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ABSTRACT	

Cis-regulatory	elements	(CREs)	such	as	insulators	have	been	demonstrated	to	shield	genes	

from	the	effects	of	transcriptional	misregulation	due	to	nearby	promoter	elements	of	

neighboring	genes.	These	elements	will	be	increasingly	important	for	controlling	

expression	in	future	multi-gene	crop	traits.	In	this	study,	we	aim	to	identify	CREs	such	as	

insulator,	terminator,	bidirectional	promoter,	and	unidirectional	promoter	elements	in	the	

Utricularia	gibba	(bladderwort)	genome.	This	organism	is	an	exceptional	model	for	CRE	

detection	due	to	its	extremely	small	genome	size.	The	U.	gibba	genome	used	in	this	study	

was	Illumina	sequenced,	assembled	and	annotated.	RNA-seq	data	was	then	used	to	detect	

pairs	of	independently	expressed	genes	genome-wide.	Intergenic	regions	between	

independently	expressed	gene-pairs	were	subsequently	used	for	CRE	detection.	Putative	

insulator,	terminator,	unidirectional	promoter	and	bidirectional	promoter	sequences	were	

identified	and	filtered	based	on	the	presence	of	conserved	elements	in	angiosperm	genome	

alignments.	The	candidate	CREs	will	undergo	in	vivo	validation	by	collaborators.	
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CHAPTER	1	

INTRODUCTION	AND	LITERATURE	REVIEW	

The	rise	of	plant	transformation	in	the	past	30	years	has	led	to	yield	increases	of	

21%	on	average	and	lessened	pesticide	inputs	by	37%	(Klumper	and	Qaim	2014).	It	is	

widely	known	that	agricultural	production	will	need	to	further	increase	from	25%	to	as	

much	as	70%	to	keep	pace	with	the	projected	population	growth	by	2050	(Hunter	et	al.	

2017).	Currently,	herbicide	tolerance	and	insect	resistance	traits	make	up	the	majority	of	

genetically	modified	(GM)	crops	being	grown	worldwide	(ISAAA	2017).	Introducing	GM	

traits	that	address	a	wider	array	of	concerns	is	paramount	to	increasing	yields	in	the	face	of	

climate	change.	Future	traits	should	serve	to	lessen	environmental	impacts	of	agriculture	

by	incorporating	those	that	enhance	stress	tolerance	and	decrease	inputs	needed.	Such	

traits	will	likely	require	integration	of	complex	metabolic	pathways,	as	benefits	such	as	

enhanced	stress	tolerance	and	optimized	nutrient	uptake	tend	to	require	the	coordination	

of	multiple	genes	and	regulatory	elements.	The	number	of	genes	needed	for	a	trait	to	work	

properly	can	even	differ	between	species.	For	example,	the	synthesis	of	biopolymer	

polyhydroxybutyrate	(PHB)	reached	20%	dry	weight	(DW)	PHB	in	Arabidopsis	using	an	

expression	cassette	containing	5	genes	(Kourtz	et	al.	2007).	However,	introducing	the	same	

pathway,	plus	two	additional	genes	needed	for	boosted	efficiency	in	switchgrass	(an	

economically	feasible	crop)	is	far	less	efficient	at	max	7%	DW	PHB	(Somleva	et	al.	2012).	

Moreover,	the	two	extra	genes	added	were	introduced	on	different	expression	cassettes,	

which	would	make	future	breeding	efforts	with	this	trait	more	challenging	(Halpin	2005).	
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There	are	known	to	be	problems	with	expression	regulation	in	multigene	cassettes.	Issues	

involving	coordination	of	expression	of	transgenes	are	thought	to	arise	either	from	the	

chromatin	environment	near	the	insertion	site,	or	epigenetic	silencing	of	transgenes	(such	

as	via	methylation)	induced	by	the	host	organism	(Que	et	al.	2010).		Positional	effects	of	

cis-regulatory	elements	(CREs)	within	and	around	the	multigene	cassettes	can	also	

influence	expression	of	transgenes.	Enhancer	bleedover	can	affect	genes	at	a	distance	of	

50kb	or	more	away.	The	constitutive	Cauliflower	Mosaic	Virus	35S	Promoter	(CaMV	35s)	

can	affect	the	expression	of	genes	over	78kb	away	and	can	cause	tissue-specific	promoters	

to	express	regardless	of	tissue	type	(Zheng	et	al.	2007).		This	enhancer-promoter	crosstalk	

phenomenon	has	been	observed	for	constitutive	and	tissue/organ	specific	promoters.	For	

example,	the	pollen-specific	LAT52	promoter	was	found	to	activate	expression	of	a	

transgene	under	the	control	of	stigma	specific	promoter	in	pollen	(Liu,	Zhou,	and	Wu	

2008).		Due	to	the	harmful	effects	of	enhancer-promoter	interference	on	multigene	

cassettes,	finding	ways	to	reduce	or	mitigate	them	is	imperative	to	advancing	plant	

transformation	technology.	

	

Cis-regulatory	elements	in	plant	biotechnology	

Elements	such	as	insulators	and	matrix	attachment	regions	(MARs)	are	known	to	

reduce	interference	from	enhancers	and	mitigate	transgene	silencing.	These	elements	

serve	to	create	a	chromatin	barrier	that	isolates	the	gene-space	from	flanking	regions	

(Valenzuela	and	Kamakaka	2006).	In	animal	systems,	insulators	and	MARs	have	been	

utilized	successfully	for	maintaining	stable	transgene	expression	regardless	of	genomic	

insertion	point.	Currently,	insulators	such	as	CTCF	(Bell,	West,	and	Felsenfeld	1999),	
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su(Hw)	(Spana,	Harrison,	and	Corces	1988),	and	BEAF	(Zhao,	Hart,	and	Laemmli	1995)	

have	shown	potential	for	use	in	biotechnology	in	metazoan	systems.	Some	of	these	

insulators	and	MARs	have	also	been	tested	in	plants,	but	only	a	few	have	shown	promising	

results.	Comparatively	little	research	has	been	done	in	plants	to	identify	similar	elements.	

Hiley	et	al.	(2009)	tested	three	plant	MARs.	Of	all	three,	only	the	petunia	TBS	MAR	element	

was	found	to	block	interactions	between	the	CaMV	35s	enhancer	and	a	downstream	

transgene	promoter	in	Arabidopsis	plants.	A	similar	study	was	carried	out	using	three	

putative	plant	insulator/MAR	elements	and	found	that	only	two	of	three	showed	true	

enhancer	blocking	activity	(Yang,	Singer,	and	Liu	2010).	These	two	insulator	sequences	and	

the	one	that	worked	in	the	Hiley	et	al.	(2009)	study	are	both	longer	than	1kb.	Thus,	their	

size	could	be	a	hindrance	for	use	in	engineering	complex	traits	given	that	transformation	

efficiency	decreases	with	increasing	cassette	size	(S.H.	Park	2000).	Additionally,	terminator	

sequence	elements	serve	to	terminate	transcription	after	the	target	gene	has	been	

transcribed.	Currently,	terminators	used	for	most	biotechnology	applications	do	not	

completely	prevent	read	through	(Xing	et	al.	2010).	Finding	elements	such	as	insulators	

and	strong	terminators	with	potential	for	use	in	plant	biotechnology	is	a	primary	aim	of	

our	research.	

	

Utricularia	gibba	as	a	model	system	

Utricularia	gibba,	otherwise	known	as	humped	bladderwort,	is	an	aquatic	

carnivorous	plant	species	with	one	of	the	smallest	genomes	sequenced	to	date.	It	is	closely	

related	to	the	model	organisms	snapdragon	(Antirrhinum)	and	monkey	flower	(Mimulus).	
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The	first	U.	gibba	genome	assembly	was	released	in	2013	and	was	produced	using	a	hybrid	

454	and	Illumina/Sanger	strategy	(Ibarra-Laclette	et	al.	2013).	This	produced	an	82-

megabase	(Mb)	assembly,	which	is	~5Mb	larger	than	the	genome	size	estimated	using	

flow-cytometry.	This	assembly	also	identified	~28,500	genes,	which	is	more	than	the	

~27,500	in	Arabidopsis	(Cheng	et	al.	2017).	A	second,	more	comprehensive	assembly	was	

released	in	2017	(Lan	et	al.	2017).	This	assembly	was	~102Mb	in	length	and	contained	

~29,600	annotated	genes	and	was	generated	using	PacBio	sequencing	on	10	flow	cells.	The	

difference	in	genome	size	observed	between	assemblies	was	mostly	due	to	the	ability	of	

PacBio	reads	to	incorporate	longer	repetitive	regions,	which	were	unable	to	assemble	in	

the	short-read	assembly.	

In	Lentibulariaceae,	the	family	encompassing	Utricularia,	95%	of	species	are	known	to	

have	a	1C-value	smaller	than	1000Mbp.	Species	in	this	family	have	been	used	previously	to	

investigate	characteristics	of	genomic	gain	and	loss	among	closely	related	species	(Veleba	

et	al.	2014,	Lan	et	al.	2017,	Carretero-Paulet,	Chang,	et	al.	2015,	Fleischmann	et	al.	2014,	Vu	

et	al.	2015,	Carretero-Paulet,	Librado,	et	al.	2015).	Interestingly,	in	spite	of	its	small	

genome,	U.	gibba	has	undergone	at	least	three	whole-genome	duplication	events,	two	of	

which	have	occurred	since	its	divergence	from	tomato	and	grapevine	(Ibarra-Laclette	et	al.	

2013).	Its	small	genome	size	is	likely	due	to	repression	of	mobile	elements	and	a	series	of	

microdeletions	through	time	as	evidenced	by	loss	of	retrotransposon	segments,	intron	

deletions,	and	compressed	promoter	spaces	(Ibarra-Laclette	et	al.	2013).	When	compared	

to	the	eudicots	Arabidopsis,	grape,	Mimulus	and	tomato,	which	have	diverse	whole	genome	

duplication	histories,	U.	gibba	showed	a	gene	death	rate	significantly	higher	than	all	other	

species	(Carretero-Paulet,	Librado,	et	al.	2015).	
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Large-scale	differences	in	genome	size	are	mostly	due	to	intergenic	sequence	content,	

which	varies	in	size	depending	on	activities	of	transposable	elements	(Tenaillon,	Hollister,	

and	Gaut	2010,	Bennetzen	and	Wang	2014).	U.	gibba	has	highly	reduced	intergenic	

sequence	content	when	compared	to	other	angiosperms,	at	around	50%	of	the	genome	

compared	to	85%	in	tomato	(Tomato	Genome	2012),	77%	in	soybean	(Schmutz	et	al.	

2010),	and	95%	in	corn	(Jiao	et	al.	2017)	(See	Table	1)	.	Our	preliminary	investigations	

using	the	published	PacBio	assembly	(Lan	et	al.	2017)	indicated	that	62%	of	gene	pairs	are		

	

SPECIES	 GENOME	
LENGTH	
(MB)	

NUMBER	
OF	GENES	

INTERGENIC	
SEQUENCE	
LENGTH	
(MB)	

SOURCE	

Utricularia	gibba	 101	 29,666	 	51	 	(Lan	et	al.	
2017)	

Arabidopsis	thaliana	 120	 28,775	 	45	 	(Lamesch	et	
al.	2012)	

Selaginella	
moellendorffii	

210	 34,551	 	154	 	(Banks	et	al.	
2011)	

Mimulus	guttatus	 313	 50,930	 	140	 	(Hellsten	et	
al.	2013)	

Medicago	truncatula	 402	 55,706	 	278	 	(Young	et	al.	
2011)	

Physcomitrella	patens	 473	 65,820	 	364	 	(Lang	et	al.	
2018)	

Vitis	vinifera	 486	 26,346	 	316	 	(Jaillon	et	al.	
2007)	

Solanum	lycopersicum	 828	 34,879	 	707	 	(Tomato	
Genome	
2012)	

Glycine	max	 978	 56,044	 	788	 	(Schmutz	et	
al.	2010)	

Zea	mays	 2,066	 39,656	 	1,972	 	(Jiao	et	al.	
2017)	

Table	1.1:	Genome	size	comparison	between	angiosperm	species.	
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less	than	1Kb	apart	based	on	annotations	from	the	most	recent	genome	assembly.	Of	these	

gene	pairs,	many	show	a	>50-fold	difference	in	expression	despite	being	spaced	at	a	

considerably	short	distance	when	compared	to	other	angiosperms,	these	gene	pairs	show	

signs	of	strong	regulatory	separation.		

Conservation	of	plant	cis-regulatory	elements	and	motif	detection	

Considerable	interest	has	been	placed	on	finding	and	characterizing	conserved	noncoding	

sequences	(CNSs)	that	are	responsible	for	tight	control	of	gene	expression	(Korkuc,	

Schippers,	and	Walther	2014,	Yang	et	al.	2011,	Hettiarachchi	et	al.	2014,	Freeling	and	

Subramaniam	2009,	Haudry	et	al.	2013,	Van	de	Velde	et	al.	2016).	CNSs	are	normally	found	

through	alignment-based	methodology.	Sequence	conservation	and	synteny	can	give	rise	to	

detection	of	homologous	and	orthologous	loci.	U.	gibba,	because	of	its	small	genome,	serves	

as	an	ideal	model	system	for	mining	CNSs	and	assessing	CNS	localization	and	conservation	

in	a	highly	dynamic	genome	with	propensity	for	DNA	loss.		

Previous	studies	have	identified	conserved	noncoding	sequences	from	angiosperms,	

though	attention	has	not	been	focused	on	identifying	insulator	or	terminator	sequences	

specifically.		A	study	in	Arabidopsis	identified	promoter-specific	novel	and	previously	

characterized	CNSs	using	whole-genome	SNP	data	from	the	1,001	genomes	project	

(Korkuc,	Schippers,	and	Walther	2014).	Hettiarachchi	et	al.	(2014)	identified	lineage	

specific	CNSs	among	eudicots,	monocots,	grasses,	and	angiosperms	that	presumably	

shaped	the	distinct	morphological	characteristics	of	these	lineages.	More	comprehensive	

studies	have	aimed	to	identify	all	CNSs	in	specific	lineages	utilizing	large	genomic	datasets		



	 7	

Figure	1.1.	Distribution	of	intergenic	region	lengths	between	gene	pairs	in	convergent,	

divergent,	and	parallel	orientation.	Outliers	above	5k	in	length	were	not	displayed.	

	

and	whole	genome	multi-alignments	(Haudry	et	al.	2013,	Kaplinsky	et	al.	2002,	Casillas,	

Barbadilla,	and	Bergman	2007,	Davydov	et	al.	2010).	It	is	clear	from	these	studies	that	the	

CREs	outside	the	promoter	regions	of	genes	comprise	a	large	portion	of	CNSs.	However,	

these	sequences,	until	recent	years,	have	remained	difficult	to	characterize.	Large	scale	

transcriptomic,	ChIP-seq,	and	open	chromatin	datasets	have	provided	means	for	

elucidating	functionality	of	these	sequences.		

There	are	two	primary	algorithmic	approaches	to	detect	motifs	within	CNS	regions:	

enumerative	detection,	and	alignment-based	detection	(MacIsaac	and	Fraenkel	2006).	

Enumerative	detection,	utilized	in	software	such	as	Weeder,	uses	a	list	of	all	words	up	to	a	
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predetermined	size	in	a	dataset.	The	statistical	significance	of	each	word	is	then	evaluated.	

Alignment-based	detection	involves	developing	a	probabilistic	model	of	the	input	

sequences	and	optimization	to	find	common	motifs	across	sequences.	The	commonly-used	

software	MEME	uses	an	alignment-based	algorithm	that	incorporates	expectation	

maximization	to	find	the	likelihood	of	the	observed	sequence	data	given	a	probability	

matrix	of	the	motif	model	and	treating	the	rest	of	the	sequence	as	Markovian	background	

(Bailey	and	Elkan	1995).	Typically,	for	genome-wide	studies,	an	alignment	is	produced	to	

first	gauge	high-confidence	intergenic	regions	that	are	conserved	and	then	algorithmic	

approaches	are	used	to	hone	in	on	motifs	(Haudry	et	al.	2013,	Hettiarachchi	et	al.	2014,	

MacIsaac	and	Fraenkel	2006,	Prabhakar	et	al.	2006,	Thomas	et	al.	2007,	Van	de	Velde	et	al.	

2016).	

To	find	regulatory	motifs	such	as	insulators	and	terminators,	candidate	genomic	regions	

must	first	be	established.	A	study	in	Arabidopsis	assessed	intergenic	space	between	pairs	of	

divergent	genes	(genes	transcribed	in	opposite	directions)	that	showed	large	differences	in	

expression	despite	sharing	the	same	promoter	region	(Yang	et	al.	2011).	These	regions	

were	thought	to	contain	insulator	sequences	because	they	were	independently	expressed	

yet	shared	the	same	promoter	region.	It	is	widely	known	that	enhancers	in	gene	promoters	

can	influence	the	expression	of	neighboring	genes	(Xie,	He,	and	Gan	2001),	so	genes	

showing	an	independent	expression	pattern	despite	having	promoters	in	some	cases	

<400bp	apart	suggests	the	presence	of	insulator	elements.	In	U.	gibba,	the	average	distance	

between	neighboring	genes	is	~1500bp	(Figure	1.1),	making	mining	of	sequences	between	

independently	expressed	genes	less	computationally	expensive,	as	motif	prediction	

algorithms	work	better	on	sequences	with	less	genomic	noise	(Hu,	Li,	and	Kihara	2005).		
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Present	study	

This	project	aims	to	find	candidate	loci	containing	insulators,	short	terminators,	and	

promoters	using	tissue-specific	expression	data	in	U.	gibba	and	sequence	conservation	

across	angiosperms.	After	candidate	regulatory	sequences	are	identified,	they	will	be	tested	

in	vivo	by	a	collaborator.	In	parallel,	CNSs	will	be	analyzed	for	conservation	within	U.	gibba	

and	across	the	asterid,	rosid,	and	monocot	clades.	Though	the	primary	aim	of	this	study	is	

to	find	putative	insulator	sequences,	this	will	also	result	in	a	comprehensive	list	of	

sequences	containing	candidate	insulators,	terminators,	and	promoters.	It	is	our	hope	that	

these	datasets	and	the	corresponding	analyses	will	pave	the	way	for	enhanced	

transformation	of	multigene	cassettes	in	plants	and	identify	a	suite	of	potential	cis-

regulatory	sequences	conserved	in	angiosperm	genomes.		
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CHAPTER	2	

CIS-REGULATORY	ELEMENT	CANDIDATE	DETECTION	IN	UTRICULARIA	GIBBA1	

	

	

	

	

	

	

	

	

	

	

	

	

	

1Kovar,	L.K.	and	J.	Wallace.	To	be	submitted	to	The	Plant	Cell.	
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Abstract	

	 Finding	regulatory	elements	to	maintain	consistent	gene	expression	patterns	in	

multi-gene	cassettes	is	essential	to	the	future	of	plant	biotechnology.	Currently,	the	most	

widely	used	way	to	separate	genes	from	regulatory	effects	of	their	neighbors	is	by	using	

long	intergenic	sequences	to	act	as	spacers.	Utricularia	gibba	has	a	highly	compressed	

intergenic	space	compared	to	other	sequenced	plant	genomes	while	maintaining	

expression	patterns	consistent	with	independent	regulation.	The	existence	of	insulator	

sequences	in	animal	lineages	has	inspired	an	effort	to	find	similar	sequences	in	plants.	An	

accession-specific	Utricularia	gibba	genome	was	assembled	and	annotated.	RNA-Seq	data	

then	was	used	to	find	intergenic	sequences	flanked	by	genes	with	expression	patterns	

consistent	with	regulatory	element	presence.	Novel	insulator	sequences	are	the	main	

priority	of	this	study,	but	terminators,	bidirectional	promoters,	and	unidirectional	

promoters	that	act	independently	of	their	surrounding	genomic	environment	were	also	

sought	out.	Intergenic	sequences	potentially	containing	each	of	the	regulatory	element	

classes	were	found.	Many	of	these	intergenic	regions	contained	conserved	noncoding	

sequences	when	aligned	with	other	asterid	genomes.	Some	conserved	noncoding	elements	

located	distally	to	the	transcription	start	site	were	even	conserved	in	lineages	as	distant	as	

monocots.	

	

Introduction	

Engineering	of	quantitative	traits	in	plants	will	require	integration	of	multiple	genes	

on	a	single	cassette.	Traits	such	as	stress	tolerance,	nutrient	uptake,	and	biopolymer	
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synthesis	will	require	many	genes	to	confer	worthwhile	benefits	(Halpin	2005,	Ye	et	al.	

2000,	Wang	et	al.	2018).	Currently,	most	transgenic	plants	are	monogenic,	or	have	arisen	

from	multiple	single-gene	transformation	events	(Halpin	2005,	Naqvi	et	al.	2010,	Que	et	al.	

2010).	This	is	mostly	due	to	the	difficulty	in	coordinating	expression	of	multiple	genes,	and	

the	lack	of	availability	of	effective	cis-regulatory	elements	that	can	be	used	in	

transformation.	Insulators,	terminators,	bidirectional	promoters	and	unidirectional	

promoters	that	confer	independent	expression	patterns	and	are	not	sensitive	to	genomic	

context	and	proximity	to	enhancer	elements	are	especially	needed	for	future	plant	

biotechnology	and	will	make	multi-gene	transformation	more	manageable.	 	

Unpredictability	of	transgene	expression	is	a	well-known	phenomenon	in	plant	

biotechnology	and	is	often	referred	to	as	the	position	effect,	which	can	be	caused	by	

enhancer	bleedover	(Zheng	et	al.	2007).	Expression	patterns	of	transgenes	and	their	

neighbors	can	also	vary	based	on	species,	insertion	site	in	the	genome	and	presence	

regulatory	elements	located	on	the	expression	cassette	itself.	These	effects	can	result	in	

unpredictable	expression	patterns,	silencing	of	genes,	and	variability	between	

transformants	(Singer,	Liu,	and	Cox	2012).	This	issue	has	been	demonstrated	in	

constitutive	promoters	such	as	the	Cauliflower	Mosaic	Virus	35S	promoter	(35S	CaMV)	and	

nopaline	synthase	promoter	(nos),	which	were	first	used	in	1984	and	1985,	respectively		

(Odell,	Nagy,	and	Chua	1985,	Shaw	et	al.	1984),	and	are	still	widely	used	today.	The	first	

mention	of	the	enhancer	bleedover	phenomenon	was	in	a	1988	study	that	found	when	the	

35S	CaMV	promoter	was	positioned	upstream	of	the	nos	promoter,	the	expression	of	the	

nos	promoter	was	enhanced	(Odell	et	al.	1988).		Similarly,	expression	patterns	of	tissue	

specific	promoters	can	become	unspecific	in	the	presence	of	the	35S	CaMV	promoter,	
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mimicking	a	constitutive	pattern	of	expression	(Zheng	et	al.	2007,	Hily	et	al.	2009).	This	off-

target	expression	can	be	mitigated	by	using	a	weaker	promoter	such	as	nos,	but	often	

strong	expression	of	the	transgene	is	required	for	the	trait	to	be	effective.	In	these	cases,	it	

becomes	necessary	to	find	a	promoter	that	will	provide	strong	expression	but	will	not	

affect	the	expression	patterns	of	nearby	genes.	The	effectiveness	of	this	strategy	can	vary	

from	species	to	species	depending	on	the	promoter	used.	It	seems	there	is	no	“catch-all”	

strong	constitutive	promoter	that	can	be	used	without	issue	regardless	of	species.		

The	enhancer	bleedover	phenomenon	is	not	limited	to	strong	constitutive	promoters.	

Tissue	and	timepoint	specific	promoters	and	their	corresponding	enhancers	have	been	

shown	to	produce	off-target	expression	in	proximal	genes	(Gudynaite-Savitch,	Johnson,	and	

Miki	2009).	A	previous	study	tested	four	flower-specific	promoters	in	tobacco	for	their	

ability	to	cause	mis-regulation	of	a	nearby	pollen-	and	stigma-specific	promoter	for	Pps	and	

found	that	three	out	of	four	caused	off-target	Pps	expression	in	flowers	(Wen	et	al.	2014).	

Additionally,	weaker	constitutive	promoters	like	nos	and	mas	have	been	shown	to	affect	

expression	of	nearby	genes.	When	these	promoters	were	located	proximal	to	the	seed-

specific	napin	promoter,	expression	was	observed	in	multiple	tissues	(Gudynaite-Savitch,	

Johnson,	and	Miki	2009).	In	this	same	study,	the	misexpression	caused	by	proximal	

promoter	elements	could	be	mitigated	by	placing	spacer	DNA	(in	this	case,	2.7	kb	of	LacZ	

coding	sequence),	between	the	head-to-head	promoters	or	by	flipping	one	of	the	genes	so	

that	they	were	in	head-to-tail	orientation	and	thus	separated	by	a	transcribed	gene.	

However,	when	they	used	a	sequence	that	was	only	~1kb	in	length,	misexpression	was	still	

observed.	This	means	that	the	spacer	DNA	is	effective	in	mitigating	misexpression,	but	the	

length	needed	for	promoter	insulation	will	likely	vary	based	on	enhancer	strength	and	



	 14	

promoter	sensitivity	(Gudynaite-Savitch,	Johnson,	and	Miki	2009,	Jagannath	et	al.	2001).	

Also,	this	strategy	presents	problems	for	cassettes	containing	many	genes,	where	the	

amount	of	spacer	DNA	needed	would	likely	decrease	transformation	efficiency	(S.H.	Park	

2000).		

Sequence	content	has	also	been	implicated	as	a	factor	in	insulation	effectiveness.	A	2-kb	

sequence	from	Petunia	hybrida	and	a	1-kb	EcoRI/SalI	fragment	from	bacteriophage	lambda	

were	found	to	insulate	a	flower	specific	promoter	from	the	CaMV	35S	promoter	in	head-to-

head	orientation.		However,	a	4-kb	sequence	from	bacteriophage	lambda	did	not	confer	the	

same	effect	under	identical	conditions	(Hily	et	al.	2009,	Singer,	Hily,	and	Liu	2009).	This	

implies	some	sequences	could	contain	elements	conferring	better	insulation	efficiency.		

In	metazoans,	there	are	a	few	well-studied	insulator	sequences	and	corresponding	DNA-

binding	proteins	being	used	to	prevent	misexpression	in	transformation.	The	proteins	

su(Hw)	(Suppressor	of	hairy	wing),	BEAF,	and	Zw5	were	characterized	in	Drosophila	

melanogaster,	while	CTCF	is	the	most	widely	studied	enhancer	blocking	protein	in	

vertebrates.	Binding	of	su(Hw)	mostly	occurs	in	regions	containing	the	gypsy	

retrotransposon	in	D.	melanogaster	(Spana,	Harrison,	and	Corces	1988).	Binding	of	BEAF	

and	Zw5	occurs	near	transcription	start	sites	(Nègre	et	al.	2010,	Jiang	et	al.	2009).	

Interestingly,	there	is	very	little	similarity	in	the	binding	sequences	or	protein	

characteristics	of	these	three	D.	melanogaster	insulators.	For	Zw5,	binding	motifs	are	

difficult	to	discern	since	its	zinc	finger	domain	is	able	to	recognize	a	diverse	array	of	short	

nucleotide	sequences	(Gaszner,	Vazquez,	and	Schedl	1999).	BEAF,	on	the	other	hand,	

appears	to	bind	a	short,	five	nucleotide	motif	but	its	binding	distribution	depends	more	on	
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genomic	context	than	the	occurrence	of	the	motif	itself	(Yang,	Ramos,	and	Corces	2012,	

Zhao,	Hart,	and	Laemmli	1995).	In	vertebrates,	all	of	the	well-studied	enhancer	blocking	

elements	bind	the	CTCF	protein	(Bell,	West,	and	Felsenfeld	1999);	Half	of	the	binding	sites	

of	which	are	located	in	intergenic	regions,	while	the	others	are	distributed	in	intragenic,	

and	promoter	regions	(Chen	et	al.	2008)	and	the	binding	mostly	occurs	in	CpG-rich	regions	

(Wang	et	al.	2012).	The	lack	of	similarity	between	the	known	insulator	protein	structures	

and	their	binding	sites	leads	to	difficulty	in	identification	of	new	insulators	based	on	prior	

sequence	information	alone.		

There	are	two	types	of	insulators	according	to	the	literature:	enhancer	blockers	and	

barriers.	Enhancer	blockers	function	to	block	the	interaction	between	an	enhancer	and	a	

promoter,	while	barriers	serve	to	prevent	the	spread	of	heterochromatin	which	could	

potentially	silence	genes.	Both	of	these	types	of	insulators	can	be	used	for	enhancement	of	

transgene	expression.		For	example,	matrix	attachment	regions	of	the	chicken	lysozyme	

gene	(chiMARs)	and	copies	of	the	chicken	HS4	(cHS4)	insulator	as	well	as	the	scs/scs’	

domain	boundaries	from	Drosophila	have	been	found	to	increase	transgene	expression	and	

minimize	variation	in	expression	among	transformants,	even	in	distant	species	(Stief	et	al.	

1989,	Kellum	and	Schedl	1992,	Ciana	et	al.	2001,	Taboit-Dameron	et	al.	1999).	The	cHS4,	

gypsy,	and	scs	insulators	have	been	the	most	widely-used	enhancer	blockers	for	transgenic	

studies	in	metazoan	systems	(Cai	and	Levine	1995),	but	other	insulators	serving	this	

function	are	beginning	to	emerge	such	as	sea	urchin	Ars1	and	sns5	in	addition	to	human	

BEAD-1	(reviewed	in	Emery	2011).	In	this	study,	we	are	particularly	interested	in	

enhancer-blocking	insulators.		



	 16	

The	same	insulators	that	have	been	proven	effective	in	metazoan	systems	have	shown	

mixed	results	in	plants	(Perez-Gonzalez	and	Caro	2019).	A	few	different	studies	have	tested	

the	effect	of	using	different	insulator	sequences	in	plant	transformation	cassettes.	

Currently,	the	use	of	long	sequences	to	separate	genes	in	expression	cassettes	is	the	most	

widely	used	way	to	prevent	misexpression	in	plants	(Gudynaite-Savitch,	Johnson,	and	Miki	

2009).	There	is	a	need	to	identify	a	wider	array	of	insulating	sequences	due	to	the	

unpredictability	of	their	effectiveness	in	different	contexts.		

The	U.	gibba	(bladderwort)	genome	is	a	highly	compact	plant	genome.	At	approximately	

100	Mb	in	length	with	an	average	amount	of	genes	for	a	diploid	plant	genome,	it	contains	a	

smaller	than	average	amount	of	intergenic	sequence	relative	to	other	sequenced	

angiosperm	genomes	such	as	maize,	soybean,	mimulus,	and	tomato	to	name	a	few.	Despite	

this	small	amount	of	intergenic	sequence,	regulation	of	genes	is	tightly	controlled,	with	

many	genes	separated	by	<1000bp	showing	expression	differences	>100	fold	(Lan	et	al.	

2017).	Our	goal	is	to	mine	the	U.	gibba	genome	for	putative	regulatory	elements	that	can	be	

used	on	plant	transformation	vectors.	We	are	particularly	interested	in	insulator	sequences	

but	will	also	be	looking	for	unidirectional	promoters,	bidirectional	promoters,	and	

terminators	that	can	be	used	for	fine-tuning	gene	expression	in	compressed	intergenic	

spaces.	In	this	study,	we	have	re-sequenced	the	U.	gibba	genome,	built	upon	the	existing	

annotation,	and	used	3’	RNA-Seq	data	to	mine	for	intergenic	regions	associated	with	the	

presence	of	the	four	regulatory	element	classes.	Resequencing	and	de-novo	assembly	of	the	

genome	was	done	to	minimize	error	due	to	an	unknown	divergence	between	our	genotype	

and	the	previously	sequenced	genotype,	which	we	were	unable	to	obtain.	Inspection	of	

intergenic	regions	for	conserved	sequences	and	motifs	across	the	published	PacBio	genome		
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Figure	2.1.	Representative	gene	pair	orientations	and	expression	patterns	for	

unidirectional	promoter,	bidirectional	promoter,	terminator	and	insulator	regions.	Arrows	

represent	possible	orientations	of	genes	around	regions	containing	putative	CREs.	

	

was	also	carried	out.	The	top	10	candidate	sequences	of	each	class	will	be	validated	by	a	

collaborator	in	soybean	hairy	roots	to	confirm	regulatory	element	activity.	Once	confirmed	

and	characterized	in	vivo,	these	sequences	will	pave	the	way	for	enhanced	multi-gene	

transformation	vectors	in	plants.			

Methods	

DNA	isolation	and	sequencing	of	Utricularia	gibba	

Utricularia	gibba	plugs	were	obtained	from	pitcherplant.org	and	propagated	in	three	

separate	tanks.	Collection	site	and	genotype	information	were	unknown	at	the	time	of	

propagation.	Plugs	were	anchored	in	a	layer	of	sand	above	a	layer	of	peat	moss	under	

approximately	six	inches	of	water.	DNA	was	isolated	using	the	Promega	Wizard	Genomic	
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DNA	Purification	Kit	and	libraries	were	prepped	using	a	KAPA	library	prep	kit	(#KK8231) 

and	sequenced	on	two	Illumina	MiSeq	flowcells	at	the	Georgia	Genomics	and	

Bioinformatics	Core,	producing	paired	end	300bp	reads.	

	

RNA	isolation	and	sequencing	of	Utricularia	gibba	

Tissues	were	separated	by	dissection	under	ice	water	and	RNA	was	isolated	using	a	

Trizol/chloroform	extraction	from	stem,	leaf,	rhizoid,	bladder,	and	whole	plant	samples.	

After	RNA	extraction,	a	stranded	KAPA	kit	(#KK8420)	and	Lexogen	QuantSeq©™	3’	mRNA-

Seq	FWD	kit	were	used	to	generate	full	transcript	(whole	plant)	and	tissue	specific	3’	RNA	

data	(stem,	leaf,	rhizoid,	bladder),	respectively.	The	full	transcript	data	was	used	to	

annotate	the	newly	assembled	U.	gibba	genome,	while	the	3’	data	was	used	for	gene	

expression	quantification.	Full	transcript	KAPA	libraries	were	sequenced	on	two	Illumina	

MiSeq	flowcells,	producing	paired	end	250bp	reads.	3’	Libraries	were	sequenced	on	a	mid-

output	NextSeq	flowcell,	producing	single-end	150bp	reads.		

	

Genome	assembly	and	annotation	

Before	genome	assembly,	R1	and	R2	files	from	each	flow	cell	were	merged	and	then	

trimmed	in	Trimmomatic	version	0.36	using	the	“ILLUMINACLIP”	option	with	default	

options	(max	adapter	mismatch	count	equal	to	two,	palindrome	clip	threshold	equal	to	30,	

and	match	accuracy	to	10)	(Bolger,	Lohse,	and	Usadel	2014).	Additionally,	the	minimum	

length	of	a	trimmed	read	in	order	to	be	kept	was	36.	After	this,	FastQC	was	used	to	evaluate	

read	quality	before	proceeding	with	assembly	(Andrews	2010).	Common	quality	metrics		
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Figure	2.2.	Quality	metrics	associated	with	each	genomic	dataset	used	in	this	study:	DNA-

seq,	mRNA-seq	and	3’	mRNA-seq.	The	plots	represent	(left	to	right)	mean	per-base	quality	

score	of	each	read	per	sample,	per-sequence	GC	content	of	each	sample,	and	number	of	

million	reads	per	sample.	

	

for	our	DNA	samples	were	calculated	using	FastQC	version	1.8.0	and	MultiQC	version	1.5,	

and	are	shown	in	Figure	2.2.	The	genome	was	assembled	using	SPAdes	(Bankevich	et	al.	

2012)	version	3.13.1	with	default	parameters.	Quality	metrics	such	as	length,	N50,	number	

of	contigs,	and	BUSCO%	were	determined	using	QUAST	version	5.0.2	(Gurevich	et	al.	

2013).	Contigs	originating	from	contaminant,	mitochondrial,	and	chloroplast	genomes	

were	filtered	out	using	Kraken	version	2.0.7	to	search	for	sequence	similarity	in	a	database	
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of	bacterial,	fungal,	plant,	and	published	Utricularia	gibba	genome	sequences	(Wood	and	

Salzberg	2014).	Annotation	was	completed	using	Maker	version	2.31.10	and	Augustus	3.2.3	

(Cantarel	et	al.	2008,	Korf	2004).	The	first	round	of	annotation	was	done	using	Trinity	

version	2.6.6	(Haas	et	al.	2014)	assembled	transcripts	from	the	whole	transcript	mRNA-Seq	

data	in	addition	to	protein	models	from	other	sequenced	asterid	genomes:	Daucus	carota	

(GCF_001625215.1),	Helianthus	annuus	(GCF_002127325.1),	Nicotiana	attenuate	

(GCF_001879085.1),	and	Solanum	lycopersicum	(GCF_000188115.4).	After	the	initial	round	

of	annotation,	putative	genes	were	pulled	out	and	used	to	train	a	gene	prediction	model	in	

Augustus.	Gene	models	were	refined	in	the	next	rounds	of	annotation	using	Augustus	gene	

prediction	models	trained	after	each	Maker	run.	Maker	was	run	for	three	rounds	(until	the	

AED	score	distribution	stopped	improving).	Genes	missing	from	the	Maker	annotation	

were	added	in	using	a	BLAST	(version	2.9.0)	sequence	similarity	search	of	the	published	U.	

gibba	PacBio	genome	annotations	to	the	newly	annotated	genome.	Mapped	annotations	

had	to	have	>=	95%	sequence	similarity,	>=	90%	sequence	length	and	not	overlap	a	Maker	

annotation	in	the	new	genome	in	order	to	be	kept.	Overlaps	were	found	using	BedTools	

intersect	version	2.29.2.	

	

Mining	for	regulatory	regions	using	3’	RNA-Seq	data	

Raw	3’	RNA-Seq	reads	were	trimmed	using	Trimmomatic	version	0.36	using	the	

“ILLUMINACLIP”	option	with	max	adapter	mismatch	count	equal	to	two,	palindrome	clip	

threshold	equal	to	30,	and	match	accuracy	to	10.	Quality	metrics	were	then	visualized	using	

FastQC	version	1.8.0	and	MultiQC	version	1.5	and	shown	in	Figure	2.2.	Reads	were	mapped	

to	the	genome	using	the	STAR	aligner	and	reads	per	gene	were	quantified	using	htseq-
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count	version	0.9.1.	Once	counts	were	obtained,	they	were	normalized	in	DESeq2	using	the	

standard	“DESeq”	function	(Love,	Huber,	and	Anders	2014).	Pairs	of	genes	were	extracted	

and	classified	as	either	divergent,	convergent,	or	parallel	orientation	and	their	expression	

levels	were	used	to	mine	for	intergenic	sequences	containing	unidirectional	promoters,	

bidirectional	promoters,	insulators	and	terminators.		

The	criteria	for	selecting	putative	regulatory	regions	differed	based	on	element	class.	For	

unidirectional	promoters,	terminators	and	insulators,	intergenic	regions	were	selected	if	

they	had	a	fold	change	in	expression	between	gene	pairs	that	was	greater	than	the	90%	

quantile	fold	change	for	the	dataset.	In	addition	to	a	high	fold	change,	the	genes	both	had	to	

be	expressed	(no	zero	expression	values),	be	less	than	1000bp	apart,	and	the	higher	

expressed	gene	needed	to	be	greater	than	the	median	expression	level	for	the	dataset.	For	

bidirectional	promoter	region	selection,	the	fold	change	needed	to	be	less	than	the	10%	

quantile	for	the	dataset,	less	than	1000bp	apart,	and	one	or	both	genes	needed	to	be	

expressed	greater	than	the	median	expression	level	for	the	dataset.	

Once	a	list	of	candidate	regions	meeting	these	criteria	were	selected,	they	were	prioritized	

by	fold	change	(either	high	or	low	depending	on	element	class),	sequence	length	(shorter	

rather	than	longer),	and	consistency	across	datasets.	Consistency	was	based	on	Pearson	

correlation	coefficient	of	expression	of	both	genes	in	respective	gene	pairs	across	datasets.	

For	bidirectional	promoters,	they	needed	to	be	highly	correlated	(>0.6).	For	unidirectional	

promoters,	terminators	and	insulators,	they	needed	to	be	uncorrelated	(<0.5	and	>-0.5).	All	

code	used	to	find	candidate	regulatory	regions	can	be	found	in	a	publicly	accessible	GitHub	

repository:	https://github.com/lkov0/bladderwort-analysis.	
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Intergenic	sequence	conservation	and	presence	of	putative	insulator	sequences	

Conserved	intergenic	sequences	were	found	using	whole	genome	multiple	

alignments	of	different	clades	of	angiosperms	to	the	newly	assembled	U.	gibba	genome.	The	

four	clades	comprising	whole	genome	alignments	were	asterids,	rosids,	and	monocots.		

Representative	species	from	each	clade	can	be	seen	in	Figure	2.3.			

Figure	2.3.	Cladogram	of	species	used	in	whole	genome	alignments	for	the	conservation	

analysis.	Colored	circles	represent	clades	corresponding	to	different	alignments.	Purple	=	

monocots,	orange	=	asterids,	and	pink	=	rosids.	The	yellow	star	indicates	Utricularia	gibba.	

Generated	using	PhyloT	(https://phylot.biobyte.de/).	
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Alignments	of	each	clade	to	Utricularia	gibba	were	completed	using	the	UCSC	genome	

browser	full	genome	alignment	tutorial	

(http://genomewiki.ucsc.edu/index.php/Whole_genome_alignment_howto),	but	using	LastZ	

instead	of	MultiZ	for	the	initial	alignment	step.	After	alignments	were	completed	and	

combined	maf	files	were	generated,	PhastCons	was	used	to	generate		genome	wide	sets	of	

conserved	coordinates	for	each	clade	with	options	target-coverage	=	0.125	and	expected-

length	=	20	(Siepel	et	al.	2005).	All	other	options	were	set	to	default.	Analysis	of	conserved	

region	distribution	in	gene	pairs	was	carried	out	in	R	(Scripts	available	at	

https://github.com/lkov0/bladderwort-analysis).	MEME	was	used	to	find	over-represented	

motifs	in	sets	of	co-expressed	genes	and	was	also	used	to	find	genome-wide	distribution	of	

those	motifs	(Bailey	et	al.	2009).	In	putative	promoter	and	non-promoter	regions.	

	

Results	

Genome	assembly	and	annotation	

SPAdes	produced	an	initial	assembly	of	around	705Mb.	After	using	Kraken2	to	

examine	the	phylogenetic	classification	of	the	contigs,	we	found	that	there	was	a	high	

amount	of	contamination	in	our	dataset.	Contaminant	contig	size,	guanine/cytosine	content	

(GC	content)	and	corresponding	taxonomic	classification	can	be	seen	in	Figure	2.4.	The	

contigs	not	classified	as	U.	gibba	were	filtered	out	using	Kraken.	Only	contigs	which	were	

classified	as	NCBI	Tax	ID	13748	were	kept	which	led	to	an	assembly	size	of	around	101Mb.	

Chloroplast	and	mitochondrial	contigs	made	up	around	300Kb	of	the	assembly.		Assembly		



	 24	

Table	2.1.	Quality	metrics	of	the	newly	assembled	U.	gibba	genome	compared	to	the	

previously	published	genome.	

QUALITY	METRIC	 PACBIO	ASSEMBLY	 MY	ASSEMBLY	

Length	 102Mb	 101Mb	

#	Contigs	 581	 13033	

#	Genes	 29,666	 27,166	

BUSCO	(%)	 88%	 84%	

	

metrics	for	the	final	assembly	compared	to	the	existing	PacBio	assembly	can	be	seen	in	

Table	2.1.	The	new	assembly	is	much	less	contiguous	than	the	PacBio	assembly,	which	is	in	

line	with	expectations	given	the	read	lengths	of	Illumina	vs.	PacBio	technology.	The	

overarching	goal	for	our	assembly	was	that	enough	pairs	of	genes	would	be	assembled	on	

the	same	contig	so	that	expression	data	could	be	used	to	pull	out	intergenic	sequences	

containing	putative	regulatory	elements.	

The	genome	annotation	was	run	in	three	iterations.	The	first	iteration	produced	69.9%	

complete	BUSCOS	and	~22,000	genes,	the	second	iteration	produced	70.3%	complete	

BUSCOs	and	~15,500	genes,	and	the	third	iteration	produced	73.7%	complete	BUSCOs	and	

~17,400	genes.	We	chose	to	stop	at	the	third	round	of	annotation	because	that	is	when	the	

annotation	edit	distance	distribution	stopped	improving	(See	Figure	2.5).		

When	verifying	the	completeness	of	the	annotation,	the	gene	length	distribution	was	

compared	to	the	gene	length	distributions	of	the	existing	genomes.	Interestingly,	our	

annotation	contained	a	higher	proportion	of	longer	genes	and	appeared	to	be	missing	a	

large	proportion	of	short	genes	compared	to	the	other	genomes.	To	add	missing	genes,	the	
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PacBio	genome	annotations	were	mapped	to	our	genome	using	BLASTn	and	the	best	hit	

was	kept.	New	gene	coordinates	were	added	to	the	annotation	if	they	did	not	overlap	with	

any	Maker-annotated	genes.	This	led	to	a	total	of	~27,000	genes	in	the	final	annotation.	We	

also	compared	the	ability	of	our	annotation	to	capture	our	mapped	3’	RNA-Seq	reads	when		

	

Figure	2.4.	Blobplot	showing	coverage,	size	and	GC	content	distribution	of	different	

phylogenetic	groups	represented	in	contigs	of	the	initial	pre-filtered	U.	gibba	assembly.		
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Figure	2.5.	Maker	annotation	edit	distance	(AED)	distributions	after	rounds	one,	two,	and	

three	of	maker	annotation.			

	

compared	to	the	previous	annotation.	A	higher	proportion	of	reads	were	counted	per	gene	

when	using	our	de-novo	Maker	annotation	than	when	using	the	mapped	PacBio	annotation	

coordinates	(see	Figure	2.6).	This	shows	that	annotating	the	newly	assembled	genome	

using	transcripts	from	the	same	genotype	and	extensive	protein	evidence	from	closely	

related	genomes	was	necessary	for	establishing	proper	gene	boundaries.	

	

Mining	for	insulators,	terminators,	and	promoters	

We	were	interested	in	finding	unidirectional	promoters,	bidirectional	promoters,	

insulators	and	terminators	using	our	3’	RNA-Seq	expression	data.	Particularly,	we	wanted		
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Figure	2.6.	Number	of	mapped	reads	to	genic	regions	in	each	sample	when	using	the	de-

novo	maker	annotation	vs.	the	mapped	annotation.		

	

to	pull	out	whole	intergenic	regions	between	gene	pairs	showing	expression	patterns	of	

interest	as	candidates	for	containing	regulatory	elements.	The	first	step	was	to	quantify		

expression	for	each	gene.	When	performing	alignment,	we	found	that	one	of	the	leaf	

samples	was	an	outlier	with	an	extremely	low	amount	of	reads	so	that	sample	was	not	

included	in	the	analysis.	We	therefore	had	three	bladder	samples,	two	leaf	samples,	three	

rhizoid	samples,	and	three	stem	samples.	For	insulators,	terminators,	and	unidirectional	

promoters	we	were	interested	in	gene	pairs	that	showed	strong	regulatory	separation	

despite	being	close	together.	Putative	regulatory	elements	in	those	intergenic	regions		

De-novo annotation	

Mapped annotation 	
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Figure	2.7.	Example	candidates	from	each	CRE	class.	The	top	panel	in	each	graph	shows	

median	expression	levels	of	the	four	sampled	tissues.	The	second	panel	shows	gene	

annotations	in	blue	arrows	to	represent	directionality.	Black	bars	indicate	conserved	

regions	based	on	an	asterid	whole-genome	alignment.		

Unidirectional Promoter	 Bidirectional Promoter	

Terminator	 Insulator	
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would	be	useful	for	biotechnology	due	to	their	apparent	shielding	from	enhancer	

bleedover.	Only	gene	pairs	that	showed	a	high	fold	change	in	expression,	low	correlation	

across	datasets,	and	short	distance	were	considered	as	candidates.		For	bidirectional	

promoters,	gene	pairs	showing	low	fold	change	in	expression,	high	correlation	across	

datasets	and	short	distance	were	used	to	find	candidate	intergenic	regions.	A	whole	

genome	alignment	of	U.	gibba	and	other	asterid	genomes	was	also	used	to	find	conserved	

regions	in	candidate	intergenic	sequences.	Figure	2.7	shows	a	representative	element	of		

each	class.	In	total	there	were	43	unidirectional	promoters,	161	bidirectional	promoters,	

75	terminators,	and	43	insulators	meeting	the	aforementioned	criteria.	Of	these,	74	

bidirectional	promoters,	17	insulators,	29	terminators,	and	20	unidirectional	promoters	

showed	conservation	based	on	the	asterid	whole-genome	alignment.	

	

Intergenic	sequence	motif	analysis	

	 For	unidirectional	promoters,	bidirectional	promoters,	terminators	and	insulators	

there	were	2,	7,	2,	and	1	overrepresented	motifs	found,	respectively.	Their	sequence	logos	

can	be	found	in	Table	2.2.	When	searching	the	sequences	against	the	same	promoter	

database	mentioned	above,	there	was	significant	similarity	in	two	of	the	bidirectional	

promoter	motifs	to	a	MADS	box	and	an	AP2-related	TF	family,	respectively.	Aside	from	

these,	there	were	no	other	motifs	with	significant	similarity	to	known	promoters	in	this	

database.	We	also	checked	for	similarity	to	our	putative	promoters	from	the	CEMiTool	

analysis	and	11	out	of	12	motifs	contained	significant	hits	to	those.	There	was	no	significant	
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difference	found	with	regard	to	GC	content	between	the	different	putative	CRE	classes	(p	=	

0.16).	

Intergenic	sequences	were	further	analyzed	for	presence	of	non-promoter	sequence	motifs.	

Since	little	is	known	about	insulators	and	terminators	in	plants,	our	goal	was	to	seek	out	

motifs	that	were	associated	primarily	with	non-promoter	regions.	To	do	that,	a	list	of	

putative	promoter-affiliated	motifs	was	needed.	The	CEMiTools	package	in	R	(Russo	et	al.	

2018)	was	used	to	find	groups	of	co-expressed	genes	and	identified	10	modules.	Sequences		

Sequence	logo	 p	value	 Prop.	of	
sequences	

CRE	
type	

*1.	 	
2.9e-83	 .43	 BP	

*2.	 	
6.1e-17	 .53	 BP	

*3.	 	
2.7e-13	 .40	 BP	

*4.	 	
7.8e-9	 .30	 BP	

*5.	 	
9.9e-6	 .20	 BP	

*6.	 	
1.0e-5	 .38	 BP	

*7.	 	
2.0e-5	 .39	 BP	

8.	 	
9.4e-7	 .58	 UP	

*9	 	
1.9e-8	 .49	 UP	

*10.	 	
3.1e-14	 .40	 T	

*11.	 	
2.0e-3	 .17	 T	

*12.	 	
8.2e-3	 .30	 I	

Table	2.2:	Significant	motifs	as	discovered	by	MEME	for	candidate	bidirectional	promoter	

(BP),	unidirectional	promoter	(UP),	terminator	(T),	and	insulator	(I)	sequences.	An	asterisk	

indicates	significant	similarity	to	a	putative	promoter	found	using	the	CEMiTools	analysis.	
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200bp	upstream	of	the	transcription	start	site	for	each	module	were	used	as	inputs	to	MEME	

to	find	motifs	affiliated	with	promoters.	Motifs	found	were	then	searched	against	the	Plant	

PAN	database	(Chow	et	al.	2019).	In	total,	there	were	25	motifs	found	and	12	had	significant	

similarity	(q	<	0.005)	to	a	motif	in	Plant	PAN.	

	

Alignment	based	conservation	in	intergenic	regions	

Whole-genome	alignments	of	the	newly	sequenced	U.	gibba	genotype	and	groups	of	

asterid,	rosid,	and	monocot	genomes	respectively	were	also	performed	to	gauge	

conservation	patterns	within	candidate	CRE-containing	sequences.	A	visual	representation	

of	conserved	regions	in	each	intergenic	sequence	type,	normalized	by	intergenic	sequence	

length	can	be	seen	in	Figure	2.8.	A	majority	of	conserved	regions	are	directly	proximal	to	

genes,	likely	indicating	portions	of	promoters,	terminators,	upstream	ORFs	or	similar.	

To	inspect	the	proportion	of	conserved	sequences	likely	originating	from	promoters	and	

non-promoters,	conserved	sequences	in	each	element	class	were	extracted	and	searched	

for	similarity	against	the	Plant	PAN	promoter	database.	We	found	that	44%,	38%,	47%,	and	

31%	of	conserved	sequences	in	putative	insulator,	terminator,	unidirectional	promoter	and	

bidirectional	promoter	intergenic	regions	respectively	show	similarity	to	known	

promoters,	and	that	these	are	widely	distributed	across	the	intergenic	space	in	each	

putative	CRE	class.		This	demonstrates	a	possibility	for	protein	binding	outside	of	the	

probable	promoter	region	in	many	of	our	candidate	sequences.		
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Figure	2.8.		Locations	of	conserved	sequences	in	each	type	of	CRE	candidate.	X	axis	

represents	conserved	sequence	coverage,	colored	by	if	sequence	similarity	to	a	promoter	in	

the	Plant	PAN	database	exists	there.	(normalized	by	percent	of	region	length)	
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Discussion	

This	study	aimed	to	find	novel	regulatory	sequences	for	use	in	plant	biotechnology.	

First,	the	specific	genotype	used	in	this	study	was	assembled	and	annotated.	Although	it	is	

not	as	contiguous	as	the	previous	published	PacBio	assembly,	the	genotype-specific	

assembly	yielded	an	adequate	genomic	percentage	when	compared	to	the	previous	

assembly	for	us	to	proceed	with	mining	for	regulatory	regions.	A	more	contiguous	

assembly	would	be	possible	only	through	a	change	in	sequencing	strategy,	such	as	using	

long	read	(e.g.	PacBio	or	Nanopore)	or	insert	size	variation	methodology.	In	total,	43	

unidirectional	promoter	regions,	161	bidirectional	promoter	regions,	75	terminator	

regions,	and	43	insulator	regions	were	found	based	on	using	the	most	stringent	cutoffs.		

Twelve	significant	motifs	were	found	using	MEME	on	all	four	sets	of	sequences	from	our	

candidate	CRE	classes.	Of	those,	11	showed	significant	similarity	to	promoters	found	using	

a	co-expression	network	approach	and	a	sequence	similarity	search	to	the	Plant	PAN	

database.	In	addition	to	this,	7	out	of	12	of	the	motifs	found	were	in	the	bidirectional	

promoter	CRE	class.	This	class	had	by	far	the	most	CRE	candidates:	161	compared	to	43,	

43,	and	75	of	each	of	the	other	classes.	There	is	a	possibility	that	our	approach	lacked	the	

power	needed	to	find	motifs	other	than	promoters.	Relaxing	our	criteria	could	remedy	this,	

but	since	the	purpose	of	this	study	was	to	identify	high	confidence	intergenic	regions	

containing	each	CRE	class	for	testing	in	vivo,	stringency	was	our	top	priority.	

There	is	a	high	probability	that	in	silico	methods	alone	will	not	be	enough	to	identify	the	

mechanism	behind	insulation	activity.	Sequence	motifs	themselves	have	yet	to	be	

implicated	in	plant	insulation	(Singer,	Liu,	and	Cox	2012).	If	the	insulation	is	due	to	protein	



	 34	

binding	or	three-dimensional	structure	similar	to	in	metazoan	systems,	wet-lab	based	

methods	will	likely	be	needed	to	implicate	motifs	if	they	play	an	important	role	(Lunyak	

2008,	Perez-Gonzalez	and	Caro	2019,	Singer,	Liu,	and	Cox	2012,	Yang,	Ramos,	and	Corces	

2012,	Bell,	West,	and	Felsenfeld	1999).	Many	of	the	intergenic	sequences	in	our	candidate	

regions	show	conservation	with	asterids,	rosids	and	monocots,	and	in	many	cases	these	

sequences	also	show	similarity	to	known	promoters,	even	outside	of	putative	promoter	

regions.	In	this	early	stage,	it	is	difficult	to	assign	importance	to	specific	sequences	in	

intergenic	regions.	Experimental	evidence	will	be	needed	to	determine	if	protein	binding	is	

actually	occurring,	and	if	this	is	important	for	enhancer	blocking.	The	top	ten	intergenic	

regions	of	each	class	identified	in	this	study	will	be	experimentally	validated	using	a	

reporter-assay	based	system	in	soybean	hairy	roots.	If	predicted	regulatory	activity	is	

conferred	by	any	of	the	candidates,	they	will	be	added	to	the	repertoire	of	publicly	

available	sequences	for	use	in	plant	biotechnology.	Additionally,	lab-based	and	

computational	analyses	will	hopefully	help	us	gain	a	deeper	understanding	of	why	

enhancer-blocking	activity	is	conferred	and	how	that	mechanism	functions	in	plant	

systems.		
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CHAPTER	3	

CONCLUSION	

The	compact	U.	gibba	genome,	which	is	smaller	than	that	of	Arabidopsis	but	contains	

more	genes,	served	as	a	useful	model	for	mining	for	sequences	containing	cis-regulatory	

elements	due	to	its	sparse	intergenic	sequence	space.	Using	replicated	tissue-specific	RNA-

Seq	data,	it	is	possible	to	find	genes	that	show	independent	regulation	and	drastically	

different	expression	patterns	despite	being	separated	by	short	distances.	Using	patterns	

specific	to	each	regulatory	element	class,	we	were	able	to	find	intergenic	regions	containing	

putative	unidirectional	promoters,	bidirectional	promoters,	terminators,	and	insulators.		

Whole	genome	alignments	with	three	different	angiosperm	clades	revealed	that	many	of	

these	intergenic	sequences	contained	conserved	regions	outside	of	the	putative	promoter	

space.	Interestingly,	some	sequences	even	showed	conservation	with	distant	monocot	

species.	Evolutionary	conservation	provides	evidence	of	these	sequences	having	a	

potentially	meaningful	biological	role.	This	role,	however,	will	need	to	be	experimentally	

validated	and	explored	to	elucidate	mechanisms	leading	to	enhancer	blocking	in	candidates	

such	as	insulators	and	terminators.	Apart	from	classifying	conserved	sequences	as	

containing	known	protein	binding	motifs,	little	is	known	about	the	functionality	of	these	

sequences.		

The	first	step	of	the	characterization	process	will	be	confirming	the	regulatory	activity	of	

these	sequences	in	reporter	assays,	which	are	being	carried	out	for	the	top	ten	candidates	

in	each	class	by	the	Parrott	Lab	at	the	University	of	Georgia.	If	validated,	these	sequences	
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will	serve	to	ease	future	multi-gene	transformation	efforts	in	the	plant	science	community	

by	providing	a	means	of	preventing	misregulation	in	tightly	packed	genic	spaces.	

Additionally,	the	workflow	outlined	here,	if	successful,	could	be	applied	to	other	species	for	

the	mining	of	putative	CRE-containing	sequences.	If	any	of	these	sequences	contain	

enhancer-blocking	insulator	activity,	more	experiments	to	characterize	them	will	provide	

some	of	the	first	insight	into	mechanisms	of	action	of	these	sequences	in	plants.		
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