs.	For	easier	comparison,	the	sRNAs	reads	mapped	to	Pack-MULEs	

were	classified	into	two	categories:	(1)	self-sRNAs	are	those	with	unique	exact	

matches	with	Pack-MULEs;	and	(2)	shared-sRNAs	are	those	perfectly	mapped	to	

both	Pack-MULEs	and	their	host	genes,	meaning	they	are	generated	from	either	

Pack-MULEs	or	the	host	genes.	Only	11.8%	(163)	of	the	Pack-MULEs	have	self-

sRNAs;	6.1%	(84)	share	sRNAs	with	host	genes;	whereas	65.9%	(908)	are	not	

associated	with	sRNAs.	In	contrast,	32.4%	of	host	genes	have	unique	mapped	

sRNAs,	suggesting	the	low	level	of	sRNA	mapped	to	Pack-MULEs	is	not	caused	by	

the	quality	or	low	coverage	of	sRNA	libraries.		
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Discussion	

Pack-MULEs	have	been	shown	to	duplicate	and	rearrange	host	gene	fragments	on	a	

large	scale	in	plant	genomes,	thereby	might	provide	an	important	mechanism	for	

genome	evolution.	In	this	study,	for	the	first	time,	we	report	the	identification	and	

characterization	of	Pack-MULEs	in	a	non-plant	species,	the	mosquito,	A.	aegypti.		

In	the	A.	aegypti	genome53	families	of	over	6,000	individual	elements	were	

excluded	in	our	study	because	of	the	ambiguity	in	classification,	although	some	of	

them	may	be	MULEs.	Therefore,	our	identification	of	2,235	MULEs	and	1,378	Pack-

MULEs	is	likely	an	underestimation.	Both	the	A.	aegypti	and	rice	genomes	contain	

large	numbers	of	Pack-MULEs	(Table	3-2),	which	have	similar	structural	features;	

thus	comparison	of	Pack-MULEs	in	the	two	species	may	be	informative.	The	shared	

features	between	A.	aegypti	and	rice	Pack-MULEs	include	the	predominance	of	long-

TIR	elements	(Figure	1),	preference	of	insertion	into	gene	rich	regions	(Figure	S1),	

and	preference	of	acquiring	genic	sequences	(Figure	S3A).	This	preference	is	not	the	

result	of	shorter	retention	time	of	intergenic	fragments,	as	the	number	of	relatively	

recent	intergenic	acquisition	events	is	not	significantly	higher	than	old	acquisitions	

events	(Figure	S3B,	28).	In	both	genomes,	the	acquired	fragments	in	some	Pack-

MULEs	share	high	sequence	identity	with	host	genes	(up	to	100%),	indicating	

possible	ongoing	gene	acquisition	activity	in	both	genomes.	In	addition,	most	Pack-

MULEs	in	A.	aegypti	and	rice	are	single-copy	elements	(Table	3-1,	Ferguson	et	al.,	

2013).	
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Pack-MULEs	represent	61.6%	and	21.2%	of	the	MULEs	in	A.	aegypti	and	rice,	

respectively.	Forty-eight	percent	of	A.	aegypti	Pack-MULEs	contain	fragments	

acquired	from	two	or	more	genomic	locus,	whereas	22.4%	of	rice	Pack-MULEs	are	

chimeric	elements	(Table	3-2),	this	suggests	that	the	A.	aegypti	Pack-MULEs	may	

have	higher	gene	acquisition	activity	than	rice	Pack-MULEs.	Among	the	acquired	

fragments	of	A.	aegypti	Pack-MULEs,	only	2.8%	were	captured	from	protein	coding	

sequences,	whereas	the	proportion	is	66.5%	for	rice	Pack-MULEs	(Table	3-2)	

(Ferguson	et	al.,	2013).	This	could	be	explained	by	the	long	introns	of	A.	aegypti,	

which	account	for	about	84.4%	of	A.	aegypti	gene	space,	whereas	coding	sequences	

account	for	48.6%	of	the	gene	space	in	rice.	A	smaller	proportion	of	A.	aegypti	Pack-

MULEs	are	transcribed	or	are	the	source	of	sRNAs	compare	to	rice	Pack-MULEs	

(Table	3-2).	One	of	the	most	notable	contribution	of	rice	Pack-MLUEs	is	that	they	

can	reshape	the	GC	content	of	the	genome	(Ferguson	et	al.,	2013),	however,	this	

phenomenon	is	not	observed	for	Ae.	aegypti	Pack-MULEs.	

	

In	145	relatively	recently	acquired	fragments	(>95%	sequence	identity	to	host	

sequences)	by	A.	aegypti	Pack-MULEs,	little	or	no	sequence	homology	was	detected	

between	and	the	Pack-MULE	and	host	gene	sequences	flanking	the	acquired	

fragments.	Although	A.	aegypti	Pack-MULEs	have	no	preference	of	acquiring	GC	rich	

sequences	(Figure	S3B&C),	different	from	rice	Pack-MULEs	(Ferguson	et	al.,	2013),	

the	acquisition	break	points	are	located	in	low	GC	regions	within	Pack-MULEs	

(Figure	S3A),	suggesting	GC	content	is	important	for	the	acquisition	process,	as	
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hypothesized	for	rice	Pack-MULEs.	Moreover,	62.6%	of	the	long-TIR	MULEs	and	

58.9%	of	the	short-TIR	MULEs	contain	acquired	fragments	(Figure	1),	suggesting	

that	TIR	length	is	not	likely	to	be	important	for	gene	acquisition.		
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Conclusions	

Our	study	reveals	that	A.	aegypti	Pack-MULE	mediate	the	duplication	of	host	gene	

fragments	on	a	large	scale,	including	1,378	Pack-MULEs,	2,641	acquired	fragments	

and	423	host	genes.	A.	aegypti	Pack-MULEs	preferentially	insert	into	gene	rich	

regions	and	prefer	to	acquire	sequences	from	genic	regions.	Although	only	a	small	

proportion	of	A.	aegypti	Pack-MULEs	are	expressed	and	associated	with	sRNAs,	they	

are	involved	in	the	acquisition,	amplification	and	rearrangement	of	host	gene	

fragments	on	a	large	scale,	and	providing	means	for	the	genome	evolution.	
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Methods	

Identification	of	MULEs	and	Pack-MULEs	

First,	repeat	families	(family	members	sharing	>90%	TIR	sequence	identity)	with	

TIRs	(>10	bp)	were	identified	from	the	A.	aegypti	genome	(AaegL3	build,	

www.vectorbase.org/organisms/aedes-aegypti/liverpool/aaegl3)	with	RECON	as	

described	(Bao	et	al.,	2002).	The	74	resulting	families	(<	30	kb)	with	8-10	bp	TSD	

were	selected	for	further	analysis,	and	the	TSD	of	each	element	was	manually	

verified.	A	family	is	considered	as	MULE	if	its	members	share	significant	homology	

(e-	value	<10-10)	with	known	MULEs	(records	in	RepBase,	36)in	the	TIR	sequence,	

or	the	internal	sequences	of	family	members	share	significant	homology	(e-	value	

<10-10)	with	known	MULE	transposases.		

	

One	hundred	bp	flanking	DNA	sequences	of	each	MULE	were	retrieved	and	used	for	

BLASTN	searches	against	the	A.	aegypti	genome	(AaegL3	build)	and	compared	to	the	

genome	annotation	(release	AaegL3.3,	www.vectorbase.org/organisms/aedes-

aegypti/liverpool/aaegl3)	to	determine	adjacent	genes	at	each	insertion	site.	For	the	

control	data	set,	1,631	and	604	genome	coordinates	across	the	4,757	scaffolds	were	

randomly	generated	to	represent	random	insertions	of	the	long-TIR	and	short-TIR	

MULEs,	respectively.	Coordinates	were	compared	to	the	genome	annotation	(release	

AaegL3.3)	to	determine	the	surrounding	sequences	and	genes.	Random	insertion	

sites	generation	used	1,000	replicates	to	estimate	the	expected	number	of	insertions	

(and	standard	deviations)	in	each	category.	
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Annotation	of	Pack-MULEs	was	similar	to	that	described	previously	with	

modifications	(Jiang	et	al.,	2004;	Hanada	et	al.,	2009).	The	internal	sequence	of	each	

MULE	was	used	in	BLAST	searches	against	the	A.	aegypti	genome	(AaegL3	build)	

and	the	genome	annotation	(release	AaegL3.3)	as	previously	described	(Jiang	et	al.,	

2004;	Hanada	et	al.,	2009),	the	hit	sequence	with	the	highest	similarity	score	that	

was	not	associated	with	MULE	TIRs	was	considered	as	the	host	copy	of	the	MULE	

internal	sequence.	MULEs	were	sorted	into	Pack-MULEs,	MULE-Hypo,	MULE-Tpase,	

MULE-intergenic	and	non-Pack-MULE	based	on	the	origin	of	their	internal	

sequences	(see	text).	

	

Identification	of	acquisition	junctions	of	Pack-MULEs	

Pack-MULEs	containing	captured	fragments	with	greater	than	97%	sequence	

identity	to	host	sequences	or	involved	in	sequential	acquisition	events	were	selected	

to	determine	the	boundary	of	the	alignment	of	acquired	fragments	and	parental	

copy.	After	manual	verification	of	the	alignement,	the	corresponding	junction	

sequences	of	each	acquired	fragment	were	used	for	further	analysis	(see	text).		

	

GC	content	analysis	

To	calculate	the	GC	content	of	Pack-MULEs	and	non-Pack-MULEs,	first	the	nested	TE	

insertions	were	removed,	then	the	TIR	sequences	(on	both	ends)	and	the	internal	

regions	were	divided	into	2	and	10	equal-sized	bins,	respectively.	GC	content	of	each	

bin	was	calculated	using	the	biopiece	tool	set	(www.biopieces.org).	To	determine	
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the	GC	content	of	acquired	fragments	and	their	host	copies,	each	fragment	was	

divided	into	10	equal-sized	bins,	and	used	for	GC	content	calculation	by	the	biopiece	

tool.	

	

Expression	analysis	

In	the	RNA-seq	approach,	sequencing	datasets	from	relevant	reference	(Akbari	et	al.,	

2013)	were	downloaded	

(https://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP026319),	the	reads	were	

aligned	to	the	A.	aegypti	genome	(AaegL3	build)	using	Bowtie	(Langmead	et	al.,	

2012).	In	the	alignment,	up	to	one	mismatch	and	two	reportable	alignments	was	

allowed.	Pack-MULEs	or	genes	were	considered	as	transcribed	if	the	FPKM	value	of	

unique	mapped	reads	is	greater	than	1	in	at	least	one	of	the	42	expression	libraries.					

		

In	the	cDNA/EST	approach,	the	expression	dataset	

(https://www.vectorbase.org/download/aedes-aegyptiest-clipped2012-12fagz)	

was	downloaded	and	compared	to	all	A.	aegypti	Pack-MULEs	and	genes	through	

BLASTN.	A	Pack-MULE	or	gene	is	classified	as	transcribed	if	it	had	a	cDNA	or	EST	

match	with	>99.5%	sequence	identity.	

	

2,731	peptide	sequences	identified	from	the	relevant	references	(Hugo	et	al.,	2013;	

Marinotti	et	al.,	2014;	Nunes	et	al.,	2016;	Oktarianti	et	al.,	2015;	Sirot	et	al.,	2003;	

Popova-Butler	et	al.,	2009;	Almeras	et	al.,	2010;	Bayyareddy	et	al.,	2012)	were	
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downloaded	and	used	in	TBLATN	search	against	all	A.	aegypti	Pack-MULEs	and	

genes.	A	Pack-MULE	or	gene	was	considered	as	translated	on	if	a	perfect	peptide	hit	

was	detected.	

	

Small	RNA	analysis	

Small	RNA	sequencing	datasets	were	downloaded	

(https://trace.ncbi.nlm.nih.gov/Traces/study/?acc=SRP034669,	

https://www.ncbi.nlm.nih.gov/sra/SRX877435[accn]),	and	the	reads	were	aligned	

to	the	A.	aegypti	genome	(AaegL3	build)	using	Bowtie.	In	the	alignment,	no	

mismatch	was	allowed.	The	mapped	sRNAs	were	sorted	into	self-sRNAs,	shared-

sRNAs	and	other	sRNAs	based	on	the	their	origin	(see	text).	
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Figures	and	tables	

	

	
Figure	 3-1.	 Partition	 of	 Pack-MULEs	 among	 long-TIR	 and	 short-TIR	 MULE	
families	in	the	A.	aegypti	genome.	
	
(A)	Copy	number	of	Pack-MULEs	in	long-TIR	MULE	families.	
	
(B)	Copy	number	of	Pack-MULE	in	short-TIR	MULE	families.	
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Figure	 3-2.	 Distribution	 of	 A.	 aegypti	 	 MULE	 insertion	 sites	 and	 different	
classes	of	MULEs..	
	
Number	of	long-TIR	MULE	(A)	and	short-TIR	MULE	(B)	insertion	sites	in	the	A.	
aegypti	genome	and	control	data	set	is	shown	in	black	and	grey,	respectively.	Mean	
±	s.d.,	n=1,000	(for	control).	
	
Copy	number	of	each	MULE	classes	of	the	long-TIR	MULE	(C)	and	short-TIR	MULE	
(D)	are	shown.	Pack-MULEs	contain	gene	fragments;	MULE-Tpase	contain	
sequences	with	homology	to	known	MULE	transposases;	and	MULEs	refer	to	
elements	without	any	identifiable	host	sequence.	
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Figure	3-3.	Size	and	sequence	identity	distribution	of	acquired	fragments.		
	
The	size	and	sequence	identity	to	host	genes	of	2,003	acquired	fragments	are	
shown.	
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Figure	3-4.	Estimated	divergence	of	four	Pack-MULE	families.		
	
Sequence	identity	between	Pack-MULE	acquired	fragments	and	their	host	copies	are	
shown.	Four	Pack-MULE	families	(AeMuta2,	AeMutaT2,	AeMuta1,	and	AeMuta3)	are	
analyzed.		
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Figure	3-5.	Examples	of	transcribed	Pack-MULEs.	
	
Genomic	location	and	length	of	each	Pack-MULE	is	shown	on	the	left,	TIRs	are	
shown	as	black	arrowheads,	TSDs	are	shown	as	black	boxes	(with	sequences	
underneath),	colored	boxes	indicate	acquired	fragments,	dashed	lines	connect	
acquired	fragments	and	the	host	sequences.	In	host	genes,	colored	boxes	indicate	
coding	sequences,	open	boxes	indicate	UTRs,	colored	lines	indicate	introns,	and	
colored	arrows	indicate	the	transcription	orientation	of	host	genes.	Annotation	and	
length	of	host	genes	are	also	shown.	
	
(A)	A	3.7	kb	Pack-MULE	with	a	112	bp	fragment	from	the	intron	of	the	NADH	
dehydrogenase	and	a	325	bp	fragment	from	the	intron	of	the	Ptpla	domain	protein.	
	
(B)	A	1.8	kb	Pack-MULE	with	a	264	bp	and	a	375	bp	fragment	from	the	intron	of	the	
lachesin	gene	and	a	70	bp	fragment	from	the	intron	of	the	C-Type	lectin.		
	
(C)	A	5.6	kb	Pack-MULE	involves	possible	step-wise	acquisition	events.	First	a	1175	
bp	fragment	from	the	intron	of	a	zinc	finger	protein	was	captured,	next	a	487	bp	
fragment	from	the	intron	of	the	galactokinase	was	inserted	into	the	first	fragment.	
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Figure	3-6.	Analysis	of	the	sequence	origin	of	acquired	fragments.		
			
(A)	Percentage	of	fragments	acquired	from	each	genomic	feature	is	shown	in	black.	
Total	genomic	space	of	each	genomic	feature	is	shown	in	grey.	
	
(B)	Pack-MULE	acquired	fragments	are	classified	by	the	sequence	identity	with	host	
sequences.	In	each	sequence	identity	group,	percentage	of	fragments	acquired	from	
genes	(black)	and	intergenic	regions	(grey)	are	shown.	
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Figure	3-7.	GC	content	of	Pack-MULE	and	host	genes	 flanking	 the	acquisition	
junction.		
	
(A)	GC	content	Pack-MULE	(black	box)	and	host	gene	(grey	triangle)	sequences	
flanking	the	acquired	fragment	(or	host	copy).	Each	bin	represents	a	10	bp	region,	
bin	1-10:	100	bp	upstream	flanking	sequence;	bin	11-20:	100	bp	downstream	
flanking	sequences.	Dashed	line	indicates	the	position	of	the	acquired	fragment	and	
host	copy.	
(B)	GC	content	of	the	175	Pack-MULE	internal	regions	(black	box)	and	
corresponding	host	genes	(grey	triangle)	used	in	this	analysis.	Each	Pack-MULE	or	
gene	is	divided	into	10	equal-size	bins.		
(C)	GC	content	of	the	175	acquired	fragments	(black	box)	and	corresponding	host	
fragments	(grey	triangle)	used	in	this	analysis.	Each	fragment	is	divided	into	10	
equal-size	bins.	
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Figure	3-8.	Examples	of	transcribed	Pack-MULEs.	
	
Genomic	location	and	length	of	each	Pack-MULE	is	shown	on	the	left,	TIRs	are	
shown	as	black	arrowheads,	TSDs	are	shown	as	black	boxes	(with	sequences	
underneath),	colored	boxes	indicate	acquired	fragments,	dashed	lines	connect	
acquired	fragments	and	the	host	sequences.	In	host	genes,	colored	boxes	indicate	
coding	sequences,	open	boxes	indicate	UTRs,	colored	lines	indicate	introns,	and	
colored	arrows	indicate	the	transcription	orientation	of	host	genes.	Black	arrows	
indicate	the	size,	orientation,	and	position	of	the	Pack-MULE	transcript.	Annotation	
and	length	of	host	genes	are	also	shown.	
	
(A)	An	8	copy	Pack-MULE	with	a	302	bp	fragment	from	the	short-chain	
dehydrogenase,	it	produces	a	1.1	kb	transcript.		
	
(B)	A	3.8	kb	Pack-MULE	with	a	55	bp	and	a	375	bp	fragment	from	the	cysteine-rich	
venom	protein,	it	produces	a	1.4	kb	transcript.		
	
(C)	A	6.2	kb	Pack-MULE	with	two	fragments	from	the	odorant	receptor	(Or52)	and	
the	lachesin	gene,	it	produces	a	2.2	kb	transcript.	
	 	



 113	

	
		
Table	3-1.	Number	and	length	of	multi-copy	Pack-MULE	subfamilies.	
	

	
	
*	The	average	sequence	identity	between	acquired	fragments	and	the	corresponding	
parental	gene.			
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Table	3-2.	Comparison	of	A.	aegypti	and	rice	Pack-MULEs.		
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Conclusions	

Mutator-like	transposable	element	(MULE)	is	an	important	TE	superfamily	with	

members	in	fungi,	plants,	and	animals.	Prior	studies	showed	that	their	movement	

and	amplification	alter	the	genome	through	a	number	of	mechanisms	including	

insertions,	excisions,	duplications	and	translocations.	Gene	acquisition	by	Pack-

MULEs	may	also	impact	the	host	genome	by	altering	gene	expression	and	creating	

genetic	novelty.	However,	despite	their	importance	and	abundance,,	the	mechanism	

of	MULE	transposition	and	gene	acquisition	is	unknown.		

	

In	Chapter	1,	we	identified	the	first	active	animal	MULE,	from	the	mosquito,	A.	

aegypti.	Our	data	indicates	that	the	Muta1	transposase	can	efficiently	catalyze	both	

excision	and	reinsertion	reactions	in	yeast	despite	the	significant	evolutionary	

distance.	Mutagenesis	analysis	reveals	that	several	conserved	amino	acids,	including	

the	DDE	triad,	play	important	roles	in	Muta1	transposase	function.	In	addition,	

presence	of	a	donor	site	target	site	duplication	(TSD)	also	impacts	transposition	

frequency	and	quality.	This	is	the	first	report	of	the	transposition	of	a	non-plant	

MULE	in	a	heterologous	system	and	provides	the	first	experimental	evidence	for	the	

functional	significance	of	the	DDE	domain	in	the	transposition	of	MULEs.	With	

characteristics	such	as	high	transposition	activity,	precise	excision,	and	no	target	

sequence	preference,	Muta1	could	be	crafted	into	an	effective	tool	for	forward	

mutation	analyses	in	mosquitoes.	
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In	Chapter	2,	we	dissected	the	pathway	underling	the	DNA	breakage	and	joining	

reactions	of	Muta1	using	in	vitro	and	yeast	transposition	assays..	The	transposition	

reaction	involves	double-strand	break	with	hairpin	formation	in	flanking	DNA	and	

3’	OH	joining	to	the	target	DNA.	Similar	transposition	mechanisms	used	by	MULEs,	

hAT	elements	and	the	V(D)J	recombination	system	provides	new	insights	to	

understand	their	evolutionary	relationships.	Additionally,	biochemical	and	yeast	

assays	revealed	the	involvement	of	the	subterminal	repeats	of	foldback	transposons	

in	transposition.	

	

Our	study	reveals	that	A.	aegypti	Pack-MULE	mediate	the	duplication	of	host	gene	

fragments	on	a	large	scale,	including	1,378	Pack-MULEs,	2,249	acquired	gene	

fragments	and	423	host	genes,	this	is	the	first	report	of	Pack-MULEs	in	non-plant	

species.	A.	aegypti	Pack-MULEs	preferentially	insert	into	gene	rich	regions	and	

prefer	to	acquire	sequences	from	genic	regions.	Although	only	a	small	proportion	of	

A.	aegypti	Pack-MULEs	are	expressed	and	associated	with	sRNAs,	they	are	involved	

in	the	acquisition,	amplification	and	rearrangement	of	host	gene	fragments	on	a	

large	scale,	and	providing	a	mechanism	for	shuffling	the	genetic	material	in	A.	

aegypti.	

	

In	summary,	our	work	identified	the	Muta1	element,	confirmed	its	transposition	

activity	in	a	yeast	assay;	dissected	the	transposition	mechanism	using	in	vitro	

assays,	and	provided	experimental	evidence	to	support	the	close	evolutionary	
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relationship	reported	previously	between	the	MULE	and	hAT	superfamilies.	Our	

analysis	also	revealed	that	the	gene	acquisition	and	rearrangement	of	A.	aegypti	

Pack-MULEs	provide	a	means	for	the	genome	evolution.	
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