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Protein Identification and Analysis of Blood Meal Digestion in 
Different Chagas Disease Insect Vector Body Parts Over Time 
	
By Emily Eakin 
	
	
	
Abstract 

Chagas disease is a potentially life-threatening blood-borne infection that is 

transmitted to vertebrate hosts by the parasite Trypanosoma cruzi (Kinetoplastea: 

Tripanosomatida), which is carried by hematophagous Triatominae (Hemiptera: 

Reduviidae) insect vector species that deposit infected feces when taking a vertebrate 

blood meal. There is currently no accepted treatment for the chronic stages of Chagas 

disease, posing significant challenges since clinical manifestations and diagnosis may not 

occur until decades after initial infection. With the goal of lowering overall human 

infection rate, it is important to identify the pool of vertebrate blood meal sources 

available to insect vectors to design targeted ecohealth disease prevention measures. As a 

step in developing methodologies to identify these host species, I analyzed the blood 

meal composition of experimentally-fed Triatominae insect vectors immediately after and 

8 weeks after a blood meal to evaluate: (1) the passage of the blood meal through 

progressive body parts (head, thorax, upper and lower abdomen) at the two time points 

and (2) the relative efficiency of identifying two blood proteins (albumin and 

hemoglobin) at the two time points.  

This control experiment focuses on liquid chromatography tandem mass 

spectrometry (LC-MS/MS) identification of two blood proteins, hemoglobin and 

albumin, within successive segments of the insect digestive tract to estimate the protein 

detectable in the insect at two time points. Triatoma protracta experimentally-fed on 
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house mouse (Mus musculus) were collected immediately after feeding or 8 weeks post-

feeding (with no subsequent feeding). Body parts of the insects were compared with 

respect to the hemoglobin and albumin protein peptides present. Hemoglobin and 

albumin were detected in all body parts immediately after a blood meal. In addition, the 

high number of spectral counts matching the expected mouse blood source confirms the 

efficacy of LC-MS/MS identification. By 8 weeks post-blood meal, we were still able to 

detect hemoglobin and albumin in several insect parts, but with lower spectral count 

quantities. I conclude that elucidating timelines for the degradation of blood proteins 

under controlled conditions could change the future of blood source analysis by allowing 

more precise dating of previous blood meals, which is important information for 

developing ecohealth strategies.  
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Introduction	
	

Chagas disease is a potentially life-threatening, blood-borne infection that is 

caused by the parasite Trypanosoma cruzi. This parasite is most often transmitted 

between mammalian hosts by Triatominae insect vectors, which become infected after 

ingestion of blood containing trypomastigotes, which are the infective form of T. cruzi. 

Disease transmission occurs when the insect deposits infected feces while taking a 

subsequent blood meal from another mammal (Figure 1) (cdc.gov, 2016). The onset of 

infection in the host characterizes the acute phase of Chagas disease, which is described 

as clinically separate from the chronic, latent disease phase (Kirchhoff, 2011). The 

biphasic nature of the infection contributes to the clinical difficulties that cause Chagas 

disease to be costly; as of 2000, the worldwide disease costs more than US$7-19 billion 

annually (Lee et al., 2013). With about 8 million people carrying the T. cruzi parasite and 

Figure	1.	This	schematic	of	the	T.	cruzi	parasite	life	cycle	demonstrates	the	life	stages	while	entering	
and	infecting	a	human	host	(blue	arrows)	and	while	passing	through	an	insect	vector	(red	arrows).		
Triangular	labels	indicate	points	where	T.	cruzi	is	in	the	infective	stage	or	diagnostic	stage.		
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more than 20,000 annual deaths attributed to Chagas disease, global public health 

research in this field has increased in recent years, yet there is still no vaccine (Lee et al. 

2013), and drug treatment is controversial. Significant difficulties surrounding the 

diagnosis, treatment, and pediatric management of Chagas disease have refocused 

research into devising alternative prevention measures to lower the infection rates 

preemptively. Below, I will outline these three difficulties, then describe how my 

research of blood meal identification may provide an alternate approach to reduce the 

global burden of Chagas disease.  

Firstly, while the acute disease phase is associated with some identifiable 

symptoms, infection often occurs undiagnosed. Acute symptoms include chagoma, a 

lesion at the site of parasite entry, and Romaña’s sign, which presents as swelling of the 

eye, but only occurs in a small proportion of patients, and can be the result of other 

infections as well (Kirchhoff, 2011). Despite the potential for these symptoms, diagnoses 

in the acute phase are still uncommon, since some patients present with mild flu-like 

symptoms or symptoms too non-irritating to seek treatment. Clinically speaking, the 

chronic phase is of greater concern, since 10-30% of those infected will present with 

severe symptoms even decades after initial infection (Kirchhoff, 2011). Cardiac problems 

are the most common chronic manifestation, with symptoms ranging from mild 

inflammation and dysrhythmias to sudden death from complete ventricular blockage 

(Ozaki et al., 2011). Other chronic manifestations include megaesophagus and megacolon 

that lead to digestive complications and lesions in the gastrointestinal tract (Kirchhoff, 

2011). Diagnosis in the chronic phase can be accomplished with specific antibodies and 
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potentially PCR, yet many of these diagnostic approaches have low efficacy (Brasil et al., 

2010).  

In addition to struggles surrounding accurate and timely diagnosis, other research 

efforts have attempted to identify an anti-parasitic drug treatment that is effective against 

T. cruzi. Only two chemotherapeutic drugs, Benznidazole and Nifurtimox are currently 

considered effective Chagas disease treatment drugs, but only if administered soon after 

the initial infection, since efficacy during the chronic phase is controversial (Saloman, 

2011; Manarin et al., 2013 Boscardin et al., 2010). Both drugs have similar cure rates 

during the acute phase of about 70%, but are effective less than 10% of the time in the 

chronic phase (Kirchhoff, 2011). Additionally, both drugs have significant side effects 

that may include vomiting, anorexia, and neurologic symptoms ranging from restlessness 

to seizures (Saloman, 2011). These severe side effects are of particular concern, since 

Chagas disease is prevalent in areas with high rates of malnutrition, often rendering 

Benznidazole and Nifurtimox impracticable. Furthermore, even patients that seek 

treatment for the acute phase of the disease may be unlikely to continue an uncomfortable 

chemotherapy treatment for symptoms that alone seem tolerable (Kirchhoff, 2011). For 

the many patients who fail to be diagnosed during the acute phase, if they enter the 

chronic phase, there is no cure, and symptom management often includes surgery and is 

expensive and invasive (Kirchhoff, 2011).  

Finally, another major concern is the disease management in pediatric patients. In 

addition to traditional vector transmission, transmission may occur from mother to fetus 

with up to 5% congenital transmission rate (Howard et al., 2014). Coupled with global 

migration, the potential 15,000 cases of this congenital transmission each year can 
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increase risk to non-endemic countries (Manarin et al., 2013). There is no clearly 

effective approach for blocking congenital transmission, so Chagas disease is treated 

more aggressively in children and in young women that may transmit the infection to 

their offspring. Clinical consensus appears to suggest that all infected children under 17 

should be given Benznidazole or Nifurtimox chemotherapy, but the efficacy in protecting 

the fetuses of infected mothers is largely unknown (Sosa-Estani et al., 2012).  

These aforementioned challenges associated with diagnosis, treatment, and 

pediatric disease management have helped spur research devoted to reducing the risk of 

vector transmission. In theory, a better understanding of Chagas disease host-vector 

interactions could be used to identify and manage environmental risk factors, reducing 

the global disease burden preemptively. To understand these host-vector relationships, we 

must determine the geographical variation in the species involved in the transmission 

cycle, and use the details of this interaction to direct ecohealth approaches to best fit the 

community.  

To determine spatial and temporal variation in species interaction, we can 

investigate the contents of the insect gut and determine the source of the blood meal. 

Recent research indicates that hemoglobin-based mass-spectrometry (MS) and protein 

analysis may be a useful complementary method to existing DNA-based techniques for 

identifying blood meal composition of Triatominae insect vectors (Keller et al., 2017). 

Host blood protein specificity provides a unique opportunity to determine the type of 

vertebrate hosts that are likely to transmit disease to humans. Understanding common 

hosts in different at-risk populations could allow more efficient resource allocation to 

effective ecohelath approaches (Monroy et al., 2009).  
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Most mammals can act as a host for Triatomine insect vector species, and while 

non-mammal blood meals are possible, most epidemiologically relevant T. cruzi 

transmission occurs between domestic and anthropogenic mammals (Stevens et al., 

2013). Domestic mammals are those that live alongside humans in their dwelling, such as 

cats and dogs. Anthropogenic mammals are those that live around human habitations, 

such as mice and rats. 

 Historically, agriculture has played an important role in the connection of 

humans to animal pathogens via anthropogenic mammals (Corondado et al., 2009). 

Human contact with farm mammals and other small anthropogenic animals that thrive on 

agricultural farmland increase the risk of infection by multiple pathways. Overlap 

between rural Central and South American communities coupled with increasing 

globalization ties populations with endemic Chagas disease to the rest of the world. In 

addition to caring for the 8 million infected in Latin America, to manage global disease 

risk, we must look back to small-scale T. cruzi parasite transmission by determining the 

blood meal sources of insect vector species.  

Determining the blood meal sources of the insect vector comes with certain 

challenges and has proven difficult for insects stored for extended time periods (Waleckx 

et al., 2014, Stevens et a., 2012). As previous research has shown, applying mass 

spectrometry-based methods holds promise for blood meal identification in arthropod 

vectors (Laskay et al, 2012, 2013; Önder et al., 2013, 2014). Exploiting the taxonomic 

specificity of hemoglobin and albumin blood proteins allows precise identification of up 

to several recent blood meal sources, providing a multidimensional depiction of the 

species involved in the transmission of Chagas disease (Laskay et al, 2012, 2013; Önder 
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et al., 2013, 2014). Since hemoglobin and albumin are highly abundant in blood plasma, 

they are potentially good target proteins in a blood meal study (Laskay et al, 2012; 2013). 

In addition, these blood proteins are sufficiently conserved across species, with 

identifiable genetic variations in the proteins that allow for genus and species level 

taxonomic identification (Önder et al., 2013). Performing a timeline analysis by 

measuring the abundance of both albumin and hemoglobin in a sample could provide an 

estimate of the timing of prior blood meals based on residue protein within the insect 

vector gut.  

	 The following three research aims intend to evaluate this novel timeline analysis 

while elucidating the ability to detect and identify multiple blood proteins throughout the 

digestive system of the insect:  

	 First, traces of a blood meal can be found throughout the digestive system 

(Gürtler	et	al.,	2014,	Pizarro	and	Stevens	2008). I tested for the presence of host blood 

meal in each part of the insect vector digestive system (mouth-head, foregut-thorax, 

midgut-upper abdomen, hindgut-lower abdomen). Hypothesis 1 of this study is that 

hemoglobin from a vertebrate blood meal passes through the insect and traces of 

identifiable protein remain in the lower digestive tract. Insects have a complete digestive 

system, thus host blood meal must pass through all consecutive body parts, and may be 

found in low levels even in non-storage parts of the system (Gullan et al., 2014).  

	 Second, I extend the time point and digestion parameters above to a second blood 

protein, albumin. Hemoglobin is often used because it is a very stable protein, but using a 

second protein may allow us to estimate when a blood meal was taken by the insect 

vector by comparing the rates of decay (Laskay et al., 2013; Wickramasekara et al., 
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2008). The second hypothesis is that because hemoglobin is more stable than albumin, 

hemoglobin peptides will be identifiable in the insect gut for longer and/or in larger 

quantities than albumin, meaning more peptides will be identified in freshly fed vectors 

than vectors collected 8 weeks post feeding. 

	 Hypothesis 3 is that there is a time threshold up to which the vertebrate blood 

meal source can be identified (Martínez-de la Puente et al., 2013; Oshaghi et al., 2006). I 

compared insects collected immediately after feeding with one collected 8 weeks after 

feeding. I hypothesized that if the insect gut degrades blood meal protein over time, then 

the ability to detect and identify peptides will decrease over time.  

	
	
Methods 
	
Feeding	and	sampling	of	insects:	
	 	

This	study	used	insects	from	a	laboratory-reared	colony	of	Triatoma	

protracta	maintained	at	the	Southwestern	Biological	Institute	in	Tucson,	AZ.	The	

Southwestern	Biological	Institute	of	Animal	Care	and	Use	Committee	approved	all	

procedures	using	vertebrate	animals.			

The	three	insects	used	for	this	study	were	

part	of	a	group	collected	after	enclosing	as	adults	

and	allowing	a	single	blood	meal	feeding	on	Mus	

musculus.	Within	an	hour	of	feeding,	two	freshly	

fed	insects	(hereafter	referred	to	as	0	wk	A	and	0	

wk	B)	were	preserved	in	95	%	ethanol	and	5	%	

glycerol.	The	third	insect	was	maintained	until	

	
A	

	
B	
	
C	

	
D	

	
E	

	
F	

Figure	2	Schematic	of	the	Triatominae	
dissection.	Sections	A-C,	and	E	were	
used	for	mass-spectrometry	analysis.	
Portion	A	is	the	head,	B	is	the	thorax,	C	
is	the	left	upper	abdomen	(LUA)	and	E	
is	the	left	lower	abdomen	(LLA).	
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eight-weeks	post-feeding	(hereafter	referred	to	as	8	wk)	without	any	additional	

blood	meals,	and	then	preserved	as	described	above.	Within	1-4	weeks	after	

collection,	specimens	were	shipped	to	the	University	of	Vermont	(UVM)	for	

subsequent	dissection	and	evaluation.	Upon	receipt	at	UVM,	insects	were	stored	at	-

20°C	until	preparation	for	mass	spectrometry.	Insects	were	dissected	to	evaluate	

the	blood	proteins	detectable	in	different	body	parts	as	shown	in	Figure	2.			

	
	
SDS-PAGE,	trypsin	digestion,	and	mass	spectrometry	
	
		 Proteins	were	extracted	from	each	insect	body	part	using	the	extraction	

protocol	from	Keller	et.	al	(2017,	in	prep).	In	short,	denaturing	sampling	buffer	is	

added	to	insect	samples	proportionally	by	mass,	with	200	μl	of	buffer	for	every	100	

mg	of	sample.	Samples	were	ground	and	heated	at	95°C	for	5	minutes,	and	then	

kDa	

Figure	3	SDS-PAGE	of	multiple	body	parts	of	a	freshly	fed	Triatominae	bug.	The	bug	was	sampled	
immediately	after	taking	a	blood	meal	and	protein	was	present	in	each	body	part	portion,	from	left	to	
right;	left	lower	abdomen	(LLA),	left	upper	abdomen	(LUA),	thorax,	head.	The	band	at	around	16	kDa	
corresponds	to	hemoglobin,	and	the	band	at	65-70	kDa	corresponds	to	albumin.	The	grid	overlay	in	
each	lane	serves	as	a	template	for	cutting	the	gel,	where	orange	starred	boxes	contain	the	hemoglobin	
and	the	yellow	starred	boxes	contain	the	albumin.		



Defense:	May	4,	2017	 Final	Honors	Thesis	 Emily	Eakin	
	

11	

vortexed	and	centrifuged.	Of	this	resultant	extract,	20	μl	samples	were	separated	

using	15%	SDS-PAGE	(37.5	acrylamide:	1	bis-acrylamide),	and	stained	with	

Coomassie	Blue,	as	shown	in	Figure	3.	The	gel	was	cut	into	1mm	cubes	according	to	

the	grid	overlay	shown	in	Figure	3	to	isolate	the	regions	including	the	proteins	of	

interest,	albumin	and	hemoglobin.	M.	musculus	albumin	(~608	amino	acids)	is	

around	65-70	kDa,	and	both	alpha	and	beta	subunits	of	hemoglobin	are	around	16	

kDa	(142	amino	acids	and	147	amino	acids,	respectively).		

Gel	pieces	were	prepared	for	mass	spectrometry	as	previously	described	

[Ballif	et	al.	J	Proteome	Res.	2006	May;	5(9):2372-9].	In	short,	gel	pieces	were	

washed	with	900	μl	water,	and	then	destained	by	incubating	at	37	°C	with	50%	

acetonitrile	(MeCN)	and	50	mM	ammonium	bicarbonate	(NH4HCO3).	Gel	pieces	were	

then	immersed	in	100%	MeCN	until	fully	dehydrated,	then	digested	with	25	μl	

trypsin	(6	ng/μl)	and	50mM	NH4HCO3	for	16	hours	at	a	37	°C	incubation.	The	

digestion	solution	was	removed	and	collected	and	the	gel	pieces	were	further	

extracted	with	100%	MeCN.	The	MeCN	extraction	and	digestion	solutions	were	

combined	and	peptides	were	dried	via	speed-vacuum.	Tubes	of	extracted	peptides	

were	frozen	at	-80	°C	until	separation	using	high	performance	liquid	

chromatography	coupled	to	tandem	mass	spectrometry	(LC-MS/MS)	using	a	LTQ-XL	

linear	ion	trap	orbitrap	mass	spectrometer	as	described	previously	[Ballif	et	al.	J	

Proteome	Res.	2008;	7:311-8]	except	that	all	spectra	were	collected	in	the	Orbitrap.	
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LC-MS/MS	analysis	and	peptide	identification		

LC-MS/MS	outputs	spectral	data	that	represent	fragmented	proteins	as	

peptide	masses	and	fragments	thereof	that	can	be	accurately	matched	to	sequences	

when	referenced	to	a	protein	database.	Separate	custom	forward	and	reverse	

concatenated	databases	were	constructed	for	vertebrate	hemoglobin	and	albumin	

using	GenBank	(Benson	et	al.,	2007).	The	databases	each	consist	of	either	all	

GenBank	entries	with	“hemoglobin”	or	all	GenBank	entries	with	“albumin”	in	any	

search	field	as	of	20	January	2016	and	26	October	2016,	respectively	(Benson	et	al.,	

2007).	These	custom	databases	were	used	by	SEQUEST	(Thermo	Electron	V26.12)	

when	searching	mass	spectra	using	the	target-decoy	approach	outlined	by	Elias	and	

Gygi	(2010)	but	modified	to	allow	for	the	variable	oxidation	of	methionine	and	

acrylamidation	of	cysteine.	

After	matching	spectra	to	databases,	the	following	filtering	criteria	were	

applied:	only	peptides	with	XCorr	values	≥2.5	(z=2)	or	3	(z=3);	observed	precursor	

masses	+/-	5	PPM	of	theoretical	masses;	unique	ΔCn	values	≥	0.01;	and	no	missed	

trypsin	cleavages	except	at	ragged	ends	(i.e.,	the	4	amino	acids	at	the	extreme	N	or	C	

termini).		

Because	LC-MS/MS	does	not	directly	sequence	a	peptide,	software	is	used	to	

create	a	hypothetical	spectrum	of	the	masses	associated	with	in	silico	trypsin-

digested	fragments	of	proteins	[Pyteomics	python	tools	3.4.1]	in	the	hemoglobin	

and	albumin	databases	described	above.	Experimental	spectral	data	are	matched	to	

these	constructed	databases	(Goloborodko	et	al.,	2013).		Taxonomic	lineage	data	

were	gathered	from	the	NCBI	taxonomy	database	for	each	vertebrate	protein	entry,	
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and	parent	protein	taxonomic	information	was	linked	to	peptides	and	stored	in	a	

relational	database	for	subsequent	retrieval	(Sayers	et	al.,	2009).	Because a particular 

peptide often matches multiple taxa, multiple matches were summarized in pivot tables	

using	Microsoft	Excel	(2011)	for	each	sample	(Appendix	A).	For	all	results,	the	

sample	size	is	too	small	for	statistical	analyses.		

To manage taxonomic identification data for each insect and body part, tables 

were constructed with columns for each peptide and its spectral count and rows for the 

matching taxa (Table 1). Each pipeline includes counts of the spectral matches per taxa, 

an un-weighted measure of how many identified peptides match possible source species. 

The percent amino acids matching and the percent peptides matching were calculated for 

each taxon based on the number of amino acids per peptide, the number of peptides and 

Table	1.	Example	pipeline	summary	of	0wk-B	head	hemoglobin(Hb).	Amino	acid	sequences	of	all	Hb	peptides	
identified	in	this	sample	are	listed	from	left	to	right	in	protein	amino	acid	sequence	order,	adjacent	to	variants	if	
they	exist.	Taxonomic	affiliations	are	listed	from	class	to	species,	and	the	number	of	species	matching	each	
peptide	is	highlighted	and	defined	below	if	the	number	of	species	is	lesss	than	5.	Red	highlight=1	species,	yellow	
=2	species,	green=3	species,	blue	=4	species.	
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the number of peptide variants for the spectra that were identified in a particular sample. 

  

The support for a particular taxa, e.g., taxa A, was calculated as:  

(Equation 1)	 	

	 % 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 = 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑝𝑒𝑐𝑡𝑟𝑎 𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝑡𝑜 𝑡𝑎𝑥𝑜𝑛 𝐴
𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 ×100 

	 		

	 This statistic includes the relative abundance of each peptide spectral match and is 

used to compare the likelihood that a given peptide matches to ‘taxon A’.  

 

Results  
	
	 Hemoglobin and albumin were detected in all body parts immediately after a 

blood meal (0 wk A and 0 wk B). In addition, the high number of spectral counts 

matching the expected 

mouse blood source at 0 

weeks confirms the 

efficacy of LC-MS/MS 

identification. By 8 

weeks post-blood meal, 

we were still able to 

detect hemoglobin and 

albumin in several 

insect parts, but in 
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Figure	4.	Plot	comparing	the	total	number	of	peptides	detected	for	each	of	3	
insects	over	2	time	points.		Orange=	hemoglobin,	Blue=	albumin.	
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lower spectral count quantities. The details supporting these conclusions are described 

below.  

	
Detection of mouse hemoglobin and albumin peptides 
	
	 Analysis of 0wk A and 0wk B demonstrate detection of similar numbers of both 

hemoglobin and albumin peptides in each body part (Appendix	B). Approximately 4.5x 

more hemoglobin peptides 

than albumin peptides were 

detected in these bugs 

(Figure 4). The consistency 

of spectral totals between 

both 0 wk bugs exists to the 

level of bug parts as well. 

For both 0wk bugs A and 

B, the highest spectral 

counts of hemoglobin were 

found in the upper 

abdomen (415 peptides and 

292 peptides respectively) 

and the lowest levels in the 

head (50, 189 peptides 

respectively) (Figure 5; 

Appendix	B). 
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Figure	5.	Preliminary	time	course	comparison	of	the	total	peptides	of	(A)	
hemoglobin	and	(B)	albumin	present	in	insect	body	parts	over	time.	0	wk	
insects	(N=2)	were	averaged	to	provide	the	total	peptide	count	of	both	Hb	
and	Alb.	The	four	lines	represent	change	in	the	number	of	peptides	
detected	in	each	body	part	at	two	time	points.		

	

A	

B	
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	 Even after 8 weeks, low levels (2-12 peptide spectral counts) of hemoglobin 

peptides were detected in all insect body parts, however at 8 wk the highest spectral 

counts were from the head (Figure 6). Albumin was only found in two body parts of the 

8wk bug, the head (spectral count 39) and lower abdomen (spectral count 8). 

	
Peptide Identification	
	
	 Although we searched the peptide sequences for known hemoglobin and albumin 

peptides in any vertebrate taxa, our results matched the expected of M. musculus with 

high fidelity. Our	stringent	spectra	filters	resulted	in	no	reverse	database	matches	

and	thus	gave	peptide	false	discovery	rates	of	0	with	the	power	to	detect	less	than	

0.01%.	Table 1 shows the pipeline summary for sample 0 wk B-head. Note that over 

95% of the 191 spectra from this sample matched to peptides previously reported in M. 

musculus. The percent of spectral counts matching are higher than the percent peptides 

identified matching because the former includes the relative abundance of each peptide 

spectral match, and the peptide variants that do not match tend to be of low abundance. 	

Although for both 0 wk samples some of the non-redundant peptides identified 

did not match M. musculus, in all cases the percent spectral counts matching mouse were 

greater than 82% (Appendix	B). Hemoglobin peptides of 0wk insect parts matched 

correctly to M. musculus between 82% and 95.2%. Peptide variants accounted for the 

reduction from 100%, yet all variants are attributable to repeated versions of the same six 

peptides (Table 2). 

The 8 wk bug parts matched correctly to M. musculus between 0% and 100%, but 

only 8 unique hemoglobin peptides and 4 unique albumin peptides were identified.  
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		Discussion 

Using	LC-MS/MS,	I	detected	and	identified	host	blood	proteins	in	all	four	

insect	body	parts,	left	lower	abdomen	(LLA),	left	upper	abdomen	(LUA),	thorax	and	

head,	immediately	after	the	blood	meal	was	taken.	In	a	single	insect,	up	to	1102	

spectra	matched	hemoglobin	peptides	and	244	matched	albumin	peptides.	Although	

the	total	spectral	count	detectable	decreased	to	less	than	50	total	peptides	by	8	

weeks,	there	were	still	blood	proteins	present	in	the	head	and	LLA	(Appendix	B).	

Hemoglobin	and	albumin	were	detected	in	all	body	parts	immediately	after	a	blood	

meal	(0	week).	These	results	combined	with	the	preliminary	time	course	analysis	

	
Hemoglobin	Peptide	 #	Unique	Non-Matching	Peptide	Variants	

IGGHGAEYGAEALER	 5	
VNSDEVGGEALGR	 4	
VADALASAAGHLDDLPGALSALSDLHAHK	 4	
VVAGVATALAHK	 1	
TYFPHFDVSHGSAQVK	 1	
LLGNMIVIVLGHHLGK	 1	
VLSGEDKSNIK	 0	
MFASFPTTK	 0	
LRVDPVNFK	 0	
LLSHCLLVTLASHHPADFTPAVHASLDK	 0	
FLASVSTVLTSKYR	 0	
VHLTDAEK	 0	
AAVSCLWGK	 0	
LLVVYPWTQR	 0	
YFDSFGDLSSASAIMGNAK	 0	
VITAFNDGLNHLDSLK	 0	
GTFASLSELHCDK	 0	
LHVDPENFR	 0	
DFTPAAQAAFQK	 0	

Table	2.	List	of	all	M.	musculus	alpha	and	beta	hemoglobin	peptides	identified	by	LC-MS/MS	
spectral	matching.	Peptide	variant	amino	acid	sequences	are	not	listed,	but	the	number	of	unique	
peptide	variants	that	align	to	M.	musculus	is	listed,	and	peptides	are	sorted	by	highest	number	of	
unique	non-matching	peptide	variants	
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suggests	promise	in	utilizing	this	methodology	for	experimental	insects	from	the	

field.	

	

Percent	spectral	count	matching	

	 Accurate	identification	of	a	blood	meal	source	is	critical	to	ensuring	the	

usefulness	of	this	methodology	for	field-collected	insect	vectors.	In	all	freshly	fed	

body	part	samples,	the	majority	of	the	peptide	variant	matched	M.	musculus	

hemoglobin.	Since	we	constructed	a	database	including	hemoglobin	proteins	from	

all	taxa	in	GenBank,	we	are	able	to	identify	the	taxonomy	of	the	non-matches	and	

are	likely	to	find	non-matches	in	field-collected	insects.	In	total,	over	the	three	

insects	and	four	body	parts,	2	-	20	%	of	the	peptides	identified	had	not	previously	

been	reported	in	mouse.		

In	some	cases,	variant	peptides	not	matching	M.	musculus	differ	at	only	one	

amino	acid,	and	matched	to	other	Mus	species,	suggesting	potential	polymorphisms	

not	documented	in	Genbank	(Benson	et	al.,	2007).	The	same	peptide	variants	were	

present	in	multiple	body	parts	of	multiple	samples,	but	never	lowered	the	percent	

hemoglobin	spectral	count	matching	below	82.00%	in	freshly	fed	insects	and	60%	

in	the	8	wk	insect	(Appendix	B).	We	did	not	further	investigate	the	reason	that	

these	few	peptides	do	not	match,	because	in	spite	of	these	non-matches	we	

demonstrate	the	ability	to	accurately	identify	blood	meal	sources	in	future	field	

experiments.		
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Insect	body	part	analysis	

	 The	variation	among	body	parts	in	the	number	of	spectral	counts	matching	

hemoglobin	or	albumin	shows	that	the	common	practice	of	using	the	same	body	

part	for	comparative	blood	meal	analysis	is	important.	DNA	analyses	routinely	use	

the	abdomen	(e.g.,	Stevens	et	al.,	2012;	Dorn	et	al.,	2014,	Pizarro	and	Stevens	2009),	

while	some	antibody	based	analyses	use	the	thorax	(Gürtler	et	al.,	2014).	This	

appears	to	be	the	first	study	comparing	the	ability	to	detect	blood	meals	from	

multiple	body	parts.	In	particular,	little	if	any	research	has	been	done	on	the	ability	

to	detect	blood	meals	in	the	insect	vector	head.	Compared	to	the	other	body	parts,	

few	peptides	were	detected	in	the	head	of	freshly	fed	insects,	but	more	peptides	

were	detected	in	the	head	at	8	weeks	than	any	other	body	part	(Figure	5).	

	 Spectral	counts	of	hemoglobin	in	freshly	fed	insects	followed	the	trend	

proposed	by	hypothesis	1,	that	peptides	would	be	found	in	all	consecutive	body	

parts,	with	fewest	in	the	head.	The	thorax,	LUA	and	LLA	had	up	to	8	times	more	

spectral	matches	than	the	head	(Appendix	B).	The	insect	abdomen	is	known	to	

contain	a	large	volume	of	blood	immediately	after	a	blood	meal,	which	is	

represented	by	the	high	levels	of	hemoglobin	peptides	found	there	(Lehane	et	al.,	

1991).	0	wk	insect	abdomen	had	fewer	albumin	peptides	detected	than	hemoglobin,	

supporting	hypothesis	2	that	hemoglobin	would	be	more	highly	detectable	than	

albumin.	The	thorax,	LUA	and	LLA	had	2-5	times	more	albumin	peptides	detected	

than	the	head,	further	demonstrating	the	abundance	of	peptides	detectable	in	the	

lower	digestive	tract	immediately	after	a	blood	meal	(Appendix	B).	It	is	important	

to	note	that	because	each	abdomen	section	studied	represents	about	one-fourth	of	
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the	insect	abdomen,	about	1000	to	1400	peptides	may	have	been	detected	if	the	

entire	abdomen	was	used	(Appendix	B;	Figure	4).		

	 Results	of	the	peptide	spectral	count	in	the	thorax,	LUA	and	LLA	at	8	weeks	

support	hypothesis	3	that	fewer	peptides	will	be	detectable	over	time.	Hemoglobin	

peptides	were	detected	in	these	3	insect	parts	but	the	spectral	count	decreased	to	5	

peptides	in	the	LUA	and	2	peptides	in	the	thorax	and	LLA,	a	greater	than	100	fold	

decrease	for	both	parts.	Detectability	of	albumin	in	these	parts	also	decreased	after	

8	weeks,	to	8	peptides	in	the	LLA	and	0	in	the	thorax	and	LUA.	These	data	support	a	

similar	trend	in	the	digestion	and	resultant	decrease	in	detectability	of	both	

hemoglobin	and	albumin	in	the	thorax	and	abdomen	over	8	weeks.	

If	the	results	of	the	peptide	spectral	count	in	the	head	at	8	weeks	are	

repeatable,	it	would	indicate	that	blood	meals	may	be	broken	down	at	different	

rates	in	different	parts	of	the	body.	At	8	weeks	after	taking	a	blood	meal,	quite	a	few	

more	hemoglobin	and	albumin	peptides	were	detected	in	the	insect	head	(12	and	39	

peptides	respectively)	than	other	body	parts.	Although	the	other	body	parts	support	

hypothesis	2	that	hemoglobin	is	more	stable	than	albumin,	and	hypothesis	1	that	

freshly	fed	vectors	will	have	more	protein	detectable,	further	study	with	additional	

bugs	is	needed	to	validate	this	surprising	result	(Appendix	B).	If	this	observation	

holds	through	additional	sampling,	possible	explanations	are	that	head	results	may	

be	skewed	due	to	the	low	quantity	of	insect	peptides	from	the	relatively	small	size	of	

the	head	or	that	blood	meal	remnants	in	the	crop	or	esophagus	within	the	foregut	

are	not	subject	to	digestive	enzymes	found	in	the	gut,	increasing	the	relative	

spectral	count	in	the	insect	head	over	time	(Lehane	et	al.,	1991).	
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	 Despite	surprising	results	of	the	detectability	of	blood	meal	peptides	in	the	

head	at	8	weeks,	consistency	of	spectral	counts	in	the	freshly	fed	insect	thorax	and	

abdomen	supports	the	idea	of	using	these	body	parts	for	time	course	analysis.						

		

Expansion	of	time	course	analysis	

	 These	data	support	hypothesis	1	that	hemoglobin	from	a	vertebrate	blood	

meal	passes	through	the	insect	and	traces	of	identifiable	protein	remain	in	the	lower	

digestive	tract.	These	data	also	support	hypothesis	2	that	hemoglobin	is	more	stable	

than	albumin	and	identifiable	in	the	insect	gut	at	higher	levels	than	albumin.	

Hypothesis	3	that	there	is	a	time	threshold	up	to	which	the	vertebrate	blood	meal	

source	can	be	identified,	was	somewhat	supported	as	the	overall	levels	of	detectable	

peptides	decreased	over	time;	however	even	at	8	weeks	peptides	of	hemoglobin	

were	detected	in	all	parts	and	albumin	was	detected	in	the	head	and	lower	

abdomen.		

	 The	large	difference	in	detectability	between	hemoglobin	and	albumin	

coupled	with	the	spectral	count	consistency	of	the	replicate	freshly	fed	insects	

indicate	this	is	a	promising	approach	and	more	time	points	with	more	replicates	per	

time	point	should	be	investigated.	With	sufficient	time	points	and	replicates	per	

time,	one	could	develop	a	multivariate	interpolation	method	for	blood	meal	analysis	

using	two	proteins,	hemoglobin	and	albumin.,	multiple	sampling	times,	from	0	to	

over	8	weeks,	and	initially	3-5	replicates	per	sampling	time.	The	multivariate	

analysis	would	provide	a	reference	for	estimating	the	time	since	the	last	blood	meal.		
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Based	on	this	study,	the	abdomen	yields	the	highest	spectral	count	of	both	

proteins	at	0	wk	and	both	LUA	and	LLA	follow	similar	trends	over	the	two	time	

points.	In	theory,	statistics	from	a	multivariate	analysis	of	controlled	feedings	and	

time	sampling	would	allow	one	to	estimate	the	time	since	last	feeding,	and	the	error	

in	that	estimate.	Knowing	when	insects	feed	is	useful	for	vector	control	because	we	

can	identify	when	and	how	often	vectors	feed	as	well	as	potential	movement	into	

and	out	of	houses.	Beyond	attempting	to	isolate	the	blood	meal	source	to	determine	

the	most	fitting	ecohealth	approach,	knowing	when	to	implement	vector	control	

may	save	costs	of	repetitive	insect	control	like	spraying	pesticide	(Monroy	et	al.,	

2009).		Furthermore,	comparing	relative	peptide	quantities	of	more	than	one	

matching	blood	source	may	allow	us	to	place	the	estimated	feeding	times	of	multiple	

blood	meals	on	a	timeline	(Önder	et	al.,	2013).	However,	repeated	feeding	on	the	

same	blood	meal	source	and	perhaps	the	size	of	each	blood	meal	may	complicate	

such	analyses.	

	 The	consistency	of	spectral	counts	at	measured	time	points	after	blood	meals	

are	likely	to	vary	based	on	many	factors	including	quantity	of	the	blood	meal	and	

difference	in	digestion.	Even	with	variation	due	to	uncontrollable	factors,	analyzing	

insects	from	the	field	may	allow	identification	of	the	time	since	a	blood	meal	and	

perhaps	even	the	sequence	of	multiple	blood	meals	based	on	relative	quantities	of	

identified	peptides	and	multivariate	interpolation.		
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Future	Directions	

	 In	a	future	study,	Triatomine	insects	could	be	collected	from	the	field	in	

regions	that	are	at	risk	of	Chagas	disease	and	where	the	disease	is	currently	

classified	as	endemic.	These	insects	could	be	dissected	similarly	to	the	schematic	

shown	in	Figure	2	and	analyzed	for	the	presence	of	vertebrate	blood	proteins,	

hemoglobin	and	albumin.	If	the	insect	had	taken	a	blood	meal	within	recent	weeks	

and	potentially	recent	months,	LC-MS/MS	based	peptide	identification	could	show	

the	“highest	likelihood	host	match”	from	percentage	spectral	count	matching,	as	

done	in	this	study.	The	three	insects	in	this	study	only	fed	on	M.	musculus	as	the	

vertebrate	host	and	all	freshly	fed	insects	were	best	matched	with	M.	musculus	by	

the	calculation	shown	in	Equation	1.	At	8	weeks,	this	study	suggests	that	

hemoglobin	in	all	body	parts	is	a	useful	indicator	of	vertebrate	host,	but	the	absence	

of	albumin	peptides	in	the	thorax	and	LUA	suggest	more	difficulty	in	detecting	

enough	albumin	peptides	at	8	weeks	to	identify	the	host.	However,	when	examining	

an	insect	from	the	field,	even	a	family	or	genus	level	identification	may	be	sufficient	

in	guiding	an	ecohealth	disease	prevention	measure,	and	may	be	used	to	identify	

human	risk	of	disease.		

When	the	collection	locality	of	the	insect	is	known,	it	is	likely	that	a	limited	

number	of	species	from	a	given	vertebrate	genus	are	possible	hosts.		For	example,	of	

the	seven	species	within	the	genus	Felis,	only	the	house	cat,	F.	catus	is	commonly	

found	in	the	Americas	[retrieved	April	18,	2017,	from	the	Integrated	Taxonomic	

Information	System	on-line	database,	http://www.itis.gov].	Identifying	Felis	blood	

proteins	in	Triatomine	insects	would	suggest	that	domestic	pets	are	the	vertebrate	
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blood	meal	host.	Targeting	ecohealth	methods	to	include	the	education	of	pet	

owners	and	preventing	contact	of	house	cats	with	potential	vector	hiding	places	

outside	the	home	might	be	a	precise	and	beneficial	approach.	Previous	research	by	

Monroy	et	al.	has	shown	that	recognizing	the	potential	diversity	of	blood	meal	

sources	is	critical	in	designing	and	implementing	ecohealth	strategies	(Monroy	et	al.,	

2009)	

In	conclusion,	when	considering	the	potential	benefits	from	ecohealth	

approaches,	the	need	for	elucidating	the	Chagas	disease	transmission	pathway	

becomes	evident.	Based	on	the	success	of	LC-MS/MS	detection	and	identification	in	

this	study,	the	future	looks	bright	for	creating	and	utilizing	a	control	time	course	

analysis	of	hemoglobin	and	albumin.	With	this,	we	may	continue	to	fend	off	the	

spread	of	infection	and	alleviate	the	global	burden	of	Chagas	disease.		
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Appendix

	 Appendix	A.	Pivot	table	for	0	wk	B	hemoglobin	head.	This	is	an	example	of	the	
taxonomic	data	management	used	for	each	body	part	(head	thorax,	left	upper	
abdomen,	left	lower	abdomen)	for	both	hemoglobin	and	albumin	for	each	of	3	
insects.	Row	labels	in	the	far	left	column	are	collapsible	and	all	fall	within	one	
peptide	identified	for	the	sample.	Distinct	counts	of	taxonomic	levels	that	match	
to	the	peptide	using	our	database	are	represented	by	the	other	columns.	
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Protein Insect Body Part Spectral Count Percent spectral count 
matching Mus musculus 

Hemoglobin 

7 

Head 50 82.00% 
Thorax 272 86.76% 
LUA 415 85.06% 
LLA 365 83.29% 

72 

Head  189 95.24% 
Thorax 286 86.71% 
LUA 292 84.93% 
LLA 269 86.62% 

48 

Head 12 100.00% 
Thorax 2 100.00% 
LUA 5 60.00% 
LLA 2 100.00% 

Albumin 

7 

Head 18 94.44% 
Thorax 75 93.33% 
LUA 57 98.25% 
LLA 94 90.43% 

72 

Head  34 88.24% 
Thorax 64 96.88% 
LUA 78 97.44% 
LLA 56 98.21% 

48 

Head 39 100.00% 
Thorax 0 - 
LUA 0 -    
LLA 8 0.00% 

Appendix	B.	Summary	of	results	table.	LC-MS/MS	spectral	counts	of	hemoglobin	
(Hb)	and	albumin	(Alb)	peptides	found	in	each	body	part	of	3	experimental	
insects.	0	wk	A	and	B	are	freshly	fed	bugs	and	8	wk	is	a	bug	sampled	8	weeks	
post-blood	meal.	Body	parts	LUA	and	LLA	refer	to	the	left	upper	abdomen	and	
left	lower	abdomen,	respectively.	Percent	spectral	count	matching	is	a	weighted	
measure	referring	to	either	the	number	of	Hb	or	Alb	peptides	that	matched	to	
mouse	divided	by	the	total	spectral	count	for	the	sample.	
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