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ABSTRACT	

The	rapid	and	accurate	identification	of	microbes	is	critical	for	a	variety	of	

industries,	notably	healthcare,	bioterrorism/defense,	food	and	agriculture,	and	

environmental	testing.	Nucleic	acid-based	identification	platforms,	in	particular,	

have	introduced	marked	improvements	in	the	overall	specificity	and	sensitivity	of	

pathogen	detection.	While	tremendous	technical	progress	has	been	made	in	

addressing	the	specific	demands	of	these	various	sectors,	there	still	exists	a	

significant	unmet	need	for	a	rapid	and	universal	microbial	identification	platform	in	

the	clinic.	Using	a	set	of	universal,	target-agnostic	probes,	microbial	species	can	be	

readily	distinguished	from	one	another	based	upon	the	observed	variability	in	the	

total	number	of	unique	hybridization	events	between	each	probe	and	each	target	

genome.	In	this	way,	both	the	identity	of	the	microbe	and	its	infectious	load	can	be	

determined.	To	that	end,	this	work	first	establishes	the	efficacy	of	a	specific	

universal-probe	that	builds	off	of	existing	toehold-probe	technologies.	Given	the	

overly	narrow	thermodynamic	constraints	of	single-mismatch	protectors	in	

traditional	toehold-probes,	and	the	inherent	noisiness	of	standard	molecular	

probes,	we	herein	introduce	“sloppy”	or	mismatch-tolerant	universal	toehold-

probes,	and	validate	their	efficacy	by	demonstrating	successful	detection	and	



characterization	of	viral	subpopulations	or	quasi-species	in	patient-derived	viral	

DNA.	This	work	also	investigates	several	novel	schemes	that	utilize	a	set	of	target-

agnostic	universal	toehold-probes	to	rapidly	and	accurately	identify	bacterial	

species	with	high	sensitivity.	These	include	probe-capture,	endonuclease	cleavage,	

size-exclusion	chromatography,	and	fluorescence	in	situ	hybridization.			
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Chapter 1	

Introduction	and	Background	
	

1.1 Motivation	

The	rapid	and	accurate	identification	of	clinical	pathogens	remains	a	

significant	challenge	in	the	healthcare	industry.	A	number	of	diagnostic	platforms,	

many	of	which	are	nucleic	acid-based,	have	no	doubt	made	considerable	progress	in	

pushing	the	overall	specificity	and	sensitivity	of	pathogen	detection;	however,	to	our	

knowledge,	no	system	has	yet	demonstrated	a	capacity	for	universal	microbial	

identification	in	a	rapid	and	accurate	manner.		

The	issue	of	microbial	identification	becomes	most	apparent	when	

considering	bacterial	infections.	Currently,	the	predominant	method	for	bacterial	

identification	in	the	clinic	relies	on	culturing	(a	process	which	can	take	anywhere	

from	24-72	hours),	generally	followed	by	gram-stain	analysis	and	antibiotic	

susceptibility	testing.	Though	considered	the	gold	standard,	culturing	often		

requires	some	level	of	clinician	input	to	appropriately	grow	the	infectious	organism	

in	question;	this	is	especially	true	when	dealing	with	fastidious	species,	mixed	

cultures,	or	traditionally	unculturable	pathogens	[1].	While	alternative	methods	of	
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clinical	bacterial	identification	have	been	developed,	these	methods	are	generally	

insufficient	in	that	they	either	require	a	priori	knowledge	of	the	microbial	agent,	are	

species	specific,	limited	in	sensitivity,	or	too	time	consuming,	often	leading	to	a	

worsening	of	patient	prognosis	during	the	detection/identification	period.	Due	to	

the	inability	to	rapidly	identify	these	infectious	agents,	patients	are	often	treated	

with	broad-spectrum	antibiotics,	which	can	produce	significant,	undesirable	side-

effects,	and	promote	long-term	antibiotic	resistance	[2].	Treatment	with	broad-

spectrum	antibiotics	is	also	expensive,	generating	exorbitant	expenditures	for	both	

the	hospital	and	patient.	Given	these	limitations,	development	of	a	rapid	and	

accurate	clinical	bacterial	identification	system	would	be	highly	desirable.		 

1.2	Existing	Nucleic	Acid-Based	Strategies	for	Clinical	Bacterial	Identification:	

Polymerase	Chain	Reaction	(PCR)	

Polymerase	chain	reaction	(PCR)	is	a	common	diagnostic	method	utilized	for	

pathogen	identification	in	clinical	settings	[3,	4].	While	significantly	more	rapid	than	

culturing,	PCR	generally	necessitates	the	use	of	primers	that	are	specifically	

designed	against	a	unique	pathogen	genome,	making	it	difficult	to	utilize	in	cases	

where	the	infectious	species	is	not	known	a	priori.	Thus,	universal	detection	with	

PCR	cannot	truly	be	achieved	without	the	construction	of	a	massive	library	of	

primers	designed	specifically	against	every	pathogen	genome	to	be	tested.	While	

multiplex	PCR	has	largely	expanded	the	number	of	primers	that	can	be	amplified	

concurrently,	allowing	for	the	simultaneous	testing	of	multiple	potential	pathogenic	
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genomes	in	a	clinical	sample,	this	method	is	still	not	feasible	for	the	identification	of	

new	strains	with	unknown	genome	sequence	[5].	

	Currently,	two	methods	of	multiplex	PCR	exist	for	the	purposes	of	clinical	

microbial	identification.	In	the	first,	multiple	primer	pairs	are	added	to	a	single	

reaction	mixture	and	allowed	to	amplify	their	respective	target	genomes	in	the	

clinical	sample	[6].	While	less	tedious	than	single-plex	PCR,	this	strategy	is	largely	

limited	by	the	number	of	optical	channels	available	to	resolve	each	unique	primer	

pair	in	the	reaction.		To	overcome	this,	a	second	strategy	has	been	developed	more	

recently,	in	which	numerous	single-plex	PCR	reactions	are	parallelized,	thus	

removing	the	need	for	multiple	optical	channels	[7].	While	this	strategy	has	gained	

considerably	more	success	both	commercially	and	clinically,	its	efficacy	in	microbial	

identification	is	still	hindered	by	a	number	of	factors.	Many	of	the	commercial	

platforms	that	perform	multi-plex	PCR—especially	those	that	apply	the	second	

strategy	described	above—first	conduct	non-specific	amplification	of	the	clinical	

sample.	This	process	can	produce	biased	amplification	however,	preferentially	

expanding	libraries	of	targets	that	bind	more	strongly	than	others;	this	is	especially	

true	for	species	exhibiting	biased	nucleotide	compositions	(such	as	high	GC	content)	

[8].		The	presence	of	such	biases	is	notably	cumbersome	when	dealing	with	samples	

that	already	contain	one	or	more	species	of	endogenous	bacteria,	as	it	becomes	

difficult	to	distinguish	which	bacterial	species	are	actually	responsible	for	producing	

the	infection.	In	cases	where	specific	amplification	is	used,	multiple	unique	primer	

sets	are	each	expected	to	amplify	their	intended	target.	In	such	systems,	

amplification	efficiencies	tend	to	be	inconsistent	across	amplicons	and	often	sub-
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optimal,	given	the	difficulty	of	creating	multiple	primer	sets	which	each	have	the	

same	template-specificity,	melting	temperature,	and	annealing	conditions	[9].	

Spurious	amplicons	are	also	common	in	such	set-ups.	Overall,	these	limitations	

make	pathogen	quantitation	difficult.	

Multi-plex	PCR	strategies	have	previously	been	targeted	to	species-specific	

regions	in	the	rRNA	(i.e.	16s)	of	bacteria	for	example,	or	in	fungal	Intragenic	Spacer	

(ITS)	regions	[10],	[11],	[12].	Despite	the	presence	of	such	species-specific	regions	

however,	primer	design	in	multi-plex	platforms	is	often	challenging,	as	each	15-25	

bp	long	primer	must	be	designed	to	be	specific	to	its	intended	target,	with	minimal	

spurious	binding	to	other	regions	of	the	pathogen,	other	pathogenic	species,	human	

genomic	DNA	contamination,	and	other	primer	pairs.		

1.3	Existing	Nucleic-Acid	Based	Strategies	for	Pathogen	

Identification:	Next	Generation	Sequencing	(NGS)	

DNA	sequencing	technologies	have	also	been	explored	for	application	in	

clinical	microbial	identification,	especially	with	the	more	recent	onset	of	next-

generation	sequencing	(NGS)	techniques.	While	NGS	methods	no	doubt	give	higher	

throughput	information	than	other	diagnostic	methods,	they	also	suffer	from	a	

number	of	drawbacks	that	limit	their	efficacy	in	clinical	settings.	NGS	strategies	for	

pathogenic	identification	can	typically	be	divided	into	two	categories:	targeted	

sequencing	and	metagenomic	sequencing.	In	targeted	sequencing,	primers	specific	

to	certain	organisms	are	used	to	amplify	the	target	before	sequencing.	Current	
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targeted	sequencing	methods	are	thus	hypothesis-driven,	reducing	their	practical	

universality	for	clinical	usage	[13,	14].		

Metagenomic	sequencing,	on	the	other	hand,	is	completely	hypothesis-free,	

and	thus	does	not	require	any	a	priori	knowledge	regarding	the	identity	of	the	

pathogenic	organism	in	question.	Its	primary	advantage	is	therefore	that	it	

facilitates	broad	sampling	of	the	clinical	sample,	allowing	for	identification	of	

virtually	any	known	or	unknown	organism.		Because	it	often	utilizes	a	shotgun	

sequencing	approach	however,	sequencing	reads	tend	to	be	dominated	by	human	

genomic	DNA,	reducing	the	sensitivity	of	the	microbial	sequence	readouts.		While	

many	studies	have	sought	to	overcome	this	limitation	via	host	depletion,	these	

approaches	have	generally	been	found	to	alter	the	concentration	of	pathogens	in	the	

sample,	resulting	in	a	loss	in	quantitation	accuracy	[14,	15].	Thus,	the	presence	of	

low	copy	sequences	derived	from	endogenous	bacteria	in	the	final	output	may	

occlude	the	ability	to	discern	the	identity	of	the	actual	infectious	microbes	contained	

in	the	clinical	sample.	NGS	strategies	are	also	typically	time-consuming	and	costly,	

especially	when	dealing	with	polymicrobial	or	metagenomic	samples.	While	multi-

genome	construction	is	possible	with	NGS,	studies	have	shown	that	it	is	an	

extremely	time	intensive	and	tedious	process	[16].		

1.4	Existing	Nucleic-Acid	Based	Strategies	for	Clinical	Bacterial	

Identification:	Universal	Microbial	Diagnostic		
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A	new	bacterial	diagnostic	platform—Universal	Microbial	Diagnostics	

(UMD)—was	developed	by	members	of	our	and	Dr.	Rich	Baraniuks’	research	

groups,	based	on	detection	via	binding	of	short,	universal	target-agnostic	

oligonucleotides.	Different	bacterial	species	can	be	readily	distinguished	from	one	

another	based	upon	variations	in	their	genomic	sequences;	using	a	set	of	random,	in	

silico	designed	target-agnostic	probes,	these	differences	can	be	discerned	by	

observing	the	variability	in	probe	hybridization	to	various	bacterial	species.	

Quantification	of	probe	hybridization	levels	can	then	be	correlated	to	the	number	of	

probe	binding	events,	and	the	number	of	specific	probe	binding	sites	on	the	bacteria	

(a	parameter	unique	to	each	bacterial	species)	determined.	From	this	value,	the	

identity	of	the	bacteria	can	be	established	(Figure	1). 	

	

	

	

	

	

	

	 Initial	probe	design	was	carried	out	using	an	intensive	thermodynamic	

alignement	algorithm	 (described	 in	 [17]).	 First,	 probes	of	 various	 sequences	were	

randomly	generated,	and	their	hybridization	affinities	tested	against	the	genomes	of	

40	common	clinically	 infectious	bacteria	with	known	sequence	[18].	Probes	which	

Fig.	1	Bacterial	species	can	
be	distinguished	by	their	
variability	in	binding	to	
three	DNA	probes.	Three	
bacterial	species	(Bacteria	A,	
B,	and	C)	can	be	distinguished	
from	each	other	by	the	unique	
binding	profiles	of	each	of	
their	genomes	to	probes	1,	2,	
and	3.	The	specific	number	of	
binding	events	a	bacteria	has	
to	each	probe	serves	as	a	
unique	“fingerprint”	for	that	
bacterial	species.	Elucidation	
of	this	“fingerprint”	will	allow	
for	easy	identification	of	the	
bacteria	in	question.	
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generated	 the	 greatest	 statistical	 variance	 in	 the	 number	 of	 stable	 bindings	were	

chosen	as	candidates	for	experimentation.	Next,	genome	sequence	fragments	which	

contained	 a	 signficiant	 hybridization	 affinity	 to	 the	 given	 probe	 sequences	 were	

extracted	 and	 fed	 (along	 with	 their	 respective	 probe	 sequences)	 into	 a	

thermodynamic	 hybridization	 model.	 From	 this	 model,	 all	 possible	 stable	 probe-

bacteria	 fragment	 bindings,	 along	 with	 their	 resulting	 concentrations,	 could	 be	

predicted	 for	 any	 set	 of	 experimental	 conditions	 (Figure	 2).	 	 Based	 on	 initial	

calculations,	five	probes	(42	base	pairs	long)	were	shown	to	be	sufficient	to	identify	

each	of	the	40	infectious	bacterial	species	in	our	database.		

	

The	five	probes	designed	in	silico	were	synthesized	to	form	five	46	base	pair	

(bp)	long	Molecular	Beacon	(MB)	probes,	with	a	variable	38	base	pair	long	loop	region	

and	constant	(across	all	probes)	4	base	pair	long	stem	region,	conjugated	on	either	

end	to	Cy3	and	Cy5.	In	the	closed	state,	the	MBs	function	as	a	Cy3/Cy5	donor-acceptor	

FRET	pair,	with	the	resultant	fluorescent	emission	produced	principally	from	Cy5.	In	

the	 open	 state,	 however,	 the	 fluorophore	 pair	 spatially	 separates,	 and	 thus	 only	

produces	fluorescence	from	Cy3	emissions.	Using	these	properties,	the	number	of	MB	

Fig.	2	Simulation	of	Universal	Probes.	The	hybridization	binding	level	of	each	randomly	generated	
probe	to	a	potentially	large	reference	database	of	N	bacterial	genomes	(B1,	B2,	…,	BN)	is	predicted	
using	a	thermodynamic	model	(described	in	[18])	and	stored	in	an	M	×	N	hybridization	affinity	matrix	
Φ.	For	our	initial	calculations,	probes	were	tested	against	a	database	containing	40	common	clinically	
infectious	bacteria.	NCBI,	National	Center	for	Biotechnology	Information.	
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probe	bindings	to	any	given	bacterial	genome	can	be	determined	via	quantification	of	

Cy3	 and	 Cy5	 fluorescent	 intensities,	 followed	 by	 subsequent	 calculation	 of	 FRET	

ratios	(Cy5/(C3+Cy5)).		

	

	

	

	

	

When	only	one	bacterial	species	of	known	concentration	is	present	in	the	

given	sample,	this	process	is	relatively	straightforward.When	multiple	bacterial	

species	are	present	at	unknown	concentrations	however,	as	is	often	the	case	with	

most	clinical	samples,	the	system	becomes	increasingly	convuluted.	Using	signal	

recovery	techniques	from	the	recently	developed	theory	of	compressive	sensing,	

UMD	showed	that	it	is	possible	to	both	identify	all	bacterial	species,	as	well	as	

estimate	their	respective	concentrations	in	a	given	clinical	sample,	even	when	the	

number	of	probes	is	significantly	smaller	than	the	size	of	the	library	of	possible	

bacteria	of	interest.		

The	use	of	compressive	sensing	in	the	UMD	system	is	dependent	on	two	

requirements:	1)	that	the	clinical	sample	be	sparse,	containing	only	a	few	bacterial	

species	at	a	time,	and	2)	that	the	probes	be	incoherent,	such	that	their	binding	

profiles	to	all	bacterial	genomes	in	our	library	be	sufficiently	dissimilar.	Having	met	

Fig.	3	Number	and	relative	concentration	
of	bacterial	species	in	a	clinical	sample	
can	be	determined	using	compressive	
sensing.	Assuming	that	K	bacterial	species	
comprise	the	sample,	the	probe-binding	
vector	y	is	a	sparse	linear	combination	of	the	
corresponding	K	columns	of	the	matrix	Φ	
weighted	by	the	bacterial	concentrations	x,	
that	is,	y	=	Φx	+	n,	where	the	
vector	n	accounts	for	noise	and	modeling	
errors.	When	K	is	small	enough	and	M	is	large	
enough,	Φ	can	be	effectively	inverted	using	
techniques	from	compressive	sensing,	
yielding	the	estimate	for	the	microbial	
makeup	of	the	sample	x	
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these	two	conditions,	the	binding	profiles	of	our	probes	to	the	genomes	contained	in	

the	clinical	sample	can	be	approximated	as	the	linear	combination	of	the	

hybridization	affinities	(predicted	in	silico)	of	every	probe	to	every	bacterial	species	

in	our	given	library	of	interest,	and	the	respective	concentrations	of	each	bacterial	

species	contained	in	the	clinical	sample	(Figure	3).	In	this	way,	the	bacterial	species	

contained	in	the	clinical	sample,	as	well	as	their	respective	concentrations,	can	be	

determined	via	compressive	sensing.		

Table	1:	Threshold	Bacterial	Concentrations	Observed	in	Common	Clinical	Infections	

	

In	 initial	 in	 vitro	experiments	 against	11	bacteria,	UMD	was	 found	 to	 show	

superior	screening	performance	using	5	probes,	with	an	area	under	the	curve	of	0.91	

(Figure	4).	When	the	reference	database	was	expanded	to	include	all	40	bacteria,	the	

area	under	 the	curve	was	 found	 to	be	0.84	 indicating	a	 slightly	decreased	yet	 still	

successful	screening	performance.	

Compartment	 Condition	 Minimum	Infectious	Bacterial	Concentration		

Blood	 Sepsis	 ~1-100	CFU/mL	in	adults,	<10	CFU/mL	in	neonates	[19]		
Typhoid	 ~1	CFU/mL	in	adults,	1.5	CFU/mL	in	children	(<15)	[20]	

Urine	 UTI/Cystitis	 >100	 to	 10,000	 CFU/mL	 (low	 count),	 100,000	 CFU/mL	
(threshold	count)	[21]	

Sputum	 Pneumonia	 >105	CFU/mL	[22,	23]	
Protected	Brush	
Specimens	

Pneumonia	 >103	CFU/mL	[22,	23]	

Bronchoalveolar	Lavage	 Pneumonia	 >104	CFU/mL	[24]	

Peritoneal	Fluid	 Intra-
abdominal	
Infections	

~107	CFU/mL	[25]	

Pus	 Soft	Tissue	
Infections	

~108	CFU/mL	[25]	

Cerebrospinal	Fluid	 Meningitis	 >103	CFU/mL;	for	rarer	cases	40-400	CFU/mL	[26]	
Vegetation	 Endocarditis	 ~107		CFU/g	[25]	
Stool	 Salmonella	 ~109		CFU/g	[27]	
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While	the	UMD	system	was	successful	in	validating	the	use	of	universal	probes	

as	 an	 identification	 method	 for	 bacteria,	 it	 demonstrated	 low	 sensitivity.	 The	

minimum	 Limit	 of	 Detection	 (LOD)	 achieved	 by	 the	 UMD	 platform	 was	 1	 µM,	

significantly	higher	 than	 the	 threshold	concentration	of	bacteria	observed	 in	most	

clinical	infections	(Table	1).	This	significantly	hinders	the	applicability	of	the	UMD	

platform	in	actual	clinical	settings.		

	

	

	

	

	

	

	

The	various	novel	bacterial	diagnostic	schemes	that	we	have	developed,	and	

that	are	presented	in	Chapter	3,	are	fundamentally	similar	to	the	UMD	in	terms	of	the	

core	of	the	bacterial	identification	mechanism	utilized.		As	with	UMD,	these	diagnostic	

schemes	seek	to	apply	the	differential	hybridization	of	various	target-agnostic	probes	

to	 bacterial	 genomes	 as	 a	 means	 of	 uniquely	 fingerprinting	 or	 identifying	 each	

bacterial	 species.	 To	 overcome	 some	of	 the	 stated	 limitations	 of	 the	UMD	 system,	

however,	a	few	key	changes	were	pursued.	First,	to	improve	the	limits	of	detection	of	

B	

C	

A	 Fig.	4	Quantifying	efficacy	of	
Universal	Probe	System	in	11	
infectious	bacterial	species.	
A)	Heat	map	of	inner	products	
of	experimentally	determined	
and	predicted	hybridization	
affinities	for	all	11	bacteria.	B)	
ROC	Curve	depicts	specificity	
and	sensitivity	of	the	UMD	
diagnostic	platform	in	
identifying	11	bacterial	species;	
accuracy	of	the	identification	
platform	is	high,	with	an	AUC	of	
0.91.	C)	Normalized	Root	Mean	
Square	Error	(representing	
accuracy	of	simulated	
hybridization	affinities	for	the	
11	bacteria)	is	approximately	
12%.	



	
11	

quantification	 of	 probe-target	 hybridization	 events,	 quantitative	 PCR	 (qPCR)	 was	

used	in	place	of	bulk	fluorometric	measurements.	Second,	to	 improve	the	inherent	

sensitivity	 of	 the	 system,	 toehold-probes	 were	 used	 in	 place	 of	 sloppy	molecular	

beacons.	While	 the	 theory	of	 universal	 probes	 itself	may	 allow	 for	 lower	 limits	 of	

detection	 than	 what	 were	 experimentally	 observed,	 the	 UMD	 system	was	 largely	

limited	by	the	relative	noisiness	of	 the	MB	probes.	Given	both	their	propensity	 for	

false	openings,	as	well	as	their	tendency	for	“sloppy”	(mismatch-prone)	binding,	MB	

probes	produced	too	much	noise	to	adequately	deal	with	 lower,	clinically	relevant	

concentrations	of	bacteria.	Thus,	utilization	of	more	specific	probes	 in	place	of	 the	

MBs	could	potentially	improve	the	sensitivity	of	the	UMD	system.		

1.5	Utilization	of	Toehold-Probes	to	Improve	Specificity	

Toehold-probes	 refer	 to	 probes	 that	 are	 pre-hybridized	 to	 a	 shorter	

complementary	strand—generally	referred	to	as	a	protector	strand.	The	probes,	as	

with	traditional	hybridization	probes,	are	designed	to	be	complementary	to	a	given	

target.	 On	 either	 end	 of	 the	 probe	 are	 short	 single-stranded	 regions	 known	 as	

“toeholds”	which	serve	to	facilitate	strand-displacement	of	the	protector	in	a	probe-

protector	 complex,	 or	 of	 the	 target	 in	 a	 probe-target	 complex	 in	 two	 separate	

exchange	 reactions.	 A	 single	 mismatch	 in	 the	 protector	 strand	 can	 shift	 the	

equilibrium	to	overwhelmingly	prefer	probe-target	complexation.	The	reverse	holds	

for	the	case	in	which	a	single	mismatch	exists	in	the	target	strand	[28].		

Toehold-probes	 were	 initially	 developed	 to	 increase	 the	 specificity	 of	

hybridization	between	a	probe	and	a	 target	 [28].	When	a	single-stranded	probe	 is	
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added	to	a	target,	hybridization	can	occur	with	a	varying	degree	of	free	energies	(∆G),	

based	upon	the	number	of	mismatches	present,	size,	nucleotide	content,	temperature,	

and	salt	concentration	in	the	environment	of	the	hybridized	strands.	Toehold-probes	

utilize	probes	that	are	pre-hybridized	to	a	semi-complementary	“protector”	strand,	

such	 that	 hybridization	 of	 a	 probe	 to	 a	 given	 target	 strand	 only	 occurs	 following	

displacement	of	the	protector	from	the	probe.	In	this	way,	probe	hybridization	will	

only	 occur	 to	 target	 strands	 that	 are	more	 complementary	 (or	more	 energetically	

favorable)	to	the	probe	than	the	protector	strand,	 irrespective	of	temperature,	salt	

concentrations,	nucleotide	composition,	and	strand	size.	By	using	protected-probes,	

noise	can	be	significantly	reduced,	due	to	the	restriction	imposed	by	the	protector	on	

the	range	of	allowable	probe-target	binding	energies.	

As	stated	above,	a	major	advantage	of	using	toehold-probes	is	that	they	are	

immune	to	variation	in	genomic	GC	content.	One	issue	encountered	with	the	UMD	MB	

probes	 was	 that	 bacterial	 genomes	 containing	 a	 higher	 degree	 of	 guanine	 and	

cytosine	motifs	 tended	 to	hybridize	more	 readily	 to	 the	MB	probes	 than	genomes	

containing	a	lower	percent	of	these	nucleotides	(due	to	the	stronger	thermodynamic	

interactions	observed	between	GC	bases).	While	prediction	takes	this	phenomenon	

into	account,	it	ultimately	minimizes	the	range	of	possible	hybridization	events	that	

can	occur	between	the	MB	probes	and	species	containing	a	high	percent	of	GC	bases.	

Toehold-probes	bypass	this	 issue	as	they	ensure	that	probe	hybridizations	are	not	

dependent	 solely	 on	 the	 binding	 energy	 to	 the	 target,	 but	 on	 the	 relative	binding	

energy	of	the	target	strand	compared	to	the	binding	energy	of	the	protector	strand,	

thus	eliminating	a	dependence	on	GC.		
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Interestingly,	to	our	knowledge,	toehold-probes	have	only	been	validated	in	

the	presence	of	a	single	mismatch,	either	in	the	protector	or	target	strand	[28,	29].	To	

more	readily	apply	the	toehold-probe	system	to	our	envisioned	universal	diagnostic	

platform	 however,	we	 sought	 to	 evaluate	 the	 efficacy	 of	 the	 toehold-probe	 in	 the	

presence	of	multiple	mismatches	on	either	the	protector	or	target.	The	necessity	for	

a	 mismatch	 tolerant	 protector	 arises	 from	 the	 need	 to	 maintain	 a	 degree	 of	

universality	in	the	probe.	In	the	absence	of	any	protector,	a	probe	would	bind	to	any	

region	 on	 a	 target	 genome	 with	 which	 its	 free	 energy	 of	 binding	 is	 roughly	 -15	

kcal/mol	or	below	(that	is,	more	negative).	If	sufficiently	long,	a	probe	would	likely	

meet	 this	 stability	 threshold	 against	 a	 significant	 number	 of	 genomic	 fragments	

within	 most	 genomes,	 given	 its	 overall	 size—this	 would	 ultimately	 result	 in	 an	

oversaturation	in	hybridization	events	across	many	bacterial	species.	Too	reduce	the	

number	of	fragments	that	would	meet	this	free-energy	cutoff,	the	size	of	the	probe	

could	be	shortened.	 If	made	too	short,	however,	 the	probe	would	fail	 to	produce	a	

sufficient	 number	 of	 stable	 bindings	 across	 any	 bacteria.	 This	 in	 effect	 leads	 to	 a	

goldilocks	 problem.	 An	 alternative	 strategy	 to	 ensure	 a	 sufficient	 number	 of	 hits	

across	various	bacterial	genomes,	while	preventing	an	oversaturation	in	binding	sites	

across	all	genomes	is	to	forcibly	impose	a	thermodynamic	cutoff	via	the	inclusion	of	

a	protector.	A	protector	containing	a	single	mismatch	relative	to	the	probe	would	only	

allow	for	binding	of	the	probe	to	its	perfect	complement.	To	produce	a	more	universal	

hybridization	pattern	across	genomes,	this	thermodynamic	cutoff	can	be	relaxed	with	

the	introduction	of	mismatches	in	the	protector.		

1.6	Introduction	of	Aims	
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	 In	summary,	this	work	seeks	to	achieve	the	following	aims:	Aim	1)	establish	

the	efficacy	of	a	mismatch-tolerant,	sloppy,	universal	toehold-probe	for	more	specific	

and	 predictable	 universal	 probe-hybridization;	 2)	 validate	 the	 sloppy,	 universal	

toehold-probes	as	a	detection	platform	for	viral	quasi-species	in	HIV;	and	3)	evaluate	

the	performance	of	the	universal	toehold-probes	in	a	bacterial	diagnostic	platform	in	

combination	with	various	detection	methods,	including	quantitative	PCR	(qPCR)	and	

single	molecule	Fluorescence	in	situ	Hybridization	(smFISH).		
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Chapter 2	

Simulation-guided	“sloppy”	DNA	probe	
design	for	mismatch-tolerant	

hybridization	
	

2.1 Introduction	and	Background	

	

Toehold-probes	are	incredibly	sensitive	and	specific	nucleic	acid-based	

detection	tools	that	operate	reliably	under	a	wide	range	of	salts	and	temperatures.	

In	addition,	relatively	simple	in	silico	design	tools	can	be	used	to	ensure	toehold	

probes	detect	single	nucleotide	polymorphisms	(SNPs)	with	high	selectivity	versus	

wildtype	[28].	However,	because	current	iterations	of	the	probe-protector	system	

are	designed	to	be	ultra-specific,	the	toehold	probes	can	only	tolerate	a	known	SNP.	

When	more	than	one	SNP	is	present	or	the	sequence	is	unknown,	the	system	begins	

to	deviate	from	its	expected	behavior.	We	show	that	introducing	a	series	of	

controlled	mismatches	into	the	protector	of	the	toehold	probe,	in	an	effort	to	make	

the	protector	“sloppy”,	allows	the	protector	to	tolerate	target	sequences	with	an	

increasing	number	of	mismatches/SNPs.	By	extension,	the	identities	of	these	SNPs	

do	not	need	to	be	known	a	priori	to	ensure	robust	detection.		
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While	most	nucleic	acid-based	detection	probes	are	designed	based	on	

sequence	homology	to	ensure	specific	binding,	the	sloppy	protectors	described	

herein	rely	predominantly	on	Gibbs	free	energy	(ΔG°)	cutoffs.	Specifically,	a	target	

sequence	with	more	mismatches	than	the	sloppy	protector	will	have	a	standard	free	

energy	of	hybridization	to	the	probe	that	is	less	favorable	than	the	protector-probe	

duplex.	As	a	result,	the	mismatched	target	cannot	displace	the	protector	and	bind	

the	probe.	Conversely,	a	target	with	less	mismatches	and	a	more	favorable	ΔG°	than	

the	sloppy	protector	can	displace	the	protector	and	bind	to	the	probe.	Despite	using	

ΔG°	cutoffs,	the	sloppy	probe-protector	system	is	still	resilient	to	GC	content,	due	to	

the	requirement	of	target/protector	sequence	homology	to	probe.		

Given	that	the	average	standard	free	energy	penalty	of	a	single-mismatch	

ranges	from	approximately	1.5	–	6.5	kcal/mole,	and	further	that	the	hybridization	

efficiency	of	probe-protector	displacement	is	sigmoidal	in	nature	with	respect	to	the	

standard	free	energy,	with	exponential-like	qualities	in	the	region	between	+5	to	-5	

kcal/mole	(for	our	system),	one	can	expect	sharp	cutoffs	in	hybridization	yield	for	a	

set	probe-protector	complex	with	each	target	mismatch	iteration	[17,	28].	

Accordingly,	by	using	a	set	of	increasingly	sloppy	protectors	that	span	a	sufficiently	

wide	ΔG°	range,	the	approximate	ΔG°	of	the	probe-target	complex	can	be	

approximated	and	the	identity	of	the	target	and	its	corresponding	SNPs	inferred.	A	

schematic	of	the	design	is	displayed	in	Figure	5,	where	C1-5	and	T1-5	correspond	to	

increasingly	sloppy	protectors	and	targets,	respectively.	
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2.2 Sloppy	Protector	Performance	

To	facilitate	testing	and	reduce	potential	costs	of	using	multiple	sloppy	

protectors	in	parallel,	X-probes	developed	previously	were	utilized	[30].	X-probes	

are	conditionally	fluorescent	nucleic	acid	probes	in	which	the	two	functionalized	

detection	oligonucleotides	(fluorescent	[F]	and	quencher	[Q])	are	decoupled	from	

Fig.	5	Schematic	of	Sloppy	Protector	Design	Using	X-Probes.	A)	Schematic	of	an	X-Probe	
displacement	reaction	in	the	presence	of	a	more	complementary	target.		B)	Theoretical	
hybridization	yields	for	five	increasingly	sloppy	protectors	and	targets.	X-axis	corresponds	to	the	
free	energy	difference	between	the	probe-protector	and	probe-target	toeholds,	normalized	to	the	
free	energy	difference	between	the	probe	and	C3.	A	target	with	more	mismatches	against	the	probe	
(relative	to	the	protector)	has	a	positive	∆∆G	and	will	be	less	likely	to	displace	the	protector.	
Conversely,	a	target	with	less	mismatches	and	a	more	favorable	ΔG°	than	the	sloppy	protector	can	
displace	the	protector	and	bind	to	the	probe	(ex.	T3	to	C4-5).		
	

A	

B	
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the	probe-protector-target	complex.	Consequently,	the	same	F	and	Q	species	can	be	

used	with	any	combination	of	probe-protector	detection	pairs.	In	addition,	the	

reaction	mechanism	of	the	X-Probe	is	similar	to	that	of	the	toehold	probe	and	well	

characterized.		

	Using	NUPACK,	a	nucleic	acid	thermodynamic	simulation	program,	five	target	

[T1-5]	and	five	protector	(i.e.	complement)	sequences	[C1-5]	were	designed,	each	with	

an	increasing	number	of	SNPs	relative	to	the	consensus	probe	[P]	(T1	=	zero	

mismatches	à	T5	=	four	mismatches;	C1	=	zero	mismatches	à	C5	=	four	

mismatches)	[31]	(Table	2a,	2b).	These	SNPs	were	inserted	at	spaced	intervals	

from	one	and	another	on	both	the	protector	and	target.	Further,	where	possible,	the	

targets	and	protectors	were	designed	with	the	following	thermodynamic	

constraints	in	mind:	

																																													P-Cx	<	P-Tx	<	P-Cx+1	 	 	 	 	 [1]	

Given	the	sigmoidal	nature	of	toehold	displacement,	where	a	marginal	variation	in	

ΔΔG°	(defined	as	the	ΔG°	gap	between	[P-T]	and	[P-C])	significantly	alters	

hybridization	yields	in	and	around	null,	while	variations	outside	of	this	range	

contribute	minimally,	we	can	expect	sharp	cutoffs	in	displacement	within	each	ΔG°	

interval	delineated	by	equation	[1].	

Tables	2a	and	2b:	Relevant	X-Probe	Strands	for	Synthetic	Sloppy	Protector	Performance	Evaluation	
Strand Sequence 

Probe GCCCGCCCAAAATCTGTGATCTTGACTGGTCTACTATCCACGATTTAAC 

Fluorescent Strand GTTAAATCGTGGATAGTAGACTTCGCAC*ROX  

Quencher Strand RQ*GTGCGAACAGGTACATTTGCTCGTCCTT 
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Sequence dG (kcal/mol) 

C1: AAGGACGAGCAAATGTACCTGCAGTCAAGATCACAGATTTTGG -37.8100  

C2: AAGGACGAGCAAATGTACCTGCAGTCAAGATCACTGATTTTGG -35.3700  

C3: AAGGACGAGCAAATGTACCTGCAGTCGAGATCACTGATTTTGG -33.0960  

C4: AAGGACGAGCAAATGTACCTGCAGTCGAGATCACTGATTTTAG -30.3320  

C5: AAGGACGAGCAAATGTACCTGCAGTCGAGATCACTGATCTTAG -27.4606  

T1: ATGTCAAGATCACAGATTTTGGGCGGGCCA -37.2900  

T2: ATGTCAAGATCACAGATTTTGGGCTGGCCA -32.3500  

T3: ATGTCAAGATCACAGATTCTGGGCTGGCCA -28.3000  

T4: ATGTCAAGATCACAGATTCTGAGCTGGCCA -23.2600  

T5: ATGTCAAGATCACAGATTCTGAGCTGGACA -22.5800  

	

The	target,	probe,	protector,	fluorophore,	and	quencher	strands	were	all	

synthesized	by	Integrated	DNA	Technologies	(IDT),	and	were	purified	via	standard	

desalting,	and	pre-diluted	in	pH	8.0	IDTE	buffer	at	a	concentration	of	100	µM.	The	

fluorescent	and	quencher	strands	were	ordered	with	a	Carboxy	X-Rhodamine	(ROX)	

fluorophore	and	Iowa	Black	RQ	quencher	3’	and	5’	modification,	respectively.	X-

probes	were	pre-annealed	at	a	ratio	of	1:1.5:3:5	of	fluorophore,	probe,	protector,	

and	quencher,	respectively,	and	hybridized	using	a	ramp-down	thermocycling	

protocol	(1:	95°C	for	4	minutes,	2:	95°C	for	1	minute,	3:	ramp	down	by	1°C,	4:	GOTO	

step	2	(repeat	75×),	5:	20°C	for	1	minute).		

To	quantify	the	expected	rate	of	displacement	of	the	sloppy	toehold-probes	in	

the	presence	of	increasingly	mismatch-heavy	targets,	we	approximated	the	general	

strand	displacement	reaction	as:	

PC	+	Ty		⇋	P	+	TC	
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where	P	represents	the	probe,	C	represents	the	complement	strand	or	protector	(C1-

5),	and	T	represents	the	target	strand	(T1-5).		In	this	three-strand	approximation,	the	

region	of	the	X-Probe	immediately	adjacent	to	the	fluorophore/quencher	label	is	

considered	as	contiguous	with	the	probe	and	protector	strands,	and	functions	as	the	

protector-toehold	[30].	The	region	of	the	probe	and	protector	strands	

complementary	to	the	fluorophore	and	quencher	strands—effectively	the	vertical	

portion	of	the	X-Probes	shown	in	Figure	5—are	not	considered	when	determining	

hybridization	efficacy.	For	this	three-strand	approximation,	Keq	becomes	

𝐾#$ = 	
[𝑇𝐶]#$[𝑃]#$
[𝑃𝐶]#$[𝑇]#$

		

	

and	can	in	turn	be	calculated	from	the	difference	between	the	free	energies	of	the	

probe-complement	complex	and	probe-target	complex	respectively	(ΔΔG,	where	

ΔΔG	=	ΔG	(PT)	–	ΔG	(PC))	such	that		

𝐾#$ = 𝑒-../ 012 	

where	R	represents	the	universal	gas	constant	and	T	represents	temperature.	ΔG	(PT)	

and	ΔG	(PC)	were	determined	using	NUPACK	simulation	software	([31]),	but	can	

generally	be	calculated	based	on	sequence	composition	using	the	algorithm	

described	in	[17].	In	our	system,	if	we	let	𝑥 = [𝑇𝐶]#$,	we	find	that	[𝑃𝐶]#$ = [𝑃𝐶]5 −

𝑥,	[𝑃]#$ = [𝑃]5 + 𝑥,	and	[𝑇]#$ = 	 [𝑇]5 − 𝑥.	Given	our	initial	conditions	([𝑃𝐶]5 =

25	𝑛𝑀,	[𝑃]5 = 30	𝑛𝑀	and	[𝑇]5 = 20	𝑛𝑀)	we	can	rewrite	Keq	as			
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𝐾#$ = 	
(𝑥)(30 + 𝑥)

(15 − 𝑥)(20 − 𝑥)		

Solving	for	x	allows	for	quantification	of	the	hybridization	yield	𝜒,	which	can	thusly	

be	defined	as	the	percent	of	probe-target	relative	to	total	probe	concentration,	or	

𝜒 = 	
𝑥

𝑥 + (15 − 𝑥) = 	
𝑥
15	

	 Experimental	displacement	was	measured	via	fluorescence	quantification	

using	a	benchtop	flourometer.	The	optimal	excitation	and	emission	wavelengths	for	

the	ROX	fluorophore	were	set	at	582	nm	and	600	nm,	respectively.	Slit	sizes	were		

	

	

Fig.	6(A).	Experimental	versus	theoretical	yields	of	increasingly	sloppy	mismatch	
tolerant	hybridization	probes.	A)	Expected/theoretical	yields	for	five	target	(T1-5)	and	five	
protector	(i.e.	complement)	sequences	(C1-5),	each	with	an	increasing	number	of	SNPs	relative	to	
the	consensus	probe	(P)	(T1	=	zero	mismatches	à	T5	=	four	mismatches;	C1	=	zero	mismatches	à	
C5	=	four	mismatches).	Values	are	given	in	terms	of	percent	yields.	
	

A	
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fixed	at	4	nm	for	both	excitation	and	emission,	and	integration	time	was	set	to	10s	

(per	cuvette)	for	each	60s	time	point.	Temperature	was	maintained	at	37°C.		

To	achieve	a	final	concentration	of	10	nM	of	X-Probe,	12	µL	of	the	1	µM	X-

Probe	solution	was	mixed	with	1200	µL	of	5x	PBS	in	a	standard	quartz	cuvette.	Prior	

to	spiking	the	X-Probe	solutions	with	target,	five	minutes	of	fluorescent	background	

(fB)	data	was	attained.	Cuvettes	were	then	removed	from	the	apparatus	and	24	µL	of	

1	µM	target	solution	(20	nM	final	concentration)	was	added	after	which	each	

cuvette	was	capped,	inverted	20	times	to	mix,	and	placed	back	in	the	machine	to	

allow	data	acquisition	to	continue.		For	acquisition	of	positive	control	fluorescence,	

12	µL	of	1	µM	of	fluorophore	was	added	to	1200	µL	of	5x	PBS	in	a	standard	quartz	

cuvette	and	allowed	to	incubate	for	5	minutes	in	the	apparatus	before	being	

measured.		

Experimental	yields	were	calculated	by	normalizing	each	displacement	

against	a	positive	control	(the	fluorescent	strand	only,	or	Fmax)	with		

𝑌𝑖𝑒𝑙𝑑(%) = 	
𝑥 − 𝐹I

𝐹JKL − 𝐹I
	× 	100	

and	where	x	corresponds	to	the	end-point	fluorescence	of	the	reaction,	and	FB	

corresponds	to	the	fluorescent	background	(the	quenched	X-probe	without	target	

added).	The	expected/theoretical	yields	of	the	various	protector-target	complexes	is	

depicted	in	Figure	6a,	and	appears	to	correlate	strongly	with	the	experimental	

yields	depicted	in	Figure	6b,	indicating	that	current	simulation	methods	can	
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accurately	approximate	the	thermodynamics	of	increasingly	mismatched	duplexes	

(adjusted-r2=	0.94,	RMSE	=	9.62).	Interestingly,	experimental	yields	of	displacement		

	

	

	

never	reach	the	theoretical	100%,	instead	demonstrating	a	maximum	of	roughly	

80%	fluorescence	relative	to	the	positive	control.	This	trend	has	been	previously	

observed,	however,	when	evaluating	the	kinetics	of	strand	displacement	in	X-probes	

by	synthetic	targets	via	fluorometer	analysis,	and	is	postulated	to	be	a	result	of	

misaligned	hybridization,	or	non-specific	interactions	between	the	target	and	probe	

strands	[32].	Further	exploration	of	this	effect	may	be	warranted	to	fully	elucidate	

the	factors	responsible	for	this	reduced	experimental	maximum.		

Fig.	6(B).	Experimental	versus	theoretical	yields	of	increasingly	sloppy	mismatch	
tolerant	hybridization	probes.	B)	Experimental	yields	for	five	target	(T1-5)	and	five	protector	
(i.e.	complement)	sequences	(C1-5),	each	with	an	increasing	number	of	SNPs	relative	to	the	
consensus	probe	(P)	(T1	=	zero	mismatches	à	T5	=	four	mismatches;	C1	=	zero	mismatches	à	C5	=	
four	mismatches).	Values	are	given	in	terms	of	percent	yields.	
	

B	
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Figure	6c,	a	linear	plot	of	Figure	6b,	demonstrates	that	hybridization	and	

corresponding	signal	detection	of	increasingly	mismatched	targets	relative	to	

progressively	sloppy	protectors	follows	strict	cutoffs	that	correspond	to	ΔG°	

thresholds.	Further,	kinetic	traces	of	sloppy	protector	displacement	indicate	that	the	

kinetics	of	the	reaction	are	in	agreement	with	previously	characterized	toehold	

probe	reaction	rate	constants,	and	that	increasing	the	number	of	mismatches	in	the	

target	or	protector	strands	has	no	appreciable	effect	on	the	rate	of	the	strand	

displacement	reaction,	even	when	such	mismatches	occur	on	the	target	toehold,	as	

is	the	case	with	targets	T4	and	T5	(Appendix	1)[28].		

	

	

	

	

It	should	be	noted	that	protectors	C2	and	C3	behave	nearly	identically	in	

terms	of	their	displacements	to	targets	T1-5.	For	initial	experiments,	attempts	were	

made	to	insert	mismatches	to	not	only	follow	the	thermodynamic	constraints	

Fig.	6(C).	Experimental	versus	theoretical	yields	of	increasingly	sloppy	mismatch	
tolerant	hybridization	probes.	C)	A	linear	plot	of	the	data	depicted	in	[B],	demonstrates	that	
hybridization	of	increasingly	mismatched	targets	relative	to	progressively	sloppy	protectors	
follows	strict	ΔG°	thresholds.	Error	bars	represented	the	standard	deviation	of	triplicate	
conditions.	
	

C	
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depicted	in	equation	[1]	but	also	to	be	somewhat	evenly	spaced	from	one	and	

another	to	minimize	unintended	deviations	from	predicted	displacement.	Because	

these	design	considerations	are	not	mutually	exclusive,	the	ΔG°	gap	between	

protectors	C2	and	C3	inadvertently	ended	up	being	smaller	than	the	ΔG°	gap	

between	targets	T1	and	T2	leading	to	a	slight	deviation	from	equation	[1]	with	P-T1	<	

P-C2	<	P-C3	<	P-T2	and	a	subsequent	stagger.	As	a	result,	the	thermodynamic	cutoffs	

of	protectors	C2	and	C3	overlap.	The	effects	of	this	overlap	however	were	accurately	

predicted	via	simulation.		

2.3	Impact	of	Global	Mismatch	Position	

	 Because	the	requirement	to	spread	mismatches	evenly	on	the	protector	can	

interfere	with	the	design	of	consistently	spaced	ΔG°	gaps,	and	the	position	of	

multiple	mismatches	is	not	guaranteed	to	be	evenly	spread	on	the	target,	we	next	

assessed	whether	the	global	position	of	a	mismatch,	either	on	the	protector	or	

target,	would	disrupt	predicted	hybridization	patterns	and	accordingly	the	selective	

displacement	expected	within	each	ΔG°	interval.	Mismatches	were	inserted	at	set	

locations	on	the	target	and	protector	strand.	Specifically,	C3	protectors	with	two	

mismatches	placed	either	immediately	adjacent	to	one	and	another	(C1-6),	

corresponding	to	zero	bp	of	separation,	seven	bp	apart	(S1-6),	or	greater	than	16	bp	

apart	(A1-7)	were	tested	against	a	T1	and	T3	target	(Figure	7a,	b,	Table	3a).	

Similarly,	T3	targets	with	two	mismatches	spaced	as	described	above	were	tested	

against	a	C2	and	C4	protector	(Figure	7c,	d,	Table	3b).	The	bounding	strands	tested	

against	the	C3	protector	and	T3	target	were	chosen	because	their	upper	and	lower	
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thermodynamic	affinities	constrain	the	ΔG°	range	of	the	various	mismatches.	The	

strands	depicted	below	the	graphs	in	Figures	7a,	b,	c,	and	d	represent	sequences	

from	each	group	tested	(zero	bp	separation,	seven	bp	separation,	and	greater	than	

16	bp	separation).	

Tables	3a	and	3b:	Protector	and	Target	Strands	Used	in	Global	Mismatch	Position	Experiments	
Protector  dG (kcal/mol) 

C1: AAGGACGAGCAAATGTACCTGCAGTCAAGATCACTCATTTTGG -31.98 

C2: AAGGACGAGCAAATGTACCTGCAGTCAGAATCACAGATTTTGG -31.88 

C3: AAGGACGAGCAAATGTACCTGCAGTCAAGATCACAGATTCAGG -33.37 

C4: AAGGACGAGCAAATGTACCTGCTTTCAAGATCACAGATTTTGG -31.93 

C5: AAGGACGAGCAAATGTACCTGCAGTCAAGATGTCAGATTTTGG -32.11 

C6: AAGGACGAGCAAATGTACCTGCAGTCAAGATCACAGCATTTG -33.03 

S1: AAGGACGAGCAAATGTACCTGCAGTCTAGATCACGGATTTTGG -32.93 

S2: AAGGACGAGCAAATGTACCTGCAGACAAGATCTCAGATTTTGG -31.61 

S4: AAGGACGAGCAAATGTACCTGCAGTCAAGATGACAGATTGTGG -31.45 

S5: AAGGACGAGCAAATGTACCTGCAGTCAAGAACACAGATATTGG -31.70 

S6: AAGGACGAGCAAATGTACCTGCAGTCAAGCTCACAGAGTTTGG -32.36 

S7: AAGGACGAGCAAATGTACCTGCTGTCAAGAACACAGATTTTGG -32.47 

A1: AAGGACGAGCAAATGTACCTGCTGTCAAGATCACAGATTATGG -32.20 

A2: AAGGACGAGCAAATGTACCTGCATTCAAGATCACAGATTTTCG -30.88 

A3: AAGGACGAGCAAATGTACCTGCAGCCAAGATCACAGATTTTGA -32.95 

A4: AAGGACGAGCAAATGTACCTGTAGTCAAGATCACAGATCTTGG -30.53 

A5: AAGGACGAGCAAATGTACCTGCACTCAAGATCACAGATTTGGG -30.90 

A6: AAGGACGAGCAAATGTACCTGCTGTCAAGATCACAGATTTTAG -32.60 

A7: AAGGACGAGCAAATGTACCTGCAGGCAAGATCACAGATTTTTG -33.03 

  

	

Target  dG (kcal/mol) 

CT1: ATGTCATCATCACAGATTTTGGGCGGGCCA -31.63 

CT2: ATGTCAAGATCTTAGATTTTGGGCGGGCCA -31.52 

CT3: ATGTCAAGATCACAGTCTTTGGGCGGGCCA -32.49 

CT4: ATGTCAAGATCACAGATTTCAGGCGGGCCA -31.19 

CT5: ATGTCAAGATCACAGATTTTGGCGGGGCCA -31.01 

CT6: ATGTCAAGATCACAGATTTTGGGCGGAGCA -34.63 

CT7: ATACCAAGATCACAGATTTTGGGCGGGCCA  -35.10 

ST1: ATTTCAAGATCACCGATTTTGGGCGGGCCA -31.70 
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ST2: ATGTTAAGATCACAGGTTTTGGGCGGGCCA -31.89 

ST4: ATGTCATGATCACAGATTATGGGCGGGCCA -31.26 

ST5: ATGTCAAGAGCACAGATTTTAGGCGGGCCA -30.50 

ST6: ATGTCAAGATCACAGGTTTTGGGCGGACCA -32.15 

ST7: ATGTCAAGATCACAGATTATGGGCGGGCCT -34.06 

AT1: TTGTCAAGATCACAGATTTTGGGCGGGACA -36.38 

AT2: ACGTCAAGATCACAGATTTTGGGCGGCCCA -33.70 

AT3: AATTCAAGATCACAGATTTTGGGCGGGACA -34.59 

AT4: ATGCCAAGATCACAGATTTTGGGCGGGCTA -35.37 

AT5: ATGTTAAGATCACAGATTTTGGGCGGGCGA -33.88 

AT6: ATGTCTAGATCACAGATTTTGGGCGGGCTA -34.55 

	

	 End-point	fluorescence	quantification	was	carried	out	using	a	real-time	PCR	

detection	system.	Reactions	were	carried	out	in	50	µL	volumes,	with	relative	

concentrations	of	each	strand	the	same	as	in	initial	fluorometer	experiments.	Pre-

annealed	X-probe	and	target	strands	were	allowed	to	incubate	together	and	

hybridize	for	1.5	hours,	before	being	quantified.				

Comparison	of	experimental	versus	simulation	data	confirms	that	the	

position	of	the	mismatches	on	either	the	target	or	protector	does	not	significantly	

alter	predicted	base-pairing	thermodynamics	and	corresponding	select	

displacement	outside	the	specified	ΔG°	intervals,	save	for	one	outlier.	With	the	

inclusion	of	said	outlier,	the	adjusted	r2	and	RMSE	equal	0.83	and	18.58,	

respectively.	Upon	elimination	of	the	outlier	(A4+	T3)	the	adjusted	r2	and	RMSE	

become	0.89	and	15.00,	respectively.	Experimental	yields	were	calculated	using	the	

same	method	described	above	for	Figure	6.	

The	results	obtained	in	Figures	7a	and	7b	show	yields	of	>100%	for	many	of	

the	reactions	expected	to	show	displacement	(i.e.	the	mismatch	protectors	with	T1	
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and	the	mismatch	targets	with	C4).	This	yield	is	likely	greater	than	experimental	

maximums	(100%)	due	to	relative	photo-bleaching	of	the	positive	control—the	

fluorescent	strand	only—compared	to	the	complexed	X-probes.	The	complexed	X-

probes	are	stored	in	a	quenched	state,	which	may	function	to	protect	the	

fluorophores	from	photo-bleaching	over	time;	the	fluorescent	positive	control	

strands,	on	the	other	hand,	remain	unprotected	during	storage.		

	

	

	

	

	

	

	

	

A	
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It	should	be	noted	that	of	all	the	representative	targets	and	protectors	tested,	

a	few	outliers	were	evident	where	experimental	displacement	diverged	from	

prediction.	This	is	especially	clear	in	Figure	7b	where	the	A4	variation	of	the	C3	

protector	yielded	unanticipated	displacement	against	T3	target.	Secondary	structure	

analysis	of	the	A4	variation	of	the	C3	protector	demonstrates	that	the	mismatches	

unique	to	this	strand	encourage	hairpin	formation	at	the	3’	end	of	the	protector	near	

the	target	toehold	(Figure	8).	As	a	result,	the	protector	may	have	a	propensity	to	

self-dimerize	as	an	inter-strand	complex	once	strand	displacement	begins,	incurring	

Fig.	7.	Assessing	the	impact	of	global	mismatch	position	on	sloppy	protector	performance.	C3	
protectors	with	two	mismatches	placed	either	immediately	adjacent	to	one	and	another,	
corresponding	to	zero	bp	of	separation	(C1-6),	seven	bp	apart	(S1-6),	or	greater	than	16	bp	apart	(A1-
7)	were	tested	against	a	[A]	T1	and	[B]	T3	target.	Similarly,	T3	targets	with	two	mismatches	spaced	
as	described	above	were	tested	against	a	[C]	C2	and	[D]	C4	protector.	Experimental	yields	versus	
simulation	demonstrate	the	robustness	of	the	mismatch	tolerant	hybridization	system	to	global	
mismatch	position,	save	for	a	few	outliers.	Error	bars	represented	the	standard	deviation	of	
triplicate	conditions.	

	

D	
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an	additional	thermodynamic	penalty	that	permits	the	target	to	fully	displace	the	

protector.	Interestingly,	these	protectors	also	demonstrate	self-binding	near	the	

protector	toehold	region	(Figure	8),	perhaps	hindering	the	ability	of	the	protectors	

to	re-bind	the	probe	in	equilibrium,	leading	to	greater	target-probe	complexation	

stability.		

In	addition,	the	A4	

protector	strand	also	

contains	mismatches	

immediately	adjacent	to	

the	multi-loop	junction	

(Figure	9),	likely	

destabilizing	the	loop	and	

allowing	for	more	facile	

displacement	of	the	

protector	from	the	probe.	

While	these	destabilizing	

mismatches	are	notably	

also	present	in	protectors	

S7,	A1,	and	A6,	the	

combination	of	the	effect	

of	the	mismatches	with	the	above-described	factors	(that	are	specific	to	the	A4	

strand)	may	lead	to	the	observed	increase	in	protector	displacement	relative	to	

theory	seen	with	these	cases.	It	should	be	noted	that	this	effect	is	likely	not	

Fig.	8.	Secondary	Structure	of	A4	Protector	Strand	Dimers.		
Secondary	structure	simulations	of	the	A4	protector	in	NUPACK	
reveal	stable	self-complexation	near	the	3’	end	of	the	protector	
(adjacent	to	the	target	toehold	region)	and	near	the	5’	protector	
toehold	(or	non-homologous)	region.	These	regions	of	self-
binding	show	high	equilibrium	probability,	as	indicated	by	the	
colorbar	on	the	right.	The	former	is	delineated	in	the	green	box,	
while	the	latter	is	shown	in	red.		
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immediately	observed	with	A4	with	T1,	as	the	target	is	already	thermodynamically	

favored	to	fully	displace	the	A4	protector,	and	thus	any	added	benefit	to	target-

probe	complexation	does	not	significantly	increase	the	expected	yield.	Other	

contributing	factors	

that	may	lead	to	

deviation	from	

prediction	include	

inaccuracies	in	

NUPACK	simulation,	

experimental	error,	and	

oligonucleotide	

synthesis	errors,	which	

may	remain	despite	

purification	[33,	34].		

	

	

Altogether,	the	representative	101	combinations	of	mismatched	protectors	

and	targets	follow	predicted	behavior	closely	(r2=0.91,	RMSE=13.46	without	the	

above	delineated	outliers)	demonstrating	the	robustness	of	the	sloppy	protector	

system	and	its	potential	as	a	previously	unfeasible,	finely	tuned	mismatch	tolerant	

hybridization	system.	In	addition,	the	set	of	protectors	devised	for	the	

aforementioned	experiments	alone	span	a	ΔG°	range	of	15	kcal/mol	and	together	

Fig.	9.	Secondary	Structure	Analysis	of	the	A4	X-Probe	Complex.		Secondary	structure	simulations	
of	the	A4	X-probe	structure	in	NUPACK	reveal	the	potential	destabilizing	effect	of	the	3’	proximal	A4	
mismatch	in	the	multi-loop	junction.	This	destabilization	may	facilitate	opening	of	the	X-Probe	even	in	
the	presence	of	a	less	stable	target	(i.e.	T3).			
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can	accurately	resolve	variously	mismatched	targets	within	this	interval	with	high	

fidelity.	The	range	can	theoretically	be	extended	using	an	increasing	number	of	

longer	and	sloppier	protectors	with	various	options	on	how	to	space	these	strands.	

For	example,	successive	sloppy	protectors	can	be	designed	to	have	narrow	ΔG°	gaps	

to	afford	better	resolution	(A-T	mismatch),	or	large	ΔG°	gaps	to	span	a	large	

detection	range	(G-C	mismatch).		

Based	on	the	results	of	the	above	experiments,	the	sloppy	toehold-probe	

system	was	found	to	perform	robustly	in	the	presence	of	a	single	dominant	

synthetic	sequence.	However,	it	had	yet	to	be	validated	against	non-synthetic	

genomic	DNA,	and	in	the	presence	of	multiple	sub-populations,	each	harboring	

sequences	containing	a	unique	SNP	signature.	When	SNPs	are	well	conserved—such	

as	in	eukaryotes—the	distribution	of	the	unique	SNP-containing	sequence	is	

generally	expected	to	be	present	at	either	100%	(homozygous)	or	50%	

(heterozygous)	depending	on	the	nature	of	that	particular	mutation.	When	

considering	certain	microbes,	however,	we	find	that	the	distribution	of	unique	SNP-

containing	sequences	do	not	follow	this	typical	pattern,	largely	due	to	the	

hypermutability	of	the	microbe	in	question.	In	viruses,	for	instance,	several	

sequences	with	an	iterative	number	of	acquired	SNPs	of	unknowing	identity	can	

typically	be	expected	co-exist—these	mutated	genomes	are	often	referred	to	as	

quasi-species,	and	have	been	investigated	in	the	context	of	viral	resistance	to	

therapy	[35].		



	
34	

2.4	Clinical	Significance	and	Methods	of	Detection	of	Viral	Quasi-

Species	

Viral	quasi-species	are	often	considered	to	be	a	result	of	the	hypermutability	

of	RNA	viruses	and	represent	the	totality	of	mutant	or	variant	viral	genomes	present	

within	a	certain	viral	population.	These	variant	viral	genomes	are	thought	to	arise	

via	selective	pressure—when	for	instance	the	virus	is	exposed	to	an	anti-viral	

therapy—and	contribute	to	many	adaptive	processes	within	the	virus,	including	

drug-resistance	[36].	Previous	studies	conducted	in	patients	presenting	with	

Hepatitis	C	and	HIV	have	confirmed	the	presence	of	numerous	viral	quasi-species	

within	a	single	patient	sample	[37,	38].	The	utility	of	characterizing	the	viral	quasi-

species	population	has	been	critically	evaluated	in	the	contexts	of	transmission,	

prognosis,	and	therapy.	Numerous	studies	have	suggested	that	upon	primary	

infection,	the	viral	population	within	a	given	individual	is	often	homogeneous.	Over	

time,	various	factors	(notably	low	reverse-transcriptase	fidelity)	diversify	the	viral	

population	leading	to	the	formation	of	quasi-species	[39].	Interestingly,	some	

studies	have	investigated	the	identity	and	evolution	of	viral	quasi-species	diversity	

over	time	as	a	means	of	reconstructing	disease	transmission	data	[40].		

In	terms	of	therapy,	the	presence	of	certain	minority	quasi-species	has	been	

shown	to	contribute	to	drug-resistance	and	early	therapy	failure	in	HIV-1.	In	one	

study,	quasi-species	that	were	present	at	a	prevalence	of	0.07-2.0%	before	

administration	of	therapy	were	shown	to	rapidly	become	the	dominant	species	two	

weeks	following	the	start	of	therapy—likely	due	to	selective	pressure	to	acquire	
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resistance	against	the	drug	in	question—corresponding	to	a	reduction	in	

therapeutic	efficacy	[41].	The	development	of	methods	to	conveniently	screen	viral	

quasi-species	evolution	is	therefore	of	particular	interest	for	the	effective	

management	of	certain	infections	produced	by	viral	RNA.		

2.5	Tests	on	Hypermutable	Clinical	Correlates	

Currently	quasi-species	detection	is	primarily	achieved	via	deep	sequencing	

or	Next	Generation	Sequencing	(NGS),	or	clonal	analyses	[42].	As	an	in	vitro	proof-

of-concept,	we	attempted	to	elucidate	the	efficacy	of	the	sloppy	toehold-probe	

system	in	resolving	the	subpopulations	of	quasi-species	present	in	clinical	HIV.	HIV	

patient	samples	(provided	by	Dr.	Robert	Arduino	from	the	University	of	Texas	

Health	System)	were	first	collected	from	three	patients	prior	to	them	receiving	

Antiretroviral	Therapy	(ART)	and	processed	using	a	Viral	RNA	extraction	kit	

(Quiagen	QIAamp	Viral	RNA	Mini	Kit).	RNA	to	cDNA	conversion	was	performed	

using	the	SMART	cDNA	Library	Construction	Kit	by	Clontech	Laboratories,	Inc.	

Converted	cDNA	products	were	next	column	purified	and	subsequently	amplified	

using		universal	primers	designed	relative	to	an	internal	consensus	sequence	

derived	from	analysis	of	800	patient	samples	(provided	by	Dr.	Arduino),	and	

corroborated	against	the	HIV	HXB2	reference	sequence	(GenBank:	K03455.1).	

Samples	were	then	column	purified	once	more,	to	remove	PCR	by-products	and	

residual	enzyme/buffer.		For	all	patients,	HIV	RNA	counts	in	plasma	were	high	

(>750,000	copies/mL).	 
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	Based	on	analysis	of	the	internal	consensus	and	HIV	HXB2	reference	

sequences,	eight	200-300	bp	hotspot	or	hypermutable	regions	were	identified	in	the	

P31	integrase	region	of	the	pol	gene	on	the	viral	genome;	unique	primer	sets	were	

designed	for	each	region.	Two	rounds	of	PCR	amplification	were	carried	out	using	a	

high-fidelity	polymerase	(Phusion	HF),	and	on	two	separate	patient-derived	viral	

genomes,	followed	by	a	subsequent	column	purification	step.	10	µL	PCR	reactions	

were	set-up	using	2	µL	5x	HF	Buffer	(NEB),	0.5	µL	10	mM	dNTPs	(NEB),	0.5	µL	10	

µM	forward	primer,	0.5	µL	10	µM	reverse	primer,	0.2	µL	Phusion	polymerase,	and	

4.5	µL	water.		Reactions	were	pipetted	directly	into	0.2	mL	PCR	tubes,	vortexed,	and	

centrifuged	down.	The	thermocycling	protocol	was	performed	on	a	Bio-Rad	T100	

Thermal	Cycler	as	follows:	step	1)	98°C	for	3	minutes;	step	2)	98°C	for	0.5	minutes;	

step	3)	63°C	for	0.5	minutes;	step	4)	72°C	for	1	minute;	Step	5)	Repeat	steps	2-4	45	

times;	Step	6)	72°C	for	5	minutes;	Step	7)	4°C	Hold.	Amplicons	were	analyzed	via	

Polyacrylamide	Gel	Electrophoresis	(PAGE),	quantified	using	a	Qubit	dsDNA	

fluorometer,	and	sent	to	Genewiz	for	Sanger	sequencing.	Based	on	the	Sanger	

sequencing	results,	four	regions	of	the	sixteen	initially	amplified	(eight	hotspot	

regions	on	two	separate	patient	samples)	were	found	to	contain	a	sufficient	

distribution	of	mutations	and	were	further	processed	for	Next	Generation	

Sequencing.		

PCR	amplicons	were	amplified	once	again	using	the	same	protocol	as	used	

previously,	and	column	purified.	Post-amplification	products	were	characterized	via	

Bioanalyzer	(Agilent),	and	quantified	using	the	Qubit	dsDNA	Broad	Range	Assay	kit.	

Samples	were	sequenced	using	the	Next	Generation	Sequencing	Amplicon-EZ	
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service	provided	by	Genewiz.	Full	sequencing	results	for	the	final	HIV	patient	

sample	evaluated	are	presented	in	Appendix	2.	A	30	bp	segment	in	one	of	the	four	

amplicons	was	found	to	demonstrate	significant	SNP	diversity,	and	displayed	the	

desired	iterative	increase	in	mutations	per	subpopulation	(Table	4).	Iteratively	

mutated	sequence	breakdowns	for	this	segment	were	determined	by	evaluating	all	

sequenced	strands	with	a	greater	than	0.1%	read	rate	over	a	60	bp	pair	region	

containing	the	30	bp	strand	of	interest.	Based	on	sequencing	data,	we	found	three	

unique	and	related	HIV	subtypes	or	subpopulations	in	the	patient	(69.15%,	25.76%,	

and	1.68%),	all	of	which	likely	began	from	an	original	strain	that	sequentially	

evolved	and	branched	with	chronic	infection.	The	iterative	nature	of	mutation	

acquisition	has	previously	been	demonstrated	in	the	protease	and	reverse	

transcriptase	domains	of	the	pol	gene	of	the	HIV	genome,	as	one	of	the	driving	forces	

behind	resistance	[43].	Indeed,	our	sequencing	data	seems	to	suggest	that	acquired	

mutations	follow	a	sequential	path,	though	there	may	be	situations	where	this	is	not	

the	case.	

Table	4:	SNP	Diversity	Characterized	Via	Sequencing	of	HIV	Patient	Sample	
% Prevalence Sequence 

69.15% GTGGGCAGGGATTAAGCAGGAATTTGGCAT 

25.76% GTGGGCAGGGATTAATCAGGAATTTGGCAT 

1.68% GTGGGCAGGGGTTAATCAGGAATTTGGCAT 

All	the	previous	sloppy	toehold-probe	experiments	performed	above	utilized	

single-stranded	synthetic	targets,	roughly	30	bp	in	size,	in	contrast	to	the	296	bp	

double-stranded	HIV	targets	we	had	sequenced.	To	conform	our	HIV	target	more	

closely	to	the	parameters	employed	previously	(when	using	synthetic	strands),	we	

performed	asymmetric	PCR	using	a	new	set	of	primers	designed	to	amplify	a	60	bp	
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region	within	the	larger	296	bp	fragment.	Forward	and	reverse	primers	were	added	

in	a	20:1	ratio,	to	facilitate	a	linear-after-exponential	(LATE)	amplification	of	the	

target	[44].	0.5	uL	template	DNA	(corresponding	to	a	final	concentration	of	roughly	

1	nM)	was	added	to	1	uL	1	uM	reverse	primer	and	2	uL	10	uM	forward	primer,	10	

uL	5x	Phusion	HF	Buffer,	1	uL	10	mM	dNTPs,	1	uL	Phusion	Polymerase,	and	34.5	uL	

water	to	form	a	50	uL	reaction.	This	sample	was	then	placed	in	a	Bio-T100	Thermal	

Cycler	to	undergo	the	following	thermo-cyling	protocol:	98°C	for	3	minutes,	

followed	by	70	cycles	at	98°C	for	30	seconds,	then	63°C	for	1	minute,	and	72°C	for	1	

minute,	and	then	lastly,	one	final	step	of	elongation	at	72°C.		Following	column	

purification,	the	single-stranded	product	was	characterized	via	PAGE	and	quantified	

using	the	Qubit	ssDNA	Assay	kit.	All	amplification	primers	used	for	standard	PCR	as	

well	as	asymmetric	PCR	are	presented	for	the	relevant	patient	sample	and	hotspot	

region	in	Table	5	below.		

Table	5:	Relevant	Primers	for	Hotspot	Region	Amplification	from	Patient	Sample-Derived	cDNA	
Standard PCR Primers: 

F: TAGAAGCAGAAGTTATTCCAGC 

R: GATGAATACTGCCATTTGTACTG  

Template: 

TAGAAGCAGAAGTTATTCCAGCAGAAACAGGGCAGGAAACA 

GCATATTTTCTTTTAAAATTAGCAGGAAGATGGCCAGTAAA 

AACAATACATACTGACAATGGCAGCAATTTCACCGGTGCTA 

CGGTTAGGGCCGCCTGTTGGTGGGCGGGAATCAAGCAGGAA 

TTTGGAATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGA 

ATCTATGAATAAAGAATTAAAGAAAATTATAGGACAGGTAA 

GAGATCAGGCTGAACATCTTAAGACAGCAGTACAAATGGCA 

GTATTCATC (296 bp) 

Asymmetric PCR Primers: 

F: CAGTTAAGGCCGCCTGTT 

R: GATTGTAGGGAATGCCAAA 

Template 

CAGTTAAGGCCGCCTGTTGGTGGGCAGGGATTAAGCA 

GGAATTTGGCATTCCCTACAATC 

To	evaluate	the	ability	of	our	sloppy	toehold-probe	system	to	resolve	the	

various	HIV	subpopulations	in	the	processed	patient	sample,	we	designed	a	probe	
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complementary	to	the	dominant	reference	sequence,	and	a	set	of	five	increasingly	

sloppy	protectors	(Table	6).	X-probes	were	pre-annealed	using	the	same	ramp-

down	protocol	employed	in	all	previous	experiments.	To	quantify	displacement	of	

the	X-probes	by	the	target	strand,	a	reaction	mixture	consisting	of	1200	uL	5x	PBS	+	

0.1%	Tween	was	combined	with	6	uL	of	100	nM	of	each	X-Probe	(for	X-Probes	1-4)	

and	12	uL	single-stranded	target	(synthesized	via	asymmetric	PCR).	Reactions	were	

allowed	to	incubate	for	1	hour	at	room	temperature	before	being	analyzed	for	15	

minutes	in	a	bench-top	fluorometer.			

Table	6:	X-Probe	Strands	for	Characterization	of	Viral	Quasi-Species	in	Clinical	Correlate	
Strand Sequence 

Probe GCCAAATTCCTGCTTAATCCCTGCCCTGGTCTACTATCCACGATTTAAC 

Fluorescent Strand GTTAAATCGTGGATAGTAGACTTCGCAC*ROX  

Quencher Strand RQ*GTGCGAACAGGTACATTTGCTCGTCCTT 

Protector 1 AAGGACGAGCAAATGTACCTGCAGGGCAGGGATTAAGCAGGAA 

Protector 2 AAGGACGAGCAAATGTACCTGCAGGGCAGAGATTAAGCAGGAA 

Protector 3 AAGGACGAGCAAATGTACCTGCAGGGCAGAGATTCAGCAGGAA 

Protector 4 AAGGACGAGCAAATGTACCTGCAGGGCAGAGATTCAGCATGAA 

Protector 5 AAGGACGAGCAAATGTACCTGCAGTGCAGAGATTCAGCATGAA 

	

As	shown	in	Figure	10a,	the	sloppy	protector	design	is	capable	of	resolving	

each	unique	HIV	subtype	as	demonstrated	by	the	incremental	increase	in	signal	

corresponding	to	the	relative	distribution	of	each	iteratively	mutated	sequence.	The	

differential	displacement	observed	with	increasingly	sloppy	protectors	initially	

demonstrates	moderate	deviation	from	simulation	(r2=	0.58,	RMSE=	23.17)	(Figure	

10b).	When	a	+5.5	kcal/mol	penalty	is	imposed	on	the	targets,	however,	the	

experimental	results	closely	mirror	simulation	(r2=	0.99,	RMSE=	4.006)	(Figure	

10c).	The	presence	of	a	consistent	thermodynamic	deviation	from	simulation,	such	
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as	the	+5.5	kcal/mol	deviation	observed	in	our	study,	has	been	observed	in	previous	

studies,	and	is	likely	due	to	inconsistencies	or	inaccuracies	in	existing	DNA	

thermodynamic	prediction	tools		[28].	

The	nature	of	the	+5.5	kcal/mol	penalty	has	not	been	thoroughly	

investigated;	however,	based	on	initial	simulations,	we	believe	this	penalty	is	a	

product	of	the	complex	secondary	structure	formed	by	the	60	bp	single-stranded	

HIV	region	of	interest,	which	must	be	disrupted	to	displace	the	protector	and	bind	

the	probe.	Truncating	the	length	of	the	target	being	assessed	has	the	potential	to	

overcome	this	issue,	as	the	degree	of	self-binding	outside	of	the	region	of	interest	is	

reduced	with	decreasing	strand	length.			

Without	a	priori	knowledge	of	the	sample’s	composition,	it	is	theoretically	

possible	to	back-calculate	the	number	of	unique	and	increasingly	mutated	

sequences	in	a	sample,	as	well	as	the	approximate	ΔG°	of	each	probe-sequence	

complex,	which	in	turn	can	be	used	to	infer	the	number	and	possible	identity	of	a	

variable	number	of	SNPs.	In	the	case	of	HIV	for	example,	patients	who	have	

developed	resistant	strains	as	a	result	of	chronic,	unchecked	infection	or	treatment	

noncompliance,	will	either	harbor	a	primary	HIV	genome	that	deviates	from	the	

native	sequence	or	carry	multiple	HIV	subpopulations	as	observed	in	this	study	–	

information	that	can	help	determine	prognosis	and	guide	therapy.		

	

	

B	
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Fig.	10.	Evaluating	
Performance	of	Sloppy	
Protectors	Against	
Hypermutable	Clinical	
Correlates.	A)	Experimental	
yields	are	compared	against	
theoretical	yields,	pre-	and	
post-	application	of	a	5.5	
kcal/mol	penalty.	With	the	5.5	
kcal/mol	penalty,	
experimental	results	correlate	
closely	to	theoretical	
estimates.	B)	Linear	
regression	of	experimental	
versus	theoretical	yields,	in	
the	absence	of	the	5.5	
kcal/mol	penalty.	X-axis	
represents	experimental	yield	
(%).	C)	Linear	regression	of	
experimental	versus	
theoretical	yields	with	the	
addition	of	the	5.5	kcal/mol	
penalty.	Comparison	of	[B]	
and	[C]	demonstrates	a	
significant	improvement	in	
correlation,	based	on	Pearson	
coefficients,	after	the	addition	
of	the	penalty.		
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2.6	Potential	Applications	of	a	Mismatch-Tolerant	Hybridization	

System	

While	still	proof-of-concept,	the	number	of	potential	applications	of	the	

mismatch	tolerant	hybridization	system	is	still	unrealized.	Any	hypermutable	

sequence	or	sequence	with	an	uncharacterized	set	of	SNPs	can	potentially	be	

assayed	using	the	sloppy	protector	system	without	the	need	to	repeatedly	test	a	

sample	using	more	costly	approaches,	such	as	sequencing.	Further,	unlike	other	

hybridization-based	assays—like	microarrays—the	system	can	tolerate	mismatches	

in	a	finely	tuned	and	precise	manner	without	having	to	nonspecifically	lower	the	

hybridization	temperature,	adjust	the	salt	concentration,	or	insert	universal	and/or	

more	thermodynamically-favorable	bases	[45-49].	Emerging	technologies	that	

utilize	universal	probes	or	primers,	such	as	the	Universal	Microbial	Diagnostics	

system,	also	stand	to	benefit	from	such	a	design	[18].	
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Chapter 3	

Evaluating	Various	Applications	of	the	
Toehold-Probe	System	for	Bacterial	

Identification	

3.1. Introduction	and	Background	

Having	validated	the	efficacy	of	the	mismatch-tolerant	toehold-probe	system	

against	both	synthetic	and	viral-derived	DNA	targets,	we	next	sought	to	determine	

the	 overall	 performance	 of	 the	 toehold-probe	 system	 in	 a	 universal	 bacteria	

diagnostic	 platform.	 Previous	 iterations	 of	 the	 target-agnostic	 universal	 probe	

platform,	as	described	above,	demonstrated	low	sensitivity	in	large	part	due	to	the	

non-specific	 opening	 of	 the	 sloppy	 MB	 probes.	 With	 the	 validation	 of	 the	 sloppy	

toehold-probes,	we	hoped	to	see	significant	improvements	in	the	achievable	LOD	of	

our	investigated	platforms.		

As	with	 the	 UMD	 scheme	 described	 above,	 the	 fundamental	 premise	 of	 all	

below	 systems	 avail	 of	 the	 differential	 binding	 of	 a	 set	 of	 target-agnostic	

oligonucleotide	probes	 to	various	bacterial	genomes	as	 the	primary	mechanism	of	
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bacterial	 species	 identification.	 Through	 this	 mechanism,	 the	 application	 of	 the	

toehold-probe	serves	to	threshold	the	total	possible	number	of	hybridization	events	

between	each	probe	 to	each	bacterial	genome,	based	on	 the	∆G	 free	energy	of	 the	

probe-protector	complex.		Unlike	the	UMD	scheme,	however,	our	schemes	rely	on	a	

qPCR	detection	modality	instead	of	a	bulk	fluorescence	read-out.	qPCR	was	evaluated	

in	place	of	the	UMD	detection	method	in	order	to	improve	the	overall	sensitivity	of	

the	system	

3.2	 Scheme	 1:	 Evaluation	 of	 a	 Magnetic	 Bead	 Capture-Based	

Mechanism	

Our	 first	 application	 of	 the	 toehold-probe	 system	 utilized	 a	magnetic	 bead	

capture-based	 mechanism	 for	 separating	 probe-protector	 complexes	 from	 probe-

genome	 complexes.	 In	 brief,	 the	 mechanism	 proceeds	 as	 follows:	 biotinylated	

protector	strands	(40	bp)	containing	3	mismatches	relative	to	the	probe	sequence—

in	the	region	in	which	the	probe	and	protector	are	bound—were	first	complexed	to	

complementary	 probe	 strands	 (68	 bp),	 then	 conjugated	 to	 streptavidin-coated	

magnetic	beads.	Each	probe	strand	is	flanked	by	primer-specific	regions	on	either	end	

to	allow	for	binding	of	forward	and	reverse	primers	to,	and	subsequent	amplification	

of	the	probe	via	quantitative	PCR	(qPCR)	(Figure	11).		
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Target	DNA	strands—single-stranded	synthetic	bacterial	DNA	analogs—were	

next	introduced	into	solution	as	a	proxy	for	genomic	DNA	and	allowed	to	displace	the	

protector	strands.	After	probe-target	hybridization,	a	magnetic	tube	rack	was	used	to	

pull	attached	protector	strands	out	of	solution,	leaving	only	probe-target	complexes	

in	 the	 supernatant.	 Following	 extraction	 of	 this	 supernatant,	 the	 concentration	 of	

probe-target	complexes	was	quantified	via	qPCR	using	the	probe-specific	primers.		

For	our	initial	studies,	target	strands	were	designed	to	be	50	base	pairs	long	

and	almost	perfectly	complementary	to	the	probe,	with	the	exception	of	a	single	base-

pair	mismatch.	Protector	and	target	toeholds	were	both	designed	to	be	six	base-pairs	

long.	 On	 its	 3’	 end,	 the	 protector	 strand	 included	 a	 small	 10	 bp	 Poly-T	 sequence	

between	the	relevant	probe-binding	region	and	the	biotin	conjugate,	to	prevent	steric	

disruption	of	probe-protector	hybridization	by	the	large	biotin	molecule.		The	probe,	

protector,	and	target	strands	that	were	used	are	depicted	in	the	table	below	(Table	

7).	

Table	7:	Scheme	1	Probe,	Protector,	and	Target	Sequences		
Strand Sequence 

Probe CGAGTCATTCACCGCTACCAGACCATGCTAAGGTGGCGCGAACAATGGC
AGCCTACTACCTCACTCCTC 

Protector TTGTTCGGGCCTGAGCATGTCTGATATTTTTTTTTTT/Biotin 

Fig.11.	Schematic	of	a	magnetic	bead	capture-based	mechanism.	Streptavidin-coated	beads	(in	gray)	
are	conjugated	to	biotin-conjugated	protector	strands	(in	blue),	which	are	in	turn	hybridized	to	the	
probe.	Target	strands	(in	black)	displace	protector	strands	and	bind	probe	strands,	freeing	the	probe	
strands	from	the	bead	surface.	The	probe	(in	pink)	is	flanked	by	primer	binding-regions	(in	green),	to	
facilitate	amplification	and	subsequent	quantification	of	probe	via	qPCR.		
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Target CTGCCATTGTTCGCGCCACCTTACCATGTCT 

	

According	 to	 NUPACK	 simulations,	 at	 37°C	 and	 in	 the	 presence	 of	 1	 M	

monovalent	cations	and	no	divalent	cations	(representative	of	the	temperature	and	

salt	conditions	used	during	hybridization)	the	∆G	of	the	probe-protector	complex	is	-

24.59	kcal/mol,	with	an	approximate	equilibrium	yield	of	0.00024%,	while	the	∆G	of	

the	probe-target	complex	is	-40.37	kcal/mol,	with	an	equilibrium	yield	near	100%.	

No	other	byproducts,	including	trimeric	products,	are	expected	at	yields	greater	than	

1%	 or	 at	 ∆G	 values	 less	 than	 -15	 kal/mol.	 All	 reactions	 were	 performed	 in	 a	

hybridization	 buffer	 containing	 1	 M	 NaCl	 and	 50	 mM	 of	 Tris-EDTA.	 For	 bead	

experiments,	10	µL	of	10	nM	pre-annealed	probe-protector	complexes	were	added	to	

3	µL	magnetic	beads,	and	87	µL	of	hybridization	buffer.		

For	qPCR	quantification,	reactions	were	carried	out	in	20	µL	volumes.	8	µL	of	

extracted	probe-target	DNA	was	combined	with	1	µL	of	2	µM	forward	and	reverse	

primer,	each,	and	10	µL	of	 iTaq	Universal	SYBR	Green	Mastermix.	Standard	curves	

were	 also	 prepared	 for	 all	 qPCR	 reactions	 as	 an	 internal	 quality	 check,	 and	 to	

appropriately	 calibrate	 quantification	 cycle	 (Cq)	 values	 to	 probe-target	

concentrations;	standards	were	generated	by	diluting	probe	alone	at	concentrations	

ranging	from	10	am	to	10	nM	(with	every	magnitude	in	between	tested).	No-template	

controls	were	prepared	using	the	same	protocol,	with	the	replacement	of	the	DNA	

with	deionized,	nuclease-free	water.		
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For	 the	above	experiments,	1	nM	of	1:1.5	probe:	protector	complexes	were	

tested	against	10	fM	to	100	nM	of	target	strands	(tested	individually)	and	allowed	to	

incubate	with	each	target	for	two	hours,	before	being	analyzed	via	qPCR.	To	optimize	

the	 performance	 of	 the	 magnetic-beads	 capture	 platform,	 capture	 efficiency—the	

percent	 of	 biotinylated	 protector	 strands	 that	 bind	 to	 the	 streptavidin-coated	

beads—was	 evaluated	 under	 varying	 conditions.	 	 A	 high	 capture	 efficiency	 is	

generally	correlated	to	a	low	background,	as	less	bound	probe	is	present	in	solution,	

thereby	yielding	a	decreased	preponderance	of	 false	positive	 signal.	To	accurately	

quantify	background	signal,	probe-protector	complexes	were	tested	in	the	presence	

of	beads	and	without	the	addition	of	target.	Unbound	complexes	were	then	analyzed	

via	 qPCR.	 By	 this	method,	we	 find	 that	 capture	 efficiency	 is	 conversely	 related	 to	

background	and	simply	represents	(100-%	background).		

To	 optimize	 capture	 efficiencies,	 various	 experimental	 controls—including	

bead	concentration,	protector	to	probe	ratios,	hybridization	time,	buffer	composition,	

and	 mixing	 method—were	 evaluated.	 For	 optimizing	 bead	 concentrations	 for	

example,	magnetic	beads	were	added	at	1%,	3%,	and	9%	v/v,	or	1	µL,	3	µL,	and	9	µL,	

per	 each	 100	 µL	 reaction	 (Figure	 12a).	 Post-qPCR	 analyses	 of	 each	 condition	

revealed	capture	efficiencies	of	89.6%,	91.9%,	and	86.32%,	respectively.	Likewise,	for	

optimizing	protector	to	probe	ratios,	four	ratios	were	tested:	1:1,	2.5:1,	5:1,	and	10:1.	

For	 each	 condition,	 the	 corresponding	 capture	 efficiencies	 were	 88.4%,	 95.9%,	

97.2%,	and	94.0%	(Figure	12b).	With	 implementation	of	 the	above	optimizations,	

our	experimental	capture	efficiency	peaked	at	roughly	98%.		
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To	 further	 increase	 capture	 efficiency,	 three	 additional	 methods	 were	

explored	to	reduce	background:	1)	bead	re-capture,	2)	pre-functionalization,	and	3)	

double	 biotinylation.	 For	 all	 proceeding	 experiments,	 3%	 beads	 volume	 and	 5:1	

protector:	 probe	 ratios	 were	 implemented,	 based	 on	 the	 optimized	 experimental	

parameters	evaluated	above.	In	the	bead	re-capture	scheme,	following	a	first	round	

of	probe-protector	conjugation	to	the	bead	surface,	supernatant	was	extracted	and	

allowed	 to	 undergo	 a	 second	 round	 of	 bead-conjugation	 to	 capture	 any	 residual	

protector/probe	 complexes	 that	 fail	 to	 be	 captured	 during	 the	 initial	 conjugation	

round.	 Though	 two	 rounds	 of	 bead	 incubation	were	 performed,	 this	method	 only	

produced	 ~	 0.5%	 improvements	 in	 capture	 efficiency.	 Thus,	 to	 push	 background	

levels	of	probe	even	lower,	the	pre-functionalization	method	was	devised.		

Fig.12.	Optimization	of	
magnetic	bead	capture	
efficiencies.	A)	Three	
different	bead	
percentages	(1,	3,	and	
9%	v/v)	and	B)	four	
different	protector:	
probe	ratios	were	tested	
to	optimize	capture	
efficiency	of	probe-
protector	complexes.	
The	3%	and	5:1	
conditions,	respectively,	
showed	the	highest	rate	
of	probe	capture	relative	
to	other	conditions.		
	

B	A	
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In	 the	 pre-functionalization	 method,	 supernatant	 was	 aspirated	 following	

initial	 conjugation	 of	 probe-protector	 complexes	 to	 the	 streptavidin-coated	beads,	

but	prior	to	addition	of	target	DNA,	so	as	to	facilitate	manual	removal	of	residual	free-

floating	probe-protector	complexes	from	background.	Similar	to	beads	recapture,	this	

method	also	produced	minor,	yet	insignificant	improvements	in	capture	efficiency.	

	In	 the	 third	 scheme,	 protectors	 that	 had	 been	 complexed	 to	 two	 biotin	

molecules	on	their	3’	end	were	utilized,	as	opposed	to	the	previous	protectors	that	

had	been	conjugated	to	only	one	biotin	molecule	on	their	3’	terminus.	Despite	a	two-

fold	increase	in	binding	regions	to	the	magnetic	beads,	application	of	these	double-

biotinylated	 protectors	 failed	 to	 produce	 any	 marked	 improvements	 in	 capture	

efficiency.	 Ultimately,	 future	 experimentation	 appeared	 to	 suggest	 streptavidin	

leaching	from	the	magnetic	beads	surface	over	the	course	of	hybridization	was	the	

main	 factor	 responsible	 for	 the	~2%	 loss	 in	 capture	 efficiency	 observed	with	 the	

beads	scheme.		

To	evaluate	the	dynamic	range	and	sensitivity	of	the	magnetic-beads	capture	

platform,	1	nM	and	10	nM	of	probe	and	protector	complexes	pre-annealed	at	a	1:5	

ratio	were	tested	against	synthetic	bacterial	genomic	fragment	analogs—which	shall	

henceforth	be	referred	to	as	target	strands—diluted	to	concentrations	ranging	from	

10	pM	to	10	nM	with	approximately	each	half-log	in	between	evaluated	(Figure	13a	

and	 13b).	 The	 log	 curves	 demonstrate	 reasonably	 high	 accuracy	 at	 both	 probe	

concentrations,	with	r2=0.95	for	1	nM,	and	r2=0.81	for	10	nM.		
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Importantly,	we	see	that	the	magnetic	beads	capture	scheme	offers	significant	

improvements	in	LOD	(10	pM)	compared	to	the	previous	sloppy	molecular	beacon	

scheme	 used	 in	 the	 UMD	 platform	 (1	 uM).	 The	 experimental	 LOD	 is	 higher	 than	

theoretical	estimates	however,	 likely	due	 to	non-specific	probe	 interactions,	 and	a	

non-zero	background.	To	minimize	 the	preponderance	of	non-specific	 interactions	

between	the	probe	strands,	the	tube	surface,	and	the	beads,	various	blocking	reagents	

(PolyT,	 Tween,	 and	 BSA)	 were	 tested.	 Of	 the	 three	 reagents	 examined,	 only	 the	

addition	of	PolyT	conferred	significant	improvements	in	probe	background.	Future	

optimizations	which	serve	to	reduce	background	signal	can	no	doubt	lower	the	LOD,	

as	signal	quantification	is	only	truly	limited	by	the	relative	background	in	the	system.	

Fig.	13.	Evaluation	of	a	magnetic	bead	capture-based	diagnostic	platform.	A)	10	nM	of	probe	
at	a	1:5	probe:	protector	ratio	was	tested	against	4	concentrations	of	target	(100	pM,	500	pM,	1	nM,	
and	10	nM).	Correlation	of	added	target	concentrations	to	estimated	probe	concentrations	is	
relatively	accurate	(r2=0.81).	B)	1	nM	of	probe	at	a	1:5	probe:protector	ratio	was	tested	against	3	
concentrations	of	target	(10	pM,	500	pM,	and	1	nM).	Correlation	of	added	target	concentrations	to	
estimated	probe	concentrations	are	very	accurate	(r2=0.95).	Conditions	were	performed	in	
triplicates.	

B	A	

-10.5 -10.0 -9.5 -9.0 -8.5 -8.0 -7.5
-12.0

-11.5

-11.0

-10.5

-10.0

log([Target]) (M)

lo
g(

[P
ro

be
])

 (M
)

r2=0.81

-11.5 -11.0 -10.5 -10.0 -9.5 -9.0
-13.0

-12.8

-12.6

-12.4

-12.2

-12.0

log([Target]) (M)

lo
g(

[P
ro

be
])

 (M
)

r2=0.95



	
51	

The	 resolution	 observed	 in	 our	 system—in	 terms	 of	 output	 signal—spans	

roughly	2.5	orders	of	magnitude	for	a	4	order	of	magnitude	increase	in	target	signal.	

It	 should	 be	 noted	 that	 the	 standardized	 probe	 concentration	 calculated	 via	

generation	of	an	internal	qPCR	standard	curve	appears	to	be	roughly	two	orders	of	

magnitude	lower	than	expected	probe	concentrations.	Dilutions	during	experimental	

workflow	and	non-specific	binding	of	probe	to	the	bead	surface	may	largely	account	

for	this	discrepancy.	

3.3	Scheme	2:	Evaluation	of	a	Neutravidin-Coated	Plate	Capture	

Mechanism	

Simultaneous	 to	 the	 magnetic	 bead	 method,	 a	 neutravidin-coated	 96-well	

plate	was	also	evaluated	as	a	capture	platform	for	biotinylated	protector/protector-

probe	complexes.	Neutravidin	is	a	synthetically	modified	version	of	streptavidin	that	

is	 known	 to	 exhibit	 a	 relatively	 decreased	 rate	 of	 off-target	 binding—for	 our	

purposes,	 neutravidin	 was	 chosen	 to	 overcome	 the	 non-specific	 binding	

demonstrated	by	our	probe	and	target	strands	to	the	streptavidin	surface	in	Scheme	

1	[50].	Similar	to	the	magnetic	beads,	the	neutravidin	plate	serves	as	an	anchor	to	pull	

down	 probe-protector	 complexes	 from	 solution,	 while	 allowing	 probe-target	

complexes	to	float	freely	in	the	supernatant.		

First,	probes	and	biotinylated	protectors	were	pre-annealed	via	a	ramp-down	

thermocycling	protocol	at	a	ratio	of	1:5	probe	to	protector,	before	being	introduced	

into	the	96-well	plate	(Thermo	Scientific	NeutrAvidin	High	Capacity)	with	a	1x	PBS	+	

Poly-T	solution.	Poly-T	was	added	to	further	safeguard	against	non-specific	Van	der	
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Waal	 interactions	 between	 the	 plate	 surface	 and	 the	 probe	 oligo.	 After	 a	 24-hour	

incubation,	synthetic	target	strands	ranging	from	100	fM	to	1	uM	were	added	into	

solution	and	allowed	to	incubate	for	an	additional	2	hours	at	37°C.	The	same	probe,	

protector,	and	target	strands	used	in	the	magnetic-bead	capture	scheme	were	also	

utilized	for	all	neutravidin-plate	capture	experiments.	

Initial	experiments	using	the	neutravidin	capture	platform	revealed	a	slightly	

lower	 than	 expected	 maximum	 probe	 concentration.	 This,	 coupled	 with	 other	

experimental	data,	 led	us	 to	hypothesize	that	 the	probe	and	target	DNA	molecules	

were	perhaps	still	interacting	with	the	surface	of	the	well.	To	mitigate	the	occurrence	

of	such	unfavorable	interactions,	we	attempted	to	block	the	neutravidin	surface	using	

both	poly-T	and	BSA.	After	coating	the	plate	surface	with	2.5	µM	of	poly-T	strands	and	

0.1%	BSA—in	some	conditions	in	combination	with	a	brief	detergent	treatment	using	

1%	 SDS—unprotected	 probe	 and	 target	 strands	 were	 added	 into	 solution	 and	

allowed	to	incubate	over	approximately	1.5	hours.	Supernatant	was	then	pulled	out	

and	 assessed	 via	 qPCR;	 in	 the	 case	 of	 no	 non-specific	 interactions	 between	

target/probe	oligos	 and	 the	plate	 surface,	 one	would	 expect	 retention	of	 100%	of	

probe	in	solution.	qPCR	analysis	revealed,	however,	no	improvements	in	probe	yield	

with	or	without	detergent	 treatment,	 and	 in	 fact	 a	 slight	 decrease	 in	probe	 yields	

when	washed	with	1%	SDS.	The	addition	of	BSA	to	the	Poly-T	did,	however,	appear	

to	reduce	non-specific	interaction.	

	While	various	other	optimizations	were	assessed—notably	increasing	

hybridization	time	and	decreasing	reaction	volume—such	optimization	efforts	also	
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introduced	no	significant	changes	to	the	system’s	overall	performance.	As	with	

Scheme	1,	a	pre-functionalization	method	and	utilization	of	double-biotinylated	

protector	strands	were	investigated	here,	but	with	minimal	improvements	to	

capture	efficiency	overall.	While	an	increased	hybridization	time	should	

theoretically	improve	sensitivity	and	resolution,	especially	given	the	slower	binding	

kinetics	observed	with	surfaces	relative	to	homogenous	solutions,	non-favorable	

reactions—such	as	the	non-specific	interactions	between	the	target/probe	strands	

and	the	neutravidin	surface—appeared	to	become	more	predominant	with	

increased	time.	Of	greater	concern,	the	neutravidin	plates	exhibited	substantial	

leaching	from	the	plate	surface	over	a	6-hour	incubation	period,	resulting	in	an	

~20%	loss	in	capture	efficiency	(Figure	14).	With	all	conditions	optimized,	capture	

efficiency	was	maximized	at	98%.	

	

	

	

	

	

	

	

Fig.	14.	Background	Quantification	of	
Probe	at	Various	Incubation	Times.		
Background	probe-protector	signals	were	
quantified	via	qPCR	after	incubation	for	2,	
6,	and	24	hours	in	the	neutravidin	plate.	
Incubation	for	2	hours	showed	the	least	
background	signal	(~2%),	with	incubation	
for	6	hours	showing	the	most	(~24%).	
Interestingly,	after	24	hours,	background	
signal	dropped	considerably,	suggesting	a	
possible	re-binding	of	the	probe	complex	
via	non-specific	interaction	with	the	plate	
surface.	Percents	were	calculated	by	
dividing	qPCR-derived	probe	
concentrations	by	total	probe	delivered.	
Per	the	experimental	results	obtained	
here,	a	2-hour	period	was	observed	for	all	
subsequent	probe-protector	incubations.	
Conditions	were	performed	in	triplicates.	
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As	 with	 Scheme	 1,	 the	 dynamic	 range	 and	 sensitivity	 of	 the	 neutravidin	 capture	

platform	was	elucidated	via	construction	of	a	series	of	log	curves	using	either	0.1	nM,	

1	nM,	or	10	nM	of	pre-annealed	probe-protector	(1:5)	complexes,	and	100	fM	to	1	uM	

of	target	DNA	(with	each	order	of	magnitude	in	between	tested).	The	performance	of	

the	1	nM	condition	is	demonstrated	in	Figure	15.	

	

	

	

	

		

	

	

	

	

	

From	 the	 curve,	 it	 is	 evident	 that	 the	 LOD	 achieved	with	 the	 1	 nM	 probe-

protector	complex	is	100	pM,	with	a	two	orders-of-magnitude	range	of	target	that	can	

be	accurately	assessed	(100	pM	to	10	nM).	Given	that	the	detection	system	used	for	

both	Schemes	1	and	2	is	qPCR,	the	LOD	can	no	doubt	be	decreased	with	utilization	of	

Fig.	15.	Evaluation	of	Neutravidin	capture-based	platform.	1	nM	of	probe	was	tested	against	
various	concentrations	of	target	ranging	from	100	fM	to	100	nM	(with	each	order	of	magnitude	in	
between	represented).	The	LOD	obtained	was	roughly	100	pM,	with	a	maximum	signal	reached	at	
10	nM.		
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lower	 probe	 concentrations	 and	 optimization	 of	 plate-capture	 efficiencies.	 qPCR	

standard	curves	constructed	with	probe-alone	revealed	detection	limits	as	low	as	10	

attomolar	with	high	accuracy	(r2=0.99).		

3.4	Scheme	3:	Evaluation	of	a	RNAse	H2-Induced	Enzymatic	

Cleavage-Based	Mechanism	

In	 parallel	 to	 the	 streptavidin/neutravidin	 protector	 capture	 mechanisms	

described	 above,	 various	 enzymatic	 schemes	were	 also	 explored	 to	 induce	 direct	

cleavage	of	residual	probe-protector	complexes	in	solution,	with	the	ultimate	aim	of	

facilitating	 accurate	 quantification	 of	 only	 probe-target	 complexes,	 and	 reducing	

probe-protector	 background.	 RNase	 H2	 is	 a	 recombinant	 endoribonuclease	 that	

cleaves	 5’	 to	 aberrant	 ribonucleotides	 present	 within	 DNA/DNA	 duplexes.	 Upon	

cleavage,	the	nuclease	produces	a	5’	phosphate	and	3’	hydroxyl	end	[51].	To	achieve	

probe-protector	 specific	 cleavage,	 RNA	 bases	 were	 introduced	 into	 the	 non-

homologous	 region	 of	 the	 probe,	 in	 order	 to	 produce	 probe-protector	 complexes	

containing	 small	 regions	 of	 DNA/RNA	 hybridization,	 and	 probe-target	 complexes	

containing	regions	of	DNA	only	bound	to	DNA	(Figure	16).	RNAse	H2	was	then	added	

to	 the	 solution	 to	 induce	 specific	 cleavage	 of	 the	 DNA/RNA	 regions	 in	 the	

probe/protector	complex.	Independent	of	the	introduction	of	RNA	bases	in	the	probe	

and	the	removal	of	the	Poly	T-biotin	conjugate	from	the	protector,	all	strand	sizes	and	

sequences	remained	consistent	from	Schemes	1	and	2.	
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As	with	 the	 initial	mechanisms,	 probe-protector	 complexes	were	 first	 pre-

annealed	 at	 a	 ratio	 of	 5:1	 in	 solution	 using	 the	 same	 ramp-down	 thermocycling	

protocol	as	above.	Varying	concentrations	of	target	strand	(ranging	from	10	fM	to	1	

uM)	were	 then	 added	 to	 100	 pM	 of	 probe-protector	 in	 NEB	 CutSmart	 Buffer	 and	

allowed	to	displace	the	protector	and	hybridize	to	the	probe.	Reactions	were	carried	

out	in	100	µL	volumes,	with	10	µL	of	10	nM	pre-annealed	probe-protector,	10	µl	of	

10x	 target,	 and	 80	 µL	 of	 buffer,	 and	 allowed	 to	 incubate	 at	 37°C	 for	 1	 hour	 to	

hybridize.	0.5	µL	of	RNAse	H2	(10,000	units/mL)	was	then	added	into	each	reaction	

volume	 and	 allowed	 to	 incubate	 at	 37°C	 for	 an	 additional	 hour.	 Following	 heat	

inactivation	of	the	RNAse	at	80°C	for	20	minutes,	the	total	solution	was	extracted	and	

analyzed	via	qPCR,	using	primers	specific	for	the	probe.	Negative	controls	containing	

only	probe-protector	complexes	and	no	target	were	performed	to	determine	cleavage	

efficiency	and	background.		

Fig.16.	Schematic	of	RNAse	H2-based	mechanism.	Protector	strands	(in	blue)	are	pre-annealed	to	
the	probe	strands	(green	+	pink),	which	have	been	modified	to	contain	an	RNA	base	in	the	protector	
toehold	region	(boxed).	In	the	presence	of	RNAse	H2,	probe-protector	complexes	get	cleaved	adjacent	
to	the	site	of	the	RNA	base.	Target	strands	(in	black)	displace	protector	strands	and	bind	probe	
strands,	creating	target-probe	duplexes.	These	duplexes	are	immune	to	RNAse	H2	cleavage.	The	probe	
(in	pink)	is	flanked	by	primer	binding-regions	(in	green),	to	facilitate	amplification	and	subsequent	
quantification	of	probe	via	qPCR.		
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It	should	be	mentioned	that	cleavage	of	the	probe	by	RNAse	H2	removes	only	

one	of	 the	probe-flanking	regions	 that	 is	 complimentary	 to	 the	primer	 (the	region	

specific	for	the	forward	primer);	thus,	cleavage	products	undergo	slower,	arithmetic	

amplification	 as	 opposed	 to	 the	 faster,	 exponential	 amplification	 experienced	 by	

probes	 containing	 regions	 specific	 for	both	primers.	Various	 incubation	 times	and	

enzyme	concentrations	were	tested	to	determine	optimal	conditions	for	maximum	

probe/protector	cleavage	(Figure	17).		

	

	

	

	

	

	

	

	

Unfortunately,	 cleavage	 efficiency	 (calculated	 as	 100%	 minus	 background,	

wherein	background	 is	 calculated	as	 the	 fraction	of	 signal	derived	 from	a	probe	+	

protector	only	condition	relative	to	a	probe	only	condition)	did	not	surpass	87%,	even	

after	6	hours	of	 incubation,	and	enzyme	concentrations	present	at	five-fold	excess,	

suggesting	a	more	 fundamental	barrier	 in	enzymatic	efficiency.	The	reason	 for	 the	

Fig.17.	Optimization	of	RNAse	H2	Cleavage	Efficiency.	A)	In	order	to	minimize	background	signal,	
various	incubation	times	(2	hours	versus	6	hours)	and	RNAse	H2	concentrations	(1x	versus	5x)	were	
tested.		Cleavage	of	1	nM	of	probe+protector	complexes	(P+C)	was	calculated	relative	to	cleavage	of	1	nM	
probe+target	complexes	(P+T)	and	presented	as	cleavage	efficiency	in	B).	Conditions	were	performed	in	
triplicates.	
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reduced	 cleavage	 efficiency	 is	 unclear	 but	 may	 be	 in	 part	 due	 to	 the	 lack	 of	 a	

sufficiently	 long	 double-stranded	 DNA	 region	 5’	 (in	 terms	 of	 the	 probe)	 to	 the	

ribonucleotide	to	anchor	the	enzyme.		Analysis	of	experimental	results	using	a	1	nM	

probe	revealed	a	LOD	of	100	pM	with	this	scheme.	

3.5	Scheme	4:	Investigation	of	a	ScaI-Induced	Enzymatic	Cleavage-

Based	Mechanism	

As	an	alternative	enzyme	scheme,	ScaI,	a	restriction	endonuclease,	was	also	

employed	 to	 cleave	 probe-protector	 complexes	 in	 solution.	 To	 specifically	 induce	

cleavage	 of	 undisplaced	 probe-protector	 complexes,	 a	 ScaI	 restriction	 site	 was	

introduced	into	the	non-homologous	region	of	the	both	the	probe	and	protector,	such	

that	in	the	presence	of	the	enzyme,	probe-protector	complexes	would	cleave	at	the	

region	 flanking	 one	 of	 the	 probe	 primer	 regions,	 while	 leaving	 probe-target	

complexes	 intact	 (Figure	 18).	 The	 experimental	 protocol	 used	 for	 all	 ScaI	

experiments	follows	exactly	from	that	used	in	the	above	RNAse	H2	experiments,	with	

the	exception	of	the	enzyme	required.		

Various	 iterations	 of	 probe-protector	 and	 target	 strands	 were	 tested	 to	

maximize	cleavage	efficiency.	Strands	were	primarily	subjected	to	two	modifications.	

The	first	modification	evaluated	whether	the	location	of	the	restriction	site	within	the	

probe-protector	would	influence	cleavage	efficiency.	In	the	first	case,	the	restriction	

site	was	placed	immediately	adjacent	to	the	primer-flanking	region	on	the	probe,	such	

that	no	double-stranded	overhang	was	present	before	the	restriction	site	(Figure	18a	

and	b).	 In	 the	second	case,	 two	base	pairs	were	 introduced	 in	both	 the	probe-and	
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protector	before	(5’	of,	in	terms	of	the	probe)	the	restriction	site,	to	facilitate	greater	

anchoring	of	the	restriction	enzyme	to	its	cleavage	site	(Figure	18c	and	d).		

	

	

	

	

	

	

	

	

	

	

	

	

The	 second	 modification	 sought	 to	 determine	 whether	 the	 position	 of	 the	

target	strand	relative	to	the	restriction	site	would	modulate	specificity	of	cleavage.	

Here,	the	target	strand	was	placed	either	completely	outside	of	the	restriction	site,	or	

alternatively	overlapping	into	the	restriction	site	(though	still	3’	of	the	actual	site	of	

Fig.18.	Schematic	of	ScaI-based	mechanism.	Protector	strands	(in	blue)	are	pre-annealed	to	the	
probe	strands	(green	+	pink).	Both	the	probe	and	protector	contain	a	ScaI	restriction	site	either	
immediately	adjacent	to	the	flanking	primer	binding	regions	(in	green)	as	shown	in	[A]	and	[B]	or	2	bp	
away	from	this	region,	as	shown	in	the	boxed	regions	on	[C]	and	[D].	In	the	presence	of	ScaI,	probe-
protector	complexes	get	cleaved	at	their	restriction	site.	Target	strands	(in	black)	displace	protector	
strands	and	bind	probe	strands,	creating	target-probe	duplexes.	Target	strands	are	either	completely	
outside	of	the	restriction	site,	as	shown	in	[A]	and	[C],	or	overlap	partially	into	the	restriction	site,	as	
shown	in	[B]	and	[D].	These	duplexes	are	immune	to	ScaI	cleavage.		
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cleavage)	(Figure	18).	While	seemingly	a	minor	modification	that	would	not	expect	

to	produce	significant	changes	in	specificity	of	the	overall	mechanism,	overlapping	

the	 target	 into	 the	 restriction	 site	 would	 safeguard	 against	 trimeric	 formation	 of	

probe-protector-target	complexes	at	 that	region.	 If	 for	 instance,	 the	probe	were	 to	

remain	locally	bound	to	the	protector	in	the	protector	toehold	or	non-homologous	

region,	 while	 still	 simultaneously	 being	 bound	 to	 the	 target,	 then	 target-probe	

complexes	would	 fail	 to	 initiate	 exponential	 amplification	during	qPCR	due	 to	 the	

cleavage	of	 the	probe-protector	hybridized	 region.	 Indeed,	 the	 inclusion	of	 a	 2	bp	

region	5’	to	the	restriction	site,	and	the	utilization	of	an	overlapping	target	served	to	

improve	cleavage	efficiencies	by	ScaI.	The	6	strands	tested—including	the	0	nt	spaced	

probe	and	protector,	2	nt	spaced	probe	and	protector,	overlapping	target,	and	non-

overlapping	target	strands	are	shown	below	in	Table	8.		

Table	8:	Scheme	4	Probe,	Protector,	and	Target	Sequences		
Strand Sequence 

0 nt Probe CGAGTCATTCACCGCAGTA|CTAGACATGCTAAGGTGGCGGCGCAA
CAATGGCAGCCTACTACCTCACTCCTC 

0 nt Protector TTGTTCGGGCCTCCTGAGTATGTCTAG|TACT 

2 nt probe CGAGTCATTCACCGCAAAGTA|CTAGACATGCTAAGGTGGCGGCG
CAACAATGGCAGCCTACTACCTCACTCCTC 

2 nt Protector TTGTTCGGGCCTCCTGAGTATGTCTAG|TACTTT 

Overlapping Target CTGCCATTGTTCGCGCCACCTTACCATGTCTAGT 

Non-Overlapping Target CTGCCATTGTTCGCGCCACCTTACCATGTCT 

	

As	with	the	RNAse	H	cleavage	scheme,	various	incubation	times	were	tested	

to	determine	optimal	 conditions	 for	 cleavage	using	 ScaI.	While	 88%	cleavage	was	

achieved	with	1-hour	 incubation	with	the	enzyme,	greater	than	98%	cleavage	was	

observed	with	a	24-hour	 incubation	period.	However,	slight	probe/target	cleavage	
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was	also	detected	in	the	latter	condition.	These	results	suggest	that	improvements	in	

ScaI’s	 efficiency	 may	 be	 achieved	 with	 increased	 incubation	 times,	 and	 perhaps	

optimization	of	 other	parameters	 (such	 as	 enzyme	 concentration,	 or	probe/target	

hybridization	specificity).	

To	evaluate	the	performance	of	the	ScaI	system,	1	nM	of	probe	strands	pre-

annealed	 to	 protector	 strands	 at	 a	 1:5	 ratio	 were	 tested	 against	 varying	

concentrations	 of	 target	 ranging	 from	1	 nM	 to	 10	 pM	 in	 half-log	 dilutions.	 Probe,	

protectors	 and	 target	 were	 allowed	 to	 hybridize	 over	 24	 hours	 at	 37°C,	 with	 a	

subsequent	enzymatic	incubation	requiring	an	additional	6	hours.	Within	this	range,	

the	 calibration	curve	exhibited	an	 r2=0.84,	 suggesting	 reasonably	high	accuracy	of	

quantification	across	three	orders-of-magnitude	of	target	concentration	(Figure	19).	

At	this	probe	concentration,	we	find	that	the	LOD	in	terms	of	resolvable	target	is	10	

pM.		

	

	

	

	

	

	

Fig.19.	Quantifying	range	of	
resolvable	target	
concentrations	using	1	nM	of	
probe.	To	evaluate	the	
performance	of	the	ScaI-based	
platform,	1	nM	of	probe	was	
tested	against	10	pM,	50	pM,	
100	pM,	500	pM	and	1	nM	of	
target.	Complexes	were	
hybridized	for	24	hours	before	
being	incubated	with	ScaI	for	
an	additional	six	hours.	
Regression	analysis	reveals	
reasonably	high	accuracy	of	
target	quantification	within	the	
examined	range	(r2=0.84).	
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Having	established	the	broad	range	over	which	a	1	nM	probe	could	accurately	

quantify	 target,	 our	 next	 goal	was	 to	 determine	 the	 precision	 of	 the	 ScaI	 	 system	

within	a	confined	target	range,	to	evaluate	the	minimum	distance	in	the	number	of	

probe-genome	 hybridization	 events	 between	 two	 bacterial	 species	 needed	 for	

accurate	identification	of	said	species.	Again	using	1	nM	probe-protector	pre-anneals	

(complexed	at	a	1:5	ratio),	9	concentrations	of	target	100-900	pM	were	tested,	at	a	

precision	of	100	pM	(i.e.	100,	200,	300,	400,	500,	600,	700,	800,	and	900	pM).	Again,	

hybridization	of	all	relevant	strands	occurred	over	a	24-hour	period,	with	enzymatic	

cleavage	 occurring	 over	 an	 additional	 6-hour	 period.	 The	 results	 of	 our	 precision	

testing	are	demonstrated	in	Figure	20,	and	exhibit	an	r2	of	0.96.	

	

	

	

	

	

	

	

	

	

Fig.20.	Determining	precision	of	target	concentration	quantification	using	the	ScaI-based	
platform.	To	evaluate	the	precision	of	the	ScaI-based	platform,	1	nM	of	probe	was	tested	against	
100	pM,	200	pM,	300	pM	400	pM,	500	pM,	600	pM,	700	pM,	800	pM,	and	900	pM	of	target.	Within	
this	range,	regression	analysis	reveals	a	Pearson	correlation	coefficient	equal	to	0.96.	Conditions	
were	performed	in	triplicates.	
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3.6	Scheme	5:	Size	Exclusion	Via	Column	Chromatography	

The	 final	 scheme	 that	 we	 investigated	 involved	 using	 size	 exclusion	

chromatography	to	preferentially	capture	bacteria	and	bound	probes,	while	allowing	

unbound	probes	to	become	discarded	(via	column	filtration).	Given	the	relative	sizes	

of	 the	 bacterial	 genomes—roughly	 2-5	 million	 bp—and	 probes	 used,	 100	 kDA	

columns	were	deemed	optimal	for	this	application.	Unlike	the	capture	and	enzymatic-

based	 schemes,	 our	 size-exclusion	 experiments	 utilized	 actual	 bacterial	 genomes	

(from	clinical	isolates	of	MRSA,	E.Coli,	and	F.	Tularensis)	as	the	target	DNA.		

First,	synthetic	probes	(same	as	that	used	in	Schemes	1-3)	were	pre-annealed	

with	 a	 modified	 protector	 using	 the	 same	 ramp-down	 protocol	 as	 above.	 The	

protector	used	for	these	experiments	was	designed	such	that	the	free	energy	of	the	

bound	 probe-protector	 complex	would	 equal	 approximately	 -18	 kcal/mol.	 At	 this	

threshold,	55	binding	sites	are	expected	for	E.Coli,	5	for	MRSA,	and	1	for	F.	Tularensis.	

Three	concentrations	of	synthetic	probe-protector	complexes—10	nM,	1	nM,	and	0.1	

nM—were	mixed	with	varying	concentrations	of	bacterial	DNA	ranging	from	100	pM	

to	1	nM.	Following	a	2-hour	incubation	at	37°C,	the	bacterial	DNA-probe	mixture	was	

pipetted	into	the	top	of	the	size	filtration	column.	An	additional	30-minute	incubation	

period	was	observed	to	allow	unbound	probe	to	flow	through	the	column	filter.	After	

three	rounds	of	centrifugation	and	washing,	the	bacterial	genome	and	bound	probes	

were	extracted,	diluted,	and	analyzed	via	qPCR.		

Examination	 of	 scheme	5’s	 results	 demonstrated	poor	 sensitivity,	 a	 limited	

target	 dynamic	 range,	 and	 a	 lower	 probe	 resolution	 compared	 to	 all	 previous	
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schemes.	Trends	observed	between	various	bacterial	species	did	not	correlate	with	

simulation,	 and	 even	 within	 single	 species,	 increasing	 concentrations	 of	 target	

genomes	 failed	 to	 produce	 increasing	 qPCR	 signal.	 Overall,	 the	 column	 filtration	

method	 appeared	 to	 produce	 extreme	 inconsistencies	 in	 qPCR-derived	 probe	

concentrations	 relative	 to	 expected	 probe	 concentrations,	 and	 facilitate	 poor	

clearance	 of	 unbound	 probe.	 Based	 on	 subsequent	 experimentation,	 it	 became	

increasingly	 apparent	 that	 the	 filtration	 columns	were	 likely	 becoming	 clogged—

either	by	the	excess	probe-protector	complexes	or	the	bacterial	genomes—thereby	

preventing	filtration	of	unbound	probe.	Taken	all	together,	the	results	of	this	scheme	

were	not	promising.		

3.7	 Summary	 of	 Advantages	 and	 Disadvantages	 of	 Presented	

Schemes	

The	 platforms	 evaluated	 in	 this	 section	 can	 largely	 be	 broken	 up	 into	 two	

categories	(with	the	exception	of	Scheme	5):	capture-based	schemes	and	enzymatic	

schemes.	The	capture-based	schemes,	while	promising,	were	largely	limited	by	too	

high	background	(~2%),	which	failed	to	decrease	in	response	to	various	attempted	

optimizations.	 Nevertheless,	 in	 Scheme	 1	 we	 show	 that	 reducing	 the	 probe	

concentration	 can	be	used	 as	method	 to	 overcome	high	backgrounds	 in	 achieving	

lower	LODs.	Though	lower	probe	concentrations	were	not	tested	beyond	the	1	nM	

threshold,	it	is	likely	that	probe	concentrations	can	be	further	decreased	reliably	to	

yield	even	lower	LODs	than	10	pM;	such	reductions	in	probe	concentration	would	no	

doubt	 require	significantly	more	 time,	however,	given	 the	corresponding	effect	on	
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rate	kinetics	such	reductions	in	concentration	would	have.	Of	the	enzymatic	schemes,	

ScaI	appeared	to	be	the	most	successful,	achieving	cleavage	efficiencies	greater	than	

98%	relative	to	the	87%	efficiencies	demonstrated	by	RNAse	H2,	and	exhibiting	high	

precision	within	the	resolvable	target	range.	The	LOD	achieved	with	1	nM	of	probe	

using	the	ScaI-based	method	was	10	pM.	

It	should	be	noted	that	though	the	above	schemes	rely	on	a	qPCR	detection	

platform,	they	do	not	exhibit	many	of	the	limitations	that	most	existing	PCR	platforms	

do.	Importantly,	the	schemes	we	have	presented	are	able	to	achieve	hypothesis-free	

identification	without	the	need	for	multi-plex	PCR,	due	to	the	use	of	universal	probes.	

Unlike	the	case	with	traditional	multi-plex	PCR	strategies,	where	the	primer	functions	

to	both	detect	 and	amplify	a	given	 target,	 the	primary	method	of	detection	 in	our	

schemes—probe	 hybridization	 to	 the	 genome—is	 fundamentally	 decoupled	 from	

amplification.	 Thus,	 differences	 in	 amplification	 should	 not	 exist	 between	 various	

probe	molecules,	as	the	binding	of	the	primer	to	the	flanking	primer-binding	regions	

is	unaffected	by	the	specificity	of	interaction	between	the	probe	and	genome.	Further,	

unlike	multi-plex	systems	in	which	each	primer	pair	must	be	stringently	designed	to	

optimize	specificity	to	only	intended	targets,	differences	in	the	specificity	of	probe-

genome	 hybridization	 events	 are	 well	 tolerated	 as	 they	 have	 no	 bearing	 on	

downstream	quantitation	of	the	pathogen	in	question.	

	 In	terms	of	general	limitations,	the	platforms	presented	in	this	chapter	all	

rely	on	a	qPCR	detection	mechanism,	and	thus	may	appear	vulnerable	to	a	few	key	

disadvantages	that	are	fundamentally	inherent	to	most	PCR-based	methods.		For	
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instance,	for	typical	PCR-based	bacterial	diagnostic	platforms,	there	is	a	potential	

for	contamination	and	the	introduction	of	false-positives	when	working	with	

bacteria-derived	polymerases	(such	as	Taq	and	Kapa	polymerases),	as	these	contain	

trace	amounts	of	bacterial	DNA	in	their	formulations		[52].	Second,	all	PCR	based	

strategies,	whether	real-time	or	conventional,	require	significant	pre-processing	of	

clinical	samples,	including	the	separation	of	human	and	bacterial	cells	followed	by	

subsequent	extraction	of	bacterial	genomic	DNA.	However,	few	methods	currently	

exist	to	reliably	separate	bacterial	cells	from	human	cells	without	a	considerable	

loss	in	bacterial	yield	[53,	54].	Thus,	either	the	PCR	primers	themselves	have	to	be	

designed	to	uniquely	target	bacterial	DNA	(at	the	cost	of	universality),	or	physical	

separation	must	be	performed	with	the	consequence	of	reduced	sensitivity	due	to	

poor	purification	efficiencies	[3,	54].	Third,	PCR	and	most	other	nucleic	acid	

amplification	strategies	fail	to	distinguish	between	DNA	obtained	from	viable	and	

non-viable	cells;	thus,	contamination	from	dead	endogenous	microbes	may	obstruct	

identification	efficacy	when	using	these	methods	[55].		

	 For	many	existing	PCR-based	microbial	identification	platforms	that	rely	on	

sequence-specific	primers,	these	issues	present	non-trivial	hurdles	in	terms	of	the	

overall	applicability	of	said	platforms	for	the	clinical	identification	of	bacteria	in	

certain	infections,	especially	those	with	low	thresholds	of	bacteria.	The	advantage	of	

our	universal	probe	approach,	however,	is	that	both	the	probes	and	primers	used	

can	be	modified	to	maximize	or	minimize	specificity	to	either	the	bacterial	or	human	

genome,	based	on	what	is	required	for	the	system.	For	instance,	in	regards	to	the	

presence	of	residual	bacterial	DNA	in	enzymatic	polymerase	preparations,	the	
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primer	flanking	regions	of	the	probe	(that	serve	as	binding	regions	for	the	

amplification	primers	used)	can	be	first	tuned	in	silico	to	be	completely	non-

homologous	to	any	known	bacterial	genome,	thereby	minimizing	non-specific	

interactions	with	any	set	of	bacterial	genomes,	and	facilitating	amplification	

efficiency	of	the	probes	to	greatly	exceed	that	of	the	residual	DNA.	In	this	way,	the	

presence	of	residual	DNA	bears	minimal	influence	on	the	accuracy	of	the	overall	

identification	platform.	Likewise,	to	minimize	cross-specificity	with	human	DNA,	

primers	can	be	designed	non-homologous	to	the	human	genome	to	reduce	the	

influence	of	residual	human	DNA	contamination	in	the	clinical	sample.		

Overall,	many	of	the	experimental	platforms	investigated	in	this	section	bear	

promise	for	application	 in	a	 future	universal	bacterial	diagnostic	system,	and	have	

been	 validated	 at	 a	 proof-of-concept	 stage.	 While	 these	 platforms	 were	 not	

necessarily	tested	against	bacterial	genomes	themselves,	our	work	in	validating	the	

efficacy	 of	 toehold-probes	 (including	 mismatch-tolerant	 toehold-probes)	 against	

both	 synthetic	 targets	 as	 well	 as	 viral	 genomes	 has	 laid	 the	 groundwork	 for	

application	 of	 the	 same	 methodologies	 in	 combination	 with	 bacterial	 genomes.	

Further,	 the	 synthetic	 single-stranded	 target	 strands	 that	 were	 used	 in	 all	 above	

experiments	serve	as	appropriate	analogs	for	the	bacterial	genomic	fragments.	
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Chapter 4	

Preliminary	Investigation	of	smFISH	
and	Future	Directions	

	

4.1	Limitations	of	qPCR	as	a	Detection	Platform	

All	of	the	schemes	presented	in	Chapter	4	rely	on	qPCR	for	detection	and	

quantification	of	probe,	and	in	turn,	target	concentrations.	While	these	tested	

schemes	were	able	to	achieve	significant	improvements	in	sensitivity	and	dynamic	

range	compared	to	the	UMD	universal	probe	system,	qPCR	as	a	modality	has	a	

number	of	limitations	in	terms	of	its	translatability	to	a	clinical	diagnostic.	As	

mentioned	previously,	one	of	the	primary	challenges	with	qPCR—and	for	that	

matter	most	DNA	amplification-based	systems—is	the	need	for	purified	bacterial	

DNA	as	the	starting	reagent.	In	general,	PCR-based	strategies	require	significant	pre-

processing	of	clinical	samples,	including	the	separation	of	human	and	bacterial	cells	

followed	by	subsequent	extraction	of	bacterial	genomic	DNA.	However,	few	

methods	currently	exist	to	reliably	separate	bacterial	cells	from	human	cells	without	

a	considerable	loss	in	bacterial	yield	[53,	54].		
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Many	of	the	current	strategies	employed	for	separation	of	bacterial	and	

human	cells	(or	bacterial	and	human	DNA)	have	high	rates	of	removal	for	human	

contamination,	but	at	the	cost	of	significant	losses	in	bacterial	cell/DNA	yield.	A	

study	conducted	in	2009,	for	example,	applied	soft	inertial	microfluidics	to	the	size-

based	separation	of	bacterial	cells	and	human	blood	cells.	Despite	exhibiting	a	high	

purity	of	bacteria	cells	in	the	recovered	sample	(99.87%),	the	separation	recovery	

yield	of	the	microfluidic—that	is,	the	percent	of	bacteria	cells	recovered	relative	to	

all	bacterial	cells	in	the	sample—was	only	62%,	demonstrating	a	considerable	loss	

in	bacterial	cell	population	[53].	It	should	also	be	mentioned	that	the	above	study	

utilized	a	concentration	of	bacterial	cells	approximately	two	orders	of	magnitude	

less	than	that	of	human	cells;	for	infections	caused	by	lower	concentrations	of	

bacteria,	in	which	the	ratio	of	human	cells	to	bacterial	cells	is	far	greater	than	two	

orders	of	magnitude,	the	separation	recovery	and	purity	will	likely	experience	a	

significant	decrease,	thereby	making	this	method	less	effective.	

An	alternative	study	published	in	2010	examined	the	relative	separation	and	

recovery	efficiencies	of	MolYsis	and	PureProve,	two	commercially	available	reagents	

designed	for	the	isolation	of	bacterial	DNA	from	human	DNA	[56].	Though	both	

reagents	removed	an	average	of	90%	of	human	contaminant	DNA,	treated	samples	

experienced	an	associated	50-65%	loss	in	bacterial	DNA	yield.	Thus,	based	on	

current	literature,	there	does	not	appear	to	be	a	consensus	method	for	successfully	

isolating	bacterial	cells	or	DNA	from	a	host	without	substantial	losses	in	target	yield.		
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An	alternative	challenge	with	using	qPCR	in	combination	with	the	universal	

probe	challenge	is	the	complex	post-analysis	that	is	required.	UMD	and	the	schemes	

presented	above	both	require	complicated	signal	recovery	methods	to	de-convolute	

the	number	of	probes	bound	to	each	bacterium,	and	the	concentration	of	bacteria	in	

solution.	While	these	methods	are	powerful,	they	are	difficult	to	integrate	into	a	

potential	point-of-care	type	of	diagnostic	due	to	their	overall	complexity.	

4.2	Advantages	of	single	molecule	Fluorescence	in	situ	

Hybridization	

To	address	the	above	limitations,	single	molecule	Fluorescence	in	situ	

Hybridization	(smFISH)	in	combination	with	universal	probes	was	evaluated	as	a	

method	of	clinical	microbial	identification.	FISH	is	a	well-established	system	for	

detecting	DNA	or	RNA	in	situ	using	fluorescent	probes	and	(in	most	modern	

applications)	digital	imaging.	Previous	studies	have	validated	the	ability	of	FISH	to	

resolve	binding	of	just	a	single	probe	to	its	complementary	target	with	high	

accuracy	via	methods	that	are	cumulatively	known	as	single	molecule	FISH	

(smFISH)	[57,	58].	Using	these	techniques,	the	extent	of	universal	probe	

hybridization	to	the	bacterial	genome	can	be	accurately	quantified	via	measurement	

of	fluorescence	intensity.	

smFISH	bears	numerous	advantages	over	the	previously	described	methods	

for	a	number	of	reasons.	First,	given	that	the	technique	is	fundamentally	an	in	situ	

method,	probes	can	be	delivered	directly	into	cells,	eliminating	the	need	for	DNA	

extraction	and	amplification.	Further,	as	an	imaging	platform,	this	method	precludes	
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the	need	for	physical	separation	of	bacterial	cells	from	human	cells,	as	the	two	can	

easily	be	distinguished	through	visual/size	discrimination.	Second,	smFISH	obviates	

the	necessity	for	the	complicated	de-convolution	post-analyses	carried	out	with	the	

UMD	and	other	preliminary	schemes.	This	is	primarily	because	the	bacterial	

concentration	is	known	(based	on	the	number	of	cells	imaged),	therefore	reducing	

the	number	of	unknown	variables	to	one—bacterial	identity.	Even	in	the	presence	of	

multiple	cell	types,	the	unique	probe	fluorescent	signature	within	each	cell	

effectively	identifies	it,	allowing	for	a	simple	counting	of	how	many	of	each	cell	type	

is	present	within	the	image.	Third,	smFISH	maintains	significantly	higher	resolution	

and	sensitivity	compared	to	the	previous	technologies	explored;	as	stated	

previously,	some	studies	have	even	reported	the	ability	to	image	single	mRNA	

molecules	using	smFISH	[57].	Thus,	this	method	should	theoretically	be	able	to	

resolve	clinically	relevant	concentrations	of	bacteria.		

One	difficulty	often	encountered	when	working	with	smFISH	strategies	is	the	

limited	number	of	optically	unique	probes	that	can	be	delivered	simultaneously.	As	

shown	with	the	previous	UMD	data,	using	a	greater	number	of	universal	probes	can	

often	to	lead	to	improvements	in	both	specificity	and	sensitivity.	Thus,	a	limitation	

on	the	number	of	probes	that	can	be	delivered	simultaneously	may	be	potentially	

cumbersome	to	the	proposed	strategy,	as	it	imposes	an	upper	limit	on	the	diagnostic	

performance	of	the	system.	One	way	to	circumvent	this	issue	is	by	delivering	probes	

iteratively,	rather	than	simultaneously.	However,	this	strategy	would	be	too	time-

intensive,	and	ultimately	in	conflict	with	our	goal	of	expediting	microbial	

identification.		
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An	alternative	strategy	that	can	be	employed	is	spectral	barcoding.	Spectral	

barcoding	is	a	method	that	identifies	oligonucleotide	sequences	based	on	the	

distinctive	combination	of	fluorescent	signals	that	arise	from	the	hybridization	of	

differentially	labeled	fluorescent	probes	to	that	sequence	[59].	Rather	than	

conjugating	a	single	spectrally	unique	fluorophore	to	each	probe	in	our	system,	we	

can	multiplex	each	probe	with	a	combination	of	n	such	fluorophores	to	produce	2n	-

1	probes	with	unique	fluorescent/color	combinations,	therefore	providing	us	with	

greater	flexibility	in	probe	design	[59].	Using	spectral	barcoding	techniques,	the	

library	of	available	unique	probes	can	be	vastly	expanded.	Thus,	this	strategy	allows	

for	the	fulfillment	of	rapidity,	while	simultaneously	expanding	the	achievable	

diagnostic	performance	of	the	smFISH	system.		

4.3	Preliminary	Investigation	of	smFISH	Through	a	Binary-Sensing	

Approach	

To	assess	the	efficacy	of	an	smFISH	detection	platform,	a	binary-sensing	

universal	probe	scheme	was	employed.	In	brief,	the	binary-sensing	methodology	

relies	on	the	use	of	universal	probes	that	either	bind	or	do	not	bind	to	a	set	of	

bacteria.	Rather	than	relying	on	the	total	quantification	of	fluorescence	per	cell	to	

determine	the	number	of	hybridization	events	between	a	probe	and	a	genome,	the	

relevant	output	in	the	binary-sensing	approach	is	simply	elucidation	of	the	

combination	of	probes	that	appear	to	bind	(produce	fluorescent	signal)	and	not	bind	

(does	not	produce	fluorescent	signal)	a	given	genome.	This	specific	approach	was	

chosen	as	a	first	iteration	in	our	investigation	of	smFISH	largely	due	to	its	non-
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dependence	on	precise	quantitation	of	fluorescence,	a	process	that	would	likely	

require	significant	optimization.	

	In	general,	the	binary	probe	approach	requires	logQ 𝑥 = 𝑛,	where	x	

corresponds	to	the	number	of	bacteria	to	be	evaluated,	and	n	corresponds	to	the	

number	of	unique	probes	needed	to	differentiate	all	bacteria	in	set	x.	Initial	design	of	

our	binary	probes	was	carried	out	by	a	collaborator,	Dr.	AmirAli	Aghazadeh,	from	

Dr.	Rich	Baraniuk’s	group.	Two	sets	of	probes	were	designed	against	42	common	

pathogenic	bacterial	genomes	(Appendix	3):	the	first	set	generated	probes	in	which	

the	∆G	gap	between	“binding”	and	“no-binding”	genomes	was	roughly	2.0	kcal/mol,	

while	the	second	set	generated	probes	with	a	1.0	kcal/mol	gap	(Figure	21).	It	

should	be	noted	that	in	the	absence	of	a	protector	or	complement	strand,	the	probes	

would	bind	every	genome	within	both	sets.	The	utilization	of	a	protector	that	binds	

a	given	probe	with	a	free	energy	that	lies	within	the	2.0	or	1.0	kcal/mol	gap	allows	

for	separation	of	the	bacterial	set	into	a	“binding”	group	and	a	“no-binding”	group.	

The	six	probes	designed	and	their	approximate	∆G’s	when	complexed	to	the	

“binding”	and	“no-binding”	genomes	are	presented	in	Table	9.		
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Table	9:	Binary-Sensing	probes	and	corresponding	∆G	of	optimal	protector-probe	complex	
Probe Sequence 

Probe 1(1.0 kcal/mol) ACCATATAGATCAGTAAGCTGGCCTCCATGTACAGGAAGAGGCTCG
CCCT, -23.7519 kcal/mol 

Probe 2(1.0 kcal/mol) GCGCGTTGATATATCACGAACGTAAACTCACGGAGTAGTAATGCT
ACGCG, -21.4406 kcal/mol 

Probe 3(1.0 kcal/mol) GAGGCACTCGGATATTAGGACGGTGCGGTCGTTCATGAGACGTAT
AGTAC, -23.8969 kcal/mol 

Probe 4(1.0 kcal/mol) GGGAACGCCTTAAAGTGCGTTAGTCGTAATGTCTCTAACTTCGGAG
CGCG, -23.6824 kcal/mol 

Probe 5(1.0 kcal/mol) ACTAATGGACACCGGCCAAGGTCCATTCCCGAGAAAAGGAGTAAG
TCACA, -20.7278 kcal/mol 

Probe 6(1.0 kcal/mol) GCTCACTGAACTTGACACACCCTGGAGCAGCGATGCAGGCTGTTT
TCGTA, -24.9121 kcal/mol 

Probe 1(2.0 kcal/mol) CAGCCAGAGGTCGGTGATGCCAAAACGCCATAAATCATACGTCAGC
CGGA, -25.6471 kcal/mol 

Probe 2(2.0 kcal/mol) AGGCTGGCCCGTGGGAAAGTGGCGATTAACCACGCACGCATTAAA
TGACA, -27.6336 kcal/mol 

Probe 3(2.0 kcal/mol) ATCGGCTTCTCCGTATAGTTAGTCGAGCCCGTAAATGTGTCGGGC
AAAAC, -21.8492 kcal/mol 

Probe 4(2.0 kcal/mol) TCCGCGGGTCCAGCTGGTAATTATGAGATCTATTCCGCAATGCGCT
GGTC, -25.4596 kcal/mol 

Probe 5(2.0 kcal/mol) GTACGCAATCACCAGGGCTCGGCATATTCCTTAGTTCGAACCGCC
ATACA, -23.3314 kcal/mol 

Probe 6(2.0 kcal/mol) AAGACACGGTTGAGCTAACGAGCTGTATAGTGTTGGATGACCGGC
CTACG, -21.9050 kcal/mol 
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Fig.21.	in	Silico	design	of	Binary-Sensing	probes	against	42	common	pathogenic	bacteria.	Six	
probes	were	designed	to	each	divide	the	42	set	of	bacteria	into	“binding”	(red)	and	“no-binding”	
(blue)	groups.	In	A)	the	binding	and	no-binding	groups	are	separated	by	a	free	energy	gap	
corresponding	to	2.0	kcal/mol.	In	B)	the	two	groups	are	separated	by	a	free	energy	gap	
corresponding	to	1.0	kcal/mol.	Further	in	silico	optimization	will	need	to	be	done	when	testing	this	
set	of	probes	against	all	42	bacteria,	to	avoid	overlapping	fingerprints	(as	seen	in	bacteria	2	and	3,	
for	example).	The	corresponding	list	of	bacterial	genomes	used	in	the	simulation	can	be	found	in	
Appendix	3.	
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	 All	above	simulations	were	carried	out	at	32°C,	with	a	monovalent	

concentration	of	0.18	M	and	a	divalent	concentration	of	0.02	M.	As	a	proof-of-

principle,	two	probes	from	each	simulated	set	representing	one	“binding”	and	one	

“no-binding”	(probes	1	and	2	from	the	2.0	kcal/mol	set,	and	probes	1	and	6	from	the	

1.0	kcal/mol	set)	were	chosen	to	be	tested	against	one	genome—B.Subtilis.	

Protectors	were	designed	for	each	of	these	four	probes,	to	correspond	to	the	desired	

probe-protector	∆G.	The	designed	protectors	for	each	probe	chosen,	and	their	free	

energies	of	binding,	are	shown	in	Table	10	below.		

Table	10:	Binary-Sensing	probes	and	protectors	chosen	for	proof-of-principle	experimentation	
Probe Protector Sequence, ∆G 

Probe 1(2.0 kcal/mol) 
BINDS 

AGATATCATTTATGGCGTTATGGCAAGAGTAAGATCTAGCTG, -
25.84 kcal/mol 

Probe 2(2.0 kcal/mol) 
NO BIND  

AATCTATGCGTGGTTAATTACCAGACAGTTTCACTCCAGCGT, -
21.4406 kcal/mol 

Probe 1(1.0 kcal/mol)  
NO BIND 

TCTCTTCCTGTACATATATACTAAATTACTAATCTATAGAAT, -
27.36 kcal/mol 

Probe 6(1.0 kcal/mol) 
BINDS 

AGCCTGCATTGTTGATGTGTAATGTTTAAAGTTAAGTGAGT, -
24.99 kcal/mol 

	

Protector	and	probe	strands	were	ordered	from	IDT;	probe	strands	were	

conjugated	on	their	3’	end	to	an	mCherry	fluorophore,	to	allow	for	fluorescent	

quantification	of	probe-genome	hybridization.	To	carry	out	the	smFISH	protocol,	

B.Subtilis	cells	were	first	cultured	overnight	in	5	mL	of	LB	broth	at	32°C.	After	

overnight	incubation,	1.5	mL	of	cells	was	pipetted	into	separate	Eppendorf	tubes	

and	spun	down	in	a	microcentrifuge	at	3000	x	g	for	3.5	minutes.	All	proceeding	

centrifugation	steps	were	carried	out	at	these	same	conditions.	Supernatant	was	

discarded	and	pellets	were	resuspended	in	1.0	mL	of	fixation	buffer	(BD	Cytofix	
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from	BD	BioSciences).	Cells	were	incubated	at	room	temperature	for	30	minutes	to	

allow	for	fixation,	after	which	they	were	centrifuged	once	more	and	washed	with	1x	

PBS.	100	µL	of	10	mg/mL	of	lysozyme	(diluted	in	Tris-HCl	pH	8.3)	was	added	into	

each	tube,	along	with	350	µL	of	a	lysing	buffer	(10	mM	Tris	HCL,	pH	8.0/8.3,	0.1	M	

NaCl,	1	mM	EDTA,	and	5%	w/v	Triton	X-100;	for	a	10	mL	solution,	this	involves	100	

µL	Tris-HCL,	pH	8.3	+	0.058g	NaCl	+	20	µL	0.5	M	EDTA,	pH	8.0	+	500	µL	Triton	X-

100).	Lysis	was	carried	out	at	32°C	for	30	minutes,	followed	by	a	subsequent	

centrifugation	and	washing	step.	After	washing,	cells	were	resuspended	in	150	µL	of	

RNAse	A	solution	(from	Sigma	Aldrich),	and	allowed	to	incubate	for	an	additional	30	

minutes	at	room	temperature.	Cells	were	spun	down	after	enzymatic	treatment,	and	

re-suspended	in	a	60%	formamide	(in	a	2x	Saline-Sodium	Citrate	solution).	To	

promote	increased	genomic	denaturation,	the	formamide-cell	mixture	was	

incubated	at	65°C	for	10	minutes.	After	denaturation,	cells	were	washed	twice	with	

1x	PBS,	and	mixed	with	45	µL	of	Hybridization	Buffer	(1x	PBS,	60	mg/mL	BSA).	5	µL	

of	10	µM	pre-anneal	probe-protector	conjugates	(at	a	1.15	ratio)	were	added	to	

produce	a	final	concentration	of	1	µM	of	probe.	After	an	overnight	incubation	with	

probe,	cells	were	imaged	under	a	fluorescent	microscope	(Nikon	Ti	Eclipse).		

Cells	were	imaged	under	40x	magnification	and	segmented	via	ImageJ.	Mean	

fluorescent	intensity	of	all	cells	in	each	image	were	calculated	and	averaged.	The	

relative	mean	fluorescent	intensities	of	each	condition—2.0	kcal/mol	gap	“binding”,	

2.0	kcal/mol	gap	“no-binding”,	1.0	kcal/mol	gap	“binding”,	and	1.0	kcal/mol	gap	

“no-binding”—are	presented	in	Figure	22.		
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The	results	presented	in	Figure	22	demonstrate	the	ability	of	the	binary-

sensing	probes	to	clearly	differentiate	(in	terms	of	fluorescent	intensities)	between	

the	“binding”	and	“no-binding”	groups	for	both	sets	of	probes:	the	2.0	kcal/mol	set	

(p<0.001)	and	the	1.0	kcal/mol	set	(p<0.0001).	It	should	be	noted	that	the	2.0	

kcal/mol	“binding”	group	demonstrates	less	fluorescent	intensity	than	the	

equivalent	group	in	the	1.0	kcal/mol	set,	due	to	the	difference	in	the	number	of	

hybridization	events	that	occur	to	the	genome	for	each	probe—this	phenomenon	is	

however	predicted	by	simulation.	Overall,	based	on	the	preliminary	results	obtained	

Fig.22.	Preliminary	
evaluation	of	binary-
sensing	probes	against	
B.Subtilis.	Initial	proof-of-
concept	examination	of	the	
binary-sensing	probes	show	
successful	differentiation	(at	
p<0.001	and	p<0.0001	for	
the	2.0	kcal/mol	and	1.0	
kcal/mol	sets,	respectively)	
between	“binding’”	and	“no-
binding”	probes	to	the	B.	
subtilis	genome.		Each	dot	in	
the	figure	represents	a	cell	
from	each	condition,	for	
which	mean	cellular	
fluorescent	intensity	was	
calculated	following	
segmentation	via	ImageJ.	
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against	B.Subtilis,	the	binary-sensing	smFISH	approach	appears	promising	as	a	

future	diagnostic	platform.	

4.4	Future	Directions	

The	binary-sensing	smFISH	work	we	have	presented	above	is	in	the	very	

early	stages	of	investigation,	and	therefore	requires	significant	optimization	and	

further	experimentation.	Importantly,	assessment	of	the	performance	of	all	other	

probes	in	the	set,	and	against	other	representative	bacteria	must	be	carried	out.	

Further,	the	variance	in	signal	within	each	group	in	the	results	described	above	is	

quite	high—this	variance	will	need	to	be	optimally	reduced	to	facilitate	

improvements	in	sensitivity,	to	fully	avail	of	the	LOD	capabilities	offered	by	an	

smFISH	platform.	Once	these	probes	are	successfully	tested	against	pure	bacterial	

cells,	they	will	also	need	to	be	validated	against	clinical	isolates.	Nonetheless,	

despite	performing	only	a	preliminary	investigation	of	the	system’s	efficacy,	smFISH	

does	bear	promise	as	a	general	modality	for	implementation	into	a	future	clinical	

diagnostic,	given	its	numerous	advantages	over	previously	explored	systems,	which	

have	been	delineated	above.		
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Chapter 5	

Conclusion	

5.1. Conclusion	

The	rapid	and	accurate	identification	of	microbes	is	necessary	to	more	

effectively	treat	clinical	infections	and	manage	therapy.		Nucleic	acid-based	

identification	platforms,	in	particular,	have	introduced	remarkable	improvements	in	

the	overall	specificity	and	sensitivity	of	pathogen	detection.	Yet	many	of	these	

existing	platforms	have	failed	to	come	to	clinical	fruition,	likely	due	to	limitations	in	

their	speed,	accuracy,	or	universality.	To	improve	both	the	sensitivity	and	specificity	

of	existing	universal	probe	modalities,	we	designed	“sloppy”	or	mismatch-tolerant	

universal	toehold-probes	and	validated	their	efficacy	by	demonstrating	successful	

detection	and	characterization	of	viral	subpopulations	or	quasi-species	in	patient-

derived	viral	DNA.	In	combination	with	various	probe-capture	methods,	we	then	

demonstrated	the	ability	of	these	same	sloppy	toehold-probes	to	rapidly	identify	

synthetic	bacterial	genome	fragment	analogs	at	detection	limits	as	low	as	10	pM,	

using	a	qPCR	detection	platform.	Lastly,	a	novel	binary-sensing	approach	using	the	

same	universal	toehold-probes	was	investigated	in	the	context	of	a	more	sensitive	

detection	platform—smFISH.	Results,	though	in	the	preliminary	proof-of-concept	

stage,	showed	promise	in	successfully	thresholding	B.Subtilis	into	a	“binding”	and	

“no-binding”	group.	Clinical	implementation	of	a	system	that	can	efficiently	identify	
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infectious	pathogen,	such	as	the	systems	proposed	here,	may	help	slow	the	

development	of	antibiotic	resistant	species	and	potentially	elucidate	more	effective	

options	for	treating	infections	arising	from	bacteria	and	viruses.
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Appendix	1	

	

	

	

A	
B	

C	 D	

E	

*A-E	represent	kinetic	traces	for	P+C1,	P+C2,	P+C3,	P+C4,	and	P+C5,	respectively.		

E	
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Appendix	2	

Sequencing	results	for	final	HIV	patient	sample	evaluated	(patient	2).	Only	reads	with	percent	
prevalence	>	0.1%	are	shown	below.		

Target Sequence Percent  
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 38.81 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 15.13 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTGAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 5.18 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGCAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 4.13 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACATACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 1.83 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGGTTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 1.23 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAAGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 1.15 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AAAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.72 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCGGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.72 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTGAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.61 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAATTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.61 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAAGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.56 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTCACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.48 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTCGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.48 
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TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCGGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.45 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAAGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.4 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGTATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.38 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGCAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.36 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCTTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.36 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAGTCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.35 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAGTTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.34 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACATACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.33 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACTAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.32 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAAGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.29 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCC-
AAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAAAGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACA
TCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.27 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATATTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.27 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTAGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.24 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATCATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.24 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATAAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.23 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATGAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.23 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG 0.22 
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GAATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGTAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.22 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGAAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.21 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATCCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.2 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGTAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.2 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCAGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.19 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAAAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.19 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGAAGCAATTTTACCAGCAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.18 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAACCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.18 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTGAAGGCCGCCTGTTGGTGGGCAG
GGATTAAACAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.18 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATT-ATC 0.18 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTATAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.18 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGTAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.18 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATCATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.17 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAACAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.16 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCCGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.16 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAAAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.16 
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TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGCAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
AGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.16 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAATTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.15 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGCAATACAGTTAAAGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.14 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAAGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCTTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.14 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCC--
ACTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAAAGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACAT
CTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.14 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGC-
ATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAGGGATTAAGCAGGAATTTGGCATTCCCTACAATC
CCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAAAGAAAATTATAGGACAGGTAAGAGAACAAGCTG
AACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.14 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAAACAGCAGTACAAATGGCAGTATTCATC 0.14 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAAGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.14 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCGGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.14 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGAAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAAAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.12 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AAAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.12 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTAAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.11 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATATTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATGAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.11 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCTTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.11 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCTGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.11 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAAGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAATCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.1 
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TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
A-AAAATTATAGGACAGGTAAGAGAACAAGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.1 
TAGAAGCAGAAGTTATTCCAGCAGAAACAGGACAGGAAACAGCATACTTTATCTTAAAACTAGCAGGAAGATGGC
CAGTAAAAACAATACACACAGACAATGGCAGCAATTTTACCAGTAATACAGTTAAGGCCGCCTGTTGGTGGGCAG
GGATTAAGCAGGAATTTGGCATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAA
AGAAAATTATAGGACAGGTAAGAGAACAAGTTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATC 0.1 
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Appendix	3	

List	of	bacteria	tested	in	Chapter	4	simulations	

1)	Acinetobacter	baumannii	ATCC	17978	
2)	Aeromonas	salmonicida	subsp.	salmonicida	A449	
3)	Cupriavidus	metallidurans	CH34	
4)	Bacteroides	fragilis	638R	
5)	Bacillus	subtilis	subsp.	subtilis	str.	16	
6)	Bartonella	henselae	str.	Houston-1	
7)	Bifidobacterium	dentium	Bd1	
8)	Bordetella	pertussis	Tohama	I	
9)	Borrelia	burgdorferi	B31	
10)	Brucella	abortus	S19	
11)	Campylobacter	jejuni	subsp.	doylei	269.97	
12)	Chlamydia	trachomatis	B/Jali20/OT	
13)	Clostridium	botulinum	B1	str.	Okra	
14)	Corynebacterium	jeikeium	K411	
15)	Coxiella	burnetii	RSA	331	
16)	Escherichia	coli	str.	K-12	substr.	MG1655	
17)	Enterobacter	aerogenes	EA1509E	
18)	Enterococcus	faecalis	OG1RF	
19)	Fusobacterium	nucleatum	subsp.	nucleatum	ATCC	25586	
20)	Haemophilus	influenzae	F3047	
21)	Helicobacter	pylori	B38	
22)	Klebsiella	pneumoniae	342	
23)	Lactobacillus	fermentum	F-6	
24)	Legionella	pneumophila	str.	Corby	
25)	Leptospira	interrogans	serovar	Copenhageni	str.	Fiocruz	L1-130	
26)	Listeria	monocytogenes	EGD-e	
27)	Francisella	tularensis	subsp.	holarctica	LVS	
28)	Micrococcus	luteus	NCTC	2665	
29)	Staphylococcus	aureus	subsp.	aureus	USA300_FPR3757	
30)	Mycobacterium	tuberculosis	CAS/NITR204	
31)	Mycoplasma	pneumoniae	M129	
32)	Neisseria	meningitidis	MC58	
33)	Prevotella	melaninogenica	ATCC	25845	
34)	Propionibacterium	acnes	KPA171202	
35)	Proteus	mirabilis	HI4320	
36)	Pseudomonas	aeruginosa	DK2		
37)	Rickettsia	rickettsii	str.	Iowa	
38)	Salmonella	enterica	subsp.	enterica	serovar	Paratyphi	A	str.	ATCC	9150	
39)	Serratia	proteamaculans	568	
40)	Shigella	sonnei	Ss046	
41)	Vibrio	alginolyticus	NBRC	15630	=	ATCC	17749	
42)	Yersinia	pestis	CO92	
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Nomenclature	

ssDNA	 single-stranded	DNA	

dsDNA	 double-stranded	DNA	

RMSE	 root	mean	square	error	

LOD		 Limit	of	Detection	

BSA	 Bovine	Serum	Albumin	

PCR	 Polymerase	Chain	Reaction	

smFISH	 single	molecule	Fluorescence		in	situ	

Hybridization	

E.	Coli	 Escherichia	Coli	

B.	Subtilis	 Bacillus	Subtilis	

MRSA	 Methicillin-resistant	Staphylococcus	Aureus	

nt	 nucleotide(s)	

hrs	 hours	

min	 minutes	

UMD	 Universal	Microbial	Diagnostic		

NUPACK	 Nucleic	Acid	Package	

IDT	 Integrated	DNA	Technologies	
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