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GENERAL INTRODUCTION  

 

 

 

 

 

PARTS OF THIS CHAPTER ARE BASED ON PAUSCH JK , BALCZUN C AND SCHAUB GA (IN PRESS): 

INTERACTIONS OF TRYPANOSOMA CRUZI, THE ETIOLOGIC AGENT OF CHAGAS DISEASE, AND 

TRIATOMINES (REDUVIIDAE). MITTEILUNGEN DER DEUTSCHEN GESELLSCHAFT FÜR ALLGEMEINE UND 

ANGEWANDTE ENTOMOLOGIE BAND 18 



CHAPTER 1  GENERAL INTRODUCTION AND OBJECTIVES 

2 

 

1. General introduction 

1.1 Chagas disease (American Trypanosomiasis) 

1.1.1 History, geographical distribution and epidemiology of Chagas disease 

In the early 20th century, Dr. Carlos J. R. Chagas (*1879 †1934) described the proto-

zoan hemoflagellate Trypanosoma cruzi as the etiological agent of a so far unknown disease 

(thus later named in his honor) (CHAGAS 1909; SCHOFIELD & DIAS 1999). During a malaria 

expedition in Minas Gerais, a Federal State of southeast Brazil, Dr. Carlos Chagas first found 

the parasite in the posterior intestine of the blood sucking bug Panstrongylus megistus 

(CHAGAS 1909). Later, he detected the flagellate in the blood of a young girl and her cat 

(CHAGAS 1909, 1922). Thus Dr. Carlos Chagas original report is acknowledged unique in 

medicine history with regard to his detailed work, describing the transmission cycle (vector, 

host and a novel infectious organism). Furthermore, he was the first to describe the course of 

disease in a human case. Since 4,000 to 9,000 years old mummies from South America con-

tained DNA from the disease’s etiological agent, Chagas disease has been a scourge to hu-

mans since antiquity. Chagas disease continued to be a relevant social and economic problem 

in most Latin American countries and is classified by the World Health Organisation (WHO) 

as one of the world’s 13 most neglected tropical diseases (GUHL et al. 1999; AUFDERHEIDE et 

al. 2004; HOTEZ et al. 2007; MATHERS et al. 2007; MONCAYO & SILVEIRA  2009). 

Originally, Chagas disease was restricted to poor, rural areas of South and Central 

America, in which vector-borne transmission to man occurs (RASSI et al. 2010). During the 

last 20 years, improved vector control programmes such as the Southern Cone Initiative to 

Control/Eliminate Chagas Disease, the Andean Pact Initiative to Control/Eliminate Chagas 

Disease and the Central America Initiative to Control/Eliminate Chagas Disease as well as 

compulsory blood-bank screening have substantially reduced new infection cases and de-

creased the burden of Chagas disease in the endemic regions (MONCAYO 2003). In the 1980s, 

100 million people (25 % of all habitants of Latin America) were estimated to be at risk of 

infection, while 17.4 million people were infected in 18 endemic countries (WHO 2002) 

(Table 1.1). In 2005, according to estimations of the Pan American Health Organization, 20 % 

of the Latin American population were at the risk of infection (109 million people) and about 

7.7 million people were infected (PAHO 2006) (Table 1.1). Most recent reports contain esti-

mations of about 10 million infected people for 2010 (WHO 2011). The highest infection 

rates in Latin America were documented in Colombia, Bolivia, Paraguay and Argentina with 
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rates ranging from 21 %-30 % (WHO 2002). Since then the prevalence of T. cruzi infections 

decreased to values ranging from 1 %-6.8 % in 2005. However, 19 %-58 % are currently at 

risk of infection (RASSI et al. 2010) (Table 1.1). Chagas disease can result in significant mor-

bidity. In 25-30 % of all infections it may become chronic and approximately 14,000 death 

were reported each year (MATTOCK & PINK 2005). Due to growing population movements, 

Chagas disease is becoming an emerging health problem in non endemic areas such as the 

USA, Canada and many parts of Europe and the western Pacific. Here an increasing number 

of infected immigrants has already been identified (SCHMUNIS 2007; GUERRI-GUTTENBERG et 

al. 2008; BERN & MONTGOMERY 2009; GASCON et al. 2010; RASSI et al. 2010) (Figure 1.1). 

 

Table 1.1: Prevalence of Trypanosoma cruzi infection in Latin American countries in 
1980-1985 (WHO 2002) and 2005 (PAHO 2006), and effect of initiatives to control or 
eliminate Chagas disease (RASSI et al. 2010, modified).* 

 
 1980-1985 2005 

 
Infected individuals 
[number (%)] 

Individuals at risk  
of infection (%) 

Infected individuals 
[number (%)] 

Individuals at risk  
of infection (%) 

Southern Cone Initiative (launched in 1991) 
Argentina   2,640,000 (10.0) 23 1,600,000 (4.1) 19 
Bolivia   1,300,000 (32.0) 32    620,000 (6.8) 35 
Brazil   6,180,000   (4.2) 32 1,900,000 (1.0) 12 
Chile   1,460,000 (16.9) 63    160,200 (1.0) 5 
Paraguay      397,000 (21.4) 31    150,000 (2.5) 58 
Uruguay        37,000   (3.4) 33      21,700 (0.7) 19 
     

Andean Pact Initiative (launched in 1997) 
Colombia     900,000 (30.0) 11    436,000 (1.0) 11 
Ecuador       30,000 (10.7)∆ 41    230,000 (1.7) 47 
Peru     621,000   (9.8) 39    192,000 (0.7) 12 
Venezuela  1,200,000   (3.0) 72    310,000 (1.2) 18 
     

Central America Initiative (launched in 1997) 
Belize - -        2,000 (0.7) 50 
Costa Rica     130,000 (11.7) 45      23,000 (0.5) 23 
El Salvador     900,000 (20.0) 45    232,000 (3.4) 39 
Guatemala  1,100,000 (16.6) 54    250,000 (2.0) 17 
Honduras     300,000 (15.2) 47    220,000 (3.1) 49 
Nicaragua - -      58,600 (1.1) 25 
Panama     200,000 (17.7) 47      21,000 (0.01) 31 
Mexico - - 1,100,000 (1.0) 28 
Total 17,395,000  (4.3) 25 7,694,500 (1.4)† 20 

 

*(- =Data not available. ∆Prevalence of infected individuals was underestimated (AGUILAR et al. 
1999). †Includes about 150,000 infected individuals living in USA and 18,000 in the Guianas, but data 
for these regions are not shown in the table.) 
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Figure 1.1: Estimated number of immigrants with T. cruzi infection living in non-en-
demic countries (RASSI et al. 2010).  
Data are supplied for Canada, Australia and Japan in 2006; the USA in 2005; Spain in 2008 
and other European countries in 2004-2006 (SCHMUNIS 2007; GUERRI-GUTTENBERG et al. 
2008; BERN & MONTGOMERY 2009; GASCON et al. 2010). 
 

1.1.2 The etiological agent Trypanosoma cruzi 

T. cruzi, a protozoan flagellate, belongs to the family Trypanosomatidae, within the or-

der Kinetoplastida. Recently, six lineages of T. cruzi strains (TcI-TcVI) have been classified 

(ZINGALES et al. 2009). TcI is the principal agent of Chagas disease north of the Amazon. 

TcII, TcV and TcVI are the main agents in the Southern Cone region. TcIII and TcIV are only 

sporadically infectious to humans. TcIV has divergent genotypes in South and North America 

(Figure 1.2) (LLEWELLYN  & M ILES 2010). During the parasite’s developmental cycle, T. cruzi 

changes between a mammalian and an insect host. It passes through different developmental 

stages, which are a-, trypo-, epi- and spheromastigotes in line with the respective intermediary 

stages (BRACK 1968; SCHAUB & WUNDERLICH 1985; SCHAUB 1988c; SCHAUB & LÖSCH 

1988; SCHAUB 1989; TANOWITZ et al. 1992; SCHAUB & POSPISCHIL 1995; TYLER & ENGMAN 

2001). 

The transmission of T. cruzi differs from that of other major insect-borne diseases in 

which the parasites invade the salivary glands of the insect host and are injected into the ver-

tebrate host during a blood meal. In contrast, T. cruzi resides in the intestine, especially in the 

rectum of the triatomines. Here the metacyclic trypomastigotes develop. Sometimes during 

but always after engorgement, triatomines defecate, and droplets containing the parasites are 

deposited on the host’s skin. The parasite may enter its host by passing through the bite site or 

the mucosal membranes (SCHUSTER & SCHAUB 2000). 
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Figure 1.2: Approximate distributions of T. cruzi lineages. 
Red labeled regions imply domestic populations (transmission cycles within domestic dwell-
ings), blue labeled regions imply sylvatic populations (natural transmission cycles outside 
domestic dwellings) (LLEWELLYN  & M ILES 2010, modified). 

 

Inside the vertebrate host, the parasite infects primarily cells in the surrounding of the 

entrance area, generally macrophages. In the phagosome of a macrophage, the parasite trans-

forms into the amastigote form. After secretion of pore-forming proteins, it evades into the 

cytosol before the phagosome and the lysosomes fuse (BURLEIGH & ANDREWS 1995; 

CONTRERAS et al. 2002). The amastigotes divide repeatedly within the cytosol of the host cell 

and cystic nests, also known as pseudocysts, are formed in the tissue (SACKS & SHER 2002). 

Once the host cell’s resources are depleted, the amastigote stages develop via pro- and epi-

mastigote forms to trypomastigotes. These are released upon the bursting of the host cell. 

Blood trypomastigotes can only be detected within a short period of time in the blood. They 

are protected against the host’s immune system by a surface coat of glycoproteins (HALL  & 

JOINER 1991). Taking advantage of the circulating bloodstream, these trypomastigotes infect 

other organs. The flagellate changes again to the amastigote form and multiplies. If these 

blood trypomastigotes are ingested by a triatomine bug, they develop within the stomach, the 

main region of the anterior midgut, to epi- and spheromastigote forms. These developmental 

stages attach to the perimicrovillar membranes of the small intestine, the posterior midgut, 
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and multiply. Once the flagellates are passed to the rectum of the bug, they multiply and 

transform into the non-replicative metacyclic trypomastigote. This will be excreted with the 

feces of the bug. 

Besides vectorial transmission, transmission by contaminated blood transfusion is 

another important transmission pathway. In contrast, transmission caused by contaminated 

food, organ transplants or perinatal transmissions from mother to child during pregnancy or 

birth is only of marginal importance (WHO 2008). 

 

1.1.3 The disease 

Chagas disease in humans is subdivided into two phases. The initial, acute phase of 

T. cruzi infection lasts for 4-8 weeks and is usually asymptomatic (DIAS et al. 1956; DIAS 

1984; WHO 2002). In some cases, a focal oedema develops at the site of inoculation due to 

the parasites entering the host cells. An unilateral orbital oedema is named Romaña sign 

(CAROD-ARTAL & GASCON 2010). Clinical acute Chagas disease can involve febrile syn-

drome, headache, myalgia, facial oedema, abdominal pain, exanthema, lymphadenopathy and 

hepatosplenomegaly (PINTO et al. 2008). Severe myocarditis and acute encephalitis can also 

occur (MEDEIROS et al. 2008). Due to severe myocarditis or meningoencephalitis, <5-10 % of 

symptomatic cases die in the acute phase (RASSI et al. 2010). Most patients (60-70 %) seem to 

recover a healthy state and enter into the chronic phase. This phase is sometimes regarded to 

comprise two phases which are referred to as the intermediate and the determinate form. Both 

forms persist for the whole lifespan (DIAS et al. 1956; DIAS 1984; WHO 2002). In the inter-

mediate phase, infected individuals develop no clinically apparent symptoms (RASSI et al. 

2010). While the patients are positive for antibodies against T. cruzi in serum, they are 

asymptomatic, and no organ damage can be detected (normal electrocardiogram, normal in 

radiological examination of the chest, oesophagus and colon) (DIAS 1989; RASSI et al. 2010). 

The determinate chronic form of Chagas disease develops in 30-40 % of the cases (RASSI et 

al. 2010). Usually 10-30 years after initial infection, it can manifest as cardiac (extension of 

the heart), digestive (megaoesophagus and megacolon) or cardiodigestive (DIAS 1995; 

ARMAGANIJAN & MORILLO 2010; RASSI et al. 2010). A direct progression from the initial, 

acute phase to a clinical form of Chagas disease is reported in 5-10 % of cases (RASSI et al. 

2010). Cardiomyopathy and its complications have been associated with death in 52 % of the 

cases (ARMAGANIJAN & MORILLO 2010). Autopsies of chagasic patiens with cardiomyopathy 

indicate cerebral damages in 17.5 % of the cases (ARMAGANIJAN & MORILLO 2010). 
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Human Chagas disease infections are treated by chemotherapy with two antiparasitic 

drugs, Nifurtimox® and Benznidazole®. Both are primarily disposed in the acute phase to treat 

the blood stages of T. cruzi. These therapeutic agents do not have a significant impact on par-

asites in the tissues. Patients treated in the acute phase are cured in 50-80 % of all cases 

(RASSI et al. 2010). Apart from this nonsatisfying therapeutic success, these therapeutics have 

strong side effects (SCHAUB & WUNDERLICH 1985; DOCAMPO 2007). 

 

1.2 Triatominae 

1.2.1 Systematic classification and distribution of Triatominae 

The order Hemiptera is a very diverse order characterized by piercing sucking mouth 

parts. The majority of these species feed on plant juices or predates other insects. In the sub-

order Heteroptera, which is characterized by basal hardened forewings (hemielytra), all spe-

cies of the families Cimicidae (bedbugs) and Polyctenidae (bat bugs) are bloodsuckers, 

whereas in the family Reduviidae (assassin bugs) only species of the subfamily Triatominae 

are obligate haematophagous. Only 0.18 % of the approximately 80,000 hemipteran species 

are triatomines, i.e. 140 species classified into six tribes (Alberproseniini, Cavernicolini, 

Bolboderini, Linshcosteusinii, Rhodniini and Triatomini) and 18 genera (SCHOFIELD & 

GALVAO  2009). The tribes Alberproseniini and Cavernicolini both contain only 1 genus, each 

with 2 species. The tribe Bolboderini consists of 4 genera with 14 species, while 

Linshcosteusinii possesses 1 genus with 6 species. The species-richest tribes are the Rhodniini 

with the genera Rhodnius and Psammolestes (in total 19 species) and the Triatomini with 9 

genera and nearly 100 species; the genus Triatoma itself consists of 67 species (GALVÃO  et al. 

2003; SCHOFIELD & GALVAO  2009). 

Triatomines are mainly occurring on the American continent from latitude 42° N to 46° 

S, a region between the Great Lakes of North America and Argentina (LENT & 

WYGODZINSKY 1979; SCHOFIELD 1994; GORLA et al. 1997). Species of the genus 

Linshcosteus are confined to the Indian subcontinent (SCHAUB 2009). Triatoma rubrofasciata, 

originating from the New World, has been distributed to many ports in tropical and subtropi-

cal regions by sailing ships (HARIDASS & ANANTHAKRISHNAN  1980; GORLA et al. 1997). 

Latin American triatomines mainly settle in sylvatic habitats, usually closely associated with 

their specific hosts, e.g. burrows of rodents, caves of bats and nests of birds (SCHAUB 2009). 

Nests are often colonized by species of Rhodniini, which prefer palm trees. Species of the 

genus Panstrongylus prefer tree cavities and burrows. Triatoma species often colonize rocky 
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habitats and rodent burrows (GAUNT & M ILES 2000; SCHOFIELD & GALVAO  2009). In the 

course of colonization of forests and use of forest material to build human dwellings, individ-

ual species successfully adapted to peridomestic habitats, mainly using farm animals near the 

houses as host, and domestic habitats sucking blood of humans and animals inside the house 

(SCHAUB 2009). All triatomine species are potential vectors of T. cruzi, but Triatoma 

infestans, P. megistus and Rhodnius prolixus are representing the most important vectors in 

South America. Presumably due to the high adaption to human dwellings but also the wide 

distribution, T. infestans is the most important domestic species, most likely originating from 

sylvatic populations in the Andean valleys of Bolivia (NOIREAU et al. 2005). Although the 

appearance of T. infestans was seriously minimized by insecticide spraying campaigns, this 

species is still of big relevance in many regions of Latin America. 

 

1.2.2 Developmental cycle of triatomines 

Triatomines are temporary ectoparasites with a maximal size of 4.5 cm. They pass 

through a hemimetabolous development with 5 nymphal stages (first to fifth instar) to the 

adult stage within 3 to 24 months. The duration of nymphal developmental stages depends on 

species and environmental conditions like temperature and food supply (LENT & 

WYGODZINSKY 1979; SCHAUB 2008). About 20 to 30 days after copulation, the adult female 

starts to lay up to 600 eggs, mainly on the ground. Species inhabiting trees or nests glue the 

eggs to the leaves or feathers of birds (LENT & WYGODZINSKY 1979; SCHAUB 2008). The 3-

12 months life span of adults depends on species, abiotic factors and availability of blood. 

First instars hatch 10 to 40 days after egg deposition, depending on species and environmental 

temperature (SCHOFIELD 1994). Already 3 days later, they are disposed for ingesting the first 

blood. If a food source is lacking, nymphal stages of triatomines can starve several weeks 

(SCHAUB & LÖSCH 1988). The starvation resistance of T. infestans after feeding in the second 

nymphal stage averages up to 275 days, in the third up to 432 days and in the fourth up to 322 

days (SCHAUB & LÖSCH 1989). To reach the next nymphal stage, a full bloodmeal is essential. 

The abdominal extension activates stretching receptors. These induce moulting hormone se-

cretion via the nervous system (BECKEL & FRIEND 1964). Secondary, ecdysone initiates the 

development of the new cuticle (WIGGLESWORTH 1940; ANWYL 1972; CHIANG & DAVEY  

1988). This process may take 1.5 to 4 weeks. Under optimal conditions, T. infestans and 

R. prolixus require for the first, second, third, fourth and fifth nymphal stage 10, 10, 12, 17 



CHAPTER 1  GENERAL INTRODUCTION AND OBJECTIVES 

9 

 

and 28 and 9, 9, 10, 13 and 14 days between the first feeding and the moulting to the next 

nymphal stage, respectively (SCHAUB 1988b). 

 

1.2.3 Host finding and feeding 

Predominantly, triatomines are nocturnally active insects (ZELEDÓN & RABINOVICH  

1981; LORENZO et al. 1991; LAZZARI  1992). They are classified as obligate bloodsuckers, 

although some species like Triatoma klugi ingest haemolymph of other insects (CARVALHO-

PINTO et al. 2000). In contrast to mosquitos’ males, male triatomines exclusively feed on 

blood. Triatomine bugs are vessel feeders, obtaining their blood meals directly from venules 

or arterioles of their vertebrate hosts (WENK & RENZ 2003; PEREIRA et al. 2006). The local-

ization of a putative host is driven by different factors like carbon dioxide as part of the hosts’ 

respiration, body heat and sweat components (NÚÑEZ 1982; LAZZARI  & NÚÑEZ 1989; FLORES 

& L AZZARI  1996). These factors are recognized by different receptors in the antennae and 

mouthparts of the reduviid bug (SCHOFIELD 1994). Furthermore, ammonia derived from fresh 

conspecifics’ feces is attracting (SCHAUB & POSPISCHIL 1995; GUERENSTEIN & GUERIN 2001; 

VITTA  et al. 2002).  

The insect’s mouthparts consist of labrum, labium, mandibles and maxillae. In 

triatomines, the labrum and labium are forming the visible part of the biting apparatus, the 

proboscis, which is folded under the body at rest and protects the internal mandibles and 

maxillae. The maxillae are modified as needle-like stylets and joined to a maxillary bundle, 

which is placed between the mandibles. The left and right maxilla are moveable against each 

other in the longitudinal axis. Between them, the dorsally located food tube (38.6 µm diame-

ter) and the ventral salivary tube (4.8 µm diameter) are formed (WIRTZ 1987; GULLAN  & 

CRANSTON 1994).  

After the bug has pierced the host skin, a blood vessel is searched by rapid whip-like 

intradermal movements of the maxillae (LAVOIPIERRE et al. 1959). A direct movement in-

duced by the slightly higher temperature of the vessel also occurs (FERREIRA et al. 2007). If a 

vessel is found the right maxilla penetrates into the vessel while the left maxilla attaches on 

the vessel wall (LAVOIPIERRE et al. 1959; WIRTZ 1987). Then the bugs inject saliva and probe 

whether or not the vessel is suitable. The duration of this probing phase differs between a few 

seconds and several minutes (LAVOIPIERRE et al. 1959; SANT'ANNA et al. 2001). If no suitable 

vessel is found or the bug is disturbed, ingestion is interrupted, and the bug starts new at-

tempts elsewhere (LAVOIPIERRE et al. 1959; SANT'ANNA et al. 2001). The blood is ingested 



CHAPTER 1  GENERAL INTRODUCTION AND OBJECTIVES 

10 

 

by the action of the pharyngeal and cibarial pump. The pumping is achieved by a complex of 

strong muscles occupying most of the insects head (BENNETT-CLARK 1963). 

Triatomines ingest large amounts of blood, compared to other blood-sucking ectopara-

sites. The volumes vary – depending on species and nymphal stage – for nymphs between 3 

and 23 times and for adults 1 and 3 times of their own body weight (summarized by MEISER 

2009). Dipetalogaster maxima females ingest a volume of up to 3.8 ml of blood in only a sin-

gle meal (SCHAUB & POSPISCHIL 1995). During the whole blood meal, which takes 20-50 

minutes, saliva is released into the capillary of the host (LENT & WYGODZINSKY 1979; 

SCHAUB & POSPISCHIL 1995; SOARES et al. 2000).  

The salivary glands of triatomines are located beside the pharynx in the anterior part of 

the thorax. The number of salivary glands differs between Rhodniini and Triatomini. 

Rhodniini possess two paired salivary glands, the larger reddish main gland, which shows a 

weak division into an anterior and a posterior lobe, and the uncolored smaller gland with sup-

plemental function (BAPTIST 1941; MEIRELLES et al. 2003). Triatomini possess 3 paired sali-

vary glands, a circular main gland (D1), a kidney-shaped supplemental gland (D2) and a res-

ervoir gland (D3), which is the biggest one. While salivary gland D1 is slightly yellow, D2 is 

milky-white and D3 is transparent. All glands possess a single epithelial layer, covered by 

muscles and tracheae. The luminal contents of the three salivary glands are mixed during the 

release of saliva (BARTH 1954; LACOMBE 1999). 

According to the proteome and transcriptome of salivary glands of different triatomines, 

the saliva contains a multitude of components. These facilitate the different steps of the 

feeding-process (SANTOS et al. 2007; ASSUMPCAO et al. 2008). Several salivary substances 

inhibit host pain enabling the bugs to feed without interruption by the host. A so far unspeci-

fied molecule from T. infestans inhibits sodium channel activity in nerves (DAN et al. 1999). 

Nitric oxide has a vasodilatatory effect, and in R. prolixus it is carried along with the saliva 

into the host skin by nitrophorines (NUSSENZVEIG et al. 1995). Coagulation of the hosts’ 

blood is inhibited by a multitude of factors acting against different steps of hemostasis. 

Apyrase activity inhibits platelet aggregation and is reported for the saliva of more than 25 

species of triatomines (RIBEIRO et al. 1998). Serine protease inhibitors of the Kazal-type 

inhibit thrombin, the most important factor of the blood coagulation cascade in vertebrates.  

Components of the saliva of triatomines which are ingested during blood meal have to 

be considered for affecting T. cruzi, especially the pore-forming molecule trialysin, originat-

ing from the saliva of T. infestans (summarized by PAUSCH et al. in press). 
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1.2.4 Digestion 

The digestive tract of triatomines is a simple tube without any diverticula (Figure 1.3). 

Ingested blood passes through the foregut to the midgut, which can be divided into the ante-

rior region, subdivided into cardia and the anterior midgut (stomach), and the posterior region, 

the small intestine. The hindgut mainly consists of the rectum (KOLLIEN & SCHAUB 2000). 

The cardia is short and can hardly be separated from the adjacent, strongly distensible stom-

ach (SCHAUB 2009). Morphologically, the small intestine can be divided into three parts of 

similar length: a thick anterior section, followed by a significantly narrowed middle section 

and a dilated posterior part (Figure 1.3). The hindgut begins with a very short pylorus region, 

in which the Malpighian tubules end, followed by the rectal sac (Figure 1.3) (SCHAUB 2009). 

 

Figure 1.3: Digestive tract of fifth instar nymphs of T. infestans at 5 days after feeding. 
A: cardia and stomach; B: small intestine with anterior (I), middle (II) and posterior region 
(III); C: Malpighian tubules and rectum. 

 

After a blood meal, the ultrastructure of stomach and small intestine changes. The basal 

membranes in the epithelial cells of the stomach are unfolded to increase the surface area. 

This enables a rapid transport of aqueous compounds into the haemolymph (BILLINGSLEY  & 

DOWNE 1989). The perimicrovillar membranes (syn. extracellular membrane layers; ecml) are 

formed in the midgut 12-24 h after blood ingestion. Microvilli of epithelial cells are covered 

by a staple of these apical membranes, which compartmentize the small intestine and thereby 

spatially separate primary and secondary digestion processes (BILLINGSLEY  & DOWNE 1985, 

1986; FERREIRA et al. 1988).  

The ingested blood is stored mainly undigested in the stomach. Here the erythrocytes 

are lysed (AZAMBUJA et al. 1983). The ions are pumped through the stomach wall into the 

haemolymph. This drives water out of the stomach into the haemolymph and consequently, 

into the Malpighian tubules. Small portions of the blood meal are passed into the small intes-

tine, where the blood is digested by cathepsin B and L-like cysteine proteases (TERRA et al. 
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1988; LOPEZ-ORDOÑEZ et al. 2001; KOLLIEN et al. 2004). Activities of cathepsin B and L-like 

proteases seem to be controlled on a transcriptional level while those of the aminopeptidase 

translationally or posttranslationally (HOUSEMAN & DOWNE 1983a). In the small intestine an 

additional cathepsin D-like aspartic protease is active (HOUSEMAN & DOWNE 1982, 1983a; 

TERRA et al. 1988; BORGES et al. 2006; BALCZUN et al. 2012). Blood contains many proteins, 

lipids and carbohydrates. Peptides are degraded by carboxy- and aminopeptidases (GARCIA & 

GUIMARAES 1979; HOUSEMAN & DOWNE 1981, 1983a; WANIEK et al. 2005). This aminopep-

tidase activity is associated with the outer perimicrovillar membranes (BILLINGSLEY  & 

DOWNE 1985; FERREIRA et al. 1988). 

The proteolytic activity is positively correlated to the degree of saturation (HOUSEMAN 

& DOWNE 1983b). The increase is proportional to the amount of ingested blood and the 

corresponding protein concentration in the small intestine (GARCIA & GARCIA 1977; 

HOUSEMAN et al. 1985). For enzyme production or secretion, mechanical factors, such as the 

distension of the stomach due to the ingestion of blood, were excluded as inducers (GARCIA & 

GARCIA 1977). The secretion of proteolytic enzymes into the lumen of the small intestine is 

managed by “membranous” lysosomes, while digestive activity in the rectum was excluded 

(GARCIA 1987; BILLINGSLEY  & DOWNE 1988). Residuals of blood meal are stored in the rec-

tum for further absorption processes, like the reabsorption of water or possibly amino acids by 

the rectal pads, before they are defecated (SCHAUB 2009). 

 

1.2.5 Microorganisms in the digestive tract of triatomines 

Communities of naturally occurring microorganisms in the digestive tract of insects are 

a widespread phenomenon in many taxa. Besides symbiotic bacteria, a wide variety of non-

symbiotic microorganisms occurs in the digestive tract of triatomines (Table 1.2). During co-

prophagy, symbionts and these air-borne microorganisms get access to the intestinal tract. The 

contact of the mouthparts with the host’s skin before penetration also bears a potential 

contamination risk (SCHAUB 2009). Furthermore, like all terrestrial insects triatomines swal-

low air before moulting (KOLLIEN et al. 2003). The digestive tract of R. prolixus hosts few 

bacterial species, the intestines of P. megistus and T. infestans possess up to 13 and 16 differ-

ent bacteria, respectively (FISCHER 1989; REINTJES 1993). In addition to bacteria, also other 

microorganisms, e.g. fungi, flagellates and viruses, were found. From P. megistus, 37 fungi 

from 13 genera were isolated, among others Penicillium corylophilum, Aspergillus fumigates 

and A. awamori (MORAES et al. 2001). Triatoma sordida possessed also a slime mold of the 
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genus Dictyostelium. On agar plates of homogenates of the intestine of this nymph no bacteria 

developed (EICHLER 1998). 

Another interaction is known for the hemolytic bacterium Serratia marcescens. This 

bacterium was isolated from the stomach of R. prolixus and seems to be apathogenic for this 

triatomine, but is pathogenic for other insects (FLYG et al. 1980; O'CALLAGHAN  et al. 1996; 

AZAMBUJA et al. 2004). Prodigiosin producing S. marcescens (variant SM365) strains kill 

promastigotes of Leishmania and epimastigotes of the T. cruzi Y strain, but not those of the 

clone Dm28c (AZAMBUJA et al. 2004). However, after inhibition of the production of 

prodigiosin Leishmania are also killed (CASTRO et al. 2007b). D-mannose, an inhibitor of 

specific lectins, protects the flagellates against lysis (CASTRO et al. 2007a). However, this 

carbohydrate is not able to interfere with hemolysis. Probably, mannose receptors are 

involved in the attachment of bacteria and also in killing the flagellates (summarized by 

PAUSCH et al. in press).  

Intestine homogenates of field-derived bugs also contained Gram+ actinomycetes, on 

which the development of triatomines depends, since the food source blood is not sufficient 

for a suitable growth and reproduction of the triatomines (WIGGLESWORTH 1929; ASCHNER 

1931) (Table 1.3). An absence of symbionts (aposymbiosis) induces various pathological ef-

fects in the bug. Typical aposymbiosis symptoms include disorders of digestion, excretion and 

moulting in line with a weakly melanised cuticle. Additionally, disturbance of nymphal de-

velopment (>L3) results in a higher nymphal mortality rate (BRECHER & W IGGLESWORTH 

1944; GEIGY et al. 1953; BEWIG & SCHWARTZ 1954; HARINGTON 1960; GUMPERT 1962; 

GUMPERT & SCHWARTZ 1962; BEN-YAKIR  1987). 

Classification of symbiotic microorganisms always requires the proof of a noticeable 

positive host effect. All thus far identified symbionts of triatomines are actinomycetes, fila-

mentous bacteria with a GC-rich genome, which develop in contrast to other bacteria not only 

as solitary cells but rather as filamentary mycels (WAKSMAN  1940). Each triatomine species 

possesses its own typical symbiont, but some bacteria are semi-symbiotic, i.e. they slightly 

support the development of triatomines. For T. infestans, Rhodococcus triatomae is totally 

symbiotic (Table 1.3) (summarized by PAUSCH et al. in press). Up to now the function of 

these symbionts remains elusive. A symbiotic involvement in digestive process was ruled out. 

Vitamin B supply through actinomycetes, known from other haematophagous insects, was 

furthermore excluded as auxotrophic mutant symbionts allow normal bug development 

(BRECHER & W IGGLESWORTH 1944; BEWIG & SCHWARTZ 1954; HILL  et al. 1976).  
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Table 1.2: Genera of microorganisms isolated from the intestine of triatomine bugs in 
different investigations.#  
bacterial 
genus/triatomine 
species 

R. 
prolixus 

P. 
megistus 

T. 
protracta 

T. 
vitticeps 

T. 
brasiliensis 

T. 
sordida 

T. 
infestans 

T. 
klugi 

Acetinobacter        15 
Achromobacter  13       
Actinobacter    18     
Actinomyces  13       
Alcaligenes        15 
Athrobacter  13   15    
Aureobacterium  13       
Aurococcus        15 
Bacillus  13  18 15  13, 17  
Bacterium       4  
Bordetella     15   15 
Brevibacterium  15     13  
Candida      17 16  
Cellulomonas       16  
Citrobacter     15    
Corynebacterium 8, 10 13 4  15  4, 8, 10  
Dietzia*        15 
Enterococcus 3, 8, 10 8, 14  8, 18 8  1  
Escherichia 10        
Flavimonas        15 
Gordonia*    18 15 17   
Micrococcus    18   4, 10, 16 15 
Micromonospora    18     
Moraxella       16  
Mycobacterium 10   18  17 8  
Nocardia* 10      10, 16,17  
Paenibacillus    18     
Pasteurella     15   15 
Pseudomonas 9 8, 13, 14  8, 18   2, 8 15 
Psychrobacter  15      15 

Rhodococcus* 
1, 4, 5, 6, 
7, 8, 9, 
11, 12 

8   8 17 1, 4, 8, 
16 

 

Saccaropolyspora    18     
Serratia 19        
Sporosarcina  15       
Staphylococcus 10 13, 15 4 18 15  8, 10 15 
Streptococcus 8 14  18   3  
Streptomyces       4,16  
Symbiotes 8      8  
Weeksella/ 
Emptobacter 

 15   15    

 

#summarized from HOFFMANN (1992) and EICHLER (1998); actinomycetes are marked by an asterisk*; numbers 
refer to the following respective investigation: 1: BRECHER & W IGGLESWORTH (1944); 2: WEURMAN (1946); 3: 
BEWIG & SCHWARTZ (1954); 4: GOODCHILD (1955); 5: BAINES (1956); 6: MÜHLPFORDT (1959); 7: HARINGTON 
(1960); 8: GUMPERT & SCHWARTZ (1962); 9: LAKE & FRIEND (1967); 10: CAVANAGH  & MARSDEN (1969); 11: 
HILL  et al. (1976); 12: BEN-YAKIR  (1987); 13: FISCHER (1989); 14: FIGUEIREDO et al. (1990); 15: HOFFMANN 
(1992); 16: REINTJES (1993); 17: EICHLER (1998); 18: ROGL (2001); 19: AZAMBUJA et al. (2004) 
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Table 1.3: Interaction of actinomycetes and the reduviid bug T. infestans.* 
(JUNG 1995, modified) 
Actinomycete Establish-

ment 
Develop-
ment 

Repro-
duction 

Hatching 
rate [%] 

Classification 

Nocardia asteroides + - - - non-symbiotic 

Nocardia farcinica + ± ± 59 partially symbiotic 

Rhodococcus equi + + ± 67 partially symbiotic 

Rhodococcus rhodnii - + ± 17 non-symbiotic 

Dietzia maris + + + 61 partially symbiotic 

Rhodococcus triatomae + + + 80 totally symbiotic 

 

*Establishment: Actinomycete is able (+)/not able (-) to establish within the intestine of 
T. infestans; Development: Actinomycete has positive (+) or no influence (-) on the develop-
ment of T. infestans; Reproduction: Actinomycete has positive (+) or no influence (-) on the 
reproduction of T. infestans; Hatching rate: Percentage of eggs, of which nymphs hatched 

 

Symbionts develop extracellularly in the lumen of the intestinal tract of triatomines and 

not – like in other insects – in special organs (mycetomes), which are protecting the sym-

bionts against immune defense mechanisms of the host (BRECHER & W IGGLESWORTH 1944; 

BROOKS 1963; HINDE 1971; DOUGLAS 1989). Within a bug population symbionts are trans-

mitted via coprophagy immediately after feeding (SCHAUB 1988c; SCHAUB 1989). First 

nymphal stages can also obtain their symbionts via feces contaminations on eggshells 

(BRECHER & W IGGLESWORTH 1944; BAINES 1956). Transovarial transfer via the cytoplasm of 

the oocytes does not occur in triatomines. After ingestion of a mixture of complement-inacti-

vated blood and Rhodococcus rhodnii or R. triatomae, the respective symbionts of R. prolixus 

and T. infestans, only R. triatomae establishes in the intestine of T. infestans, indicating re-

fractory mechanisms (EICHLER 1998). Feeding T. infestans a mixture of Candida sp., Dietzia 

maris, Escherichia coli or Gordonia rubropertinctus, Candida sp. is killed immediately after 

ingestion. Numbers of D. maris, E. coli and G. rubropertinctus are substantially reduced 

within the first week in T. infestans. However, in R. prolixus only Candida sp. and E. coli are 

killed likewise, whereas the actinomycetes D. maris and G. rubropertinctus establish in the 

stomach and small intestine (EICHLER 1998).  

In the stomach of fifth instars of R. prolixus, the number of symbiotic and non-symbi-

otic bacteria increases approximately 10,000-fold in the first two days after blood ingestion. 

This number is stable for 5 days after feeding. The number decreases with starvation but in-

creases again after the next feeding (AZAMBUJA et al. 2004). In R. prolixus as well as 

T. infestans, the population of the respective symbiont R. triatomae (Table 1.3) is strongly di-
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luted by the ingested blood and increases only in the stomach within the first week. The small 

intestine of both species show a 99 % reduced number of symbionts, compared to the stomach 

of the unfed nymphs (EICHLER & SCHAUB 2002). 

 

1.3 Interactions of Trypanosoma cruzi and triatomines 

1.3.1 Subpathogenicity of Trypanosoma cruzi in triatomines 

In a comparison of the development and mortality of uninfected and T. cruzi-infected 

regularly fed nymphs, there are no effects evident (summarized by SCHAUB 2009). Under op-

timal conditions, the amount of ingested blood seems to be adequate to compensate the loss of 

metabolites due to the parasite’s presence. However, in T. cruzi-infected bugs starvation ca-

pacity is reduced. Established infections of third, fourth and fifth instar nymphs that are fed 

and thereby molt into the next instar, reduce the starvation capacity by 3 %, 14 % and 32 %, 

respectively (SCHAUB & LÖSCH 1989). Since many parasites die in starved bugs, an accumu-

lation of T. cruzi derived toxins seems to be unlikely (KOLLIEN & SCHAUB 1998a). Since the 

intestine of dead bugs contains remnants of digested blood, it is not the competition for the 

nutrients but rather essential metabolites which determines the starvation capacity.  

An effect on the intestinal immune homeostasis is evident in long-term infected 

T. infestans (summarized by SCHAUB et al. 2011). A supplementation of blood with fungi and 

bacteria and the experimental infection of nymphs results in a development of these microor-

ganisms, whereas in uninfected bugs the development is inhibited. The number of symbionts 

is similar in both bug groups (see 1.2.5 and 1.4.2). 

 

1.3.2 Interactions with digestive enzymes, hemolysins and agglutinins of the vector 

The parasite is capable of establishing in the bug’s gut. Here, a diversity of digestive 

enzymes is constantly present. Different compositions of digestive factors have been reported 

to characterize the different gut regions (summarized by SCHAUB 2009). T. cruzi population 

size in the rectum is significantly higher compared to the population size of the small intes-

tine, where the proteolysis takes place via cathepsins. Thus, the function of digestive enzymes 

as possible population controlling factors seems possible. Therefore, the question arose, 

whether these enzymes act as a barrier to infection or affect the development. Nevertheless, 

the rectal cuticle offers better attachment facilities for the flagellates in contrast to the small 

intestine, where the perimicrovillar membranes develop after blood ingestion. Feeding exper-

iments using blood supplemented with pepstatin, a SH-proteinase acting as a cathepsin D in-
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hibitor, show no effect on the population density of T. cruzi in the vector R. prolixus (GARCIA 

& Gilliam 1980). In the small intestine, levels of cathepsin B encoding mRNA are similar in 

T. cruzi-infected and uninfected insects (URSIC-BEDOYA & LOWENBERGER 2007). However, 

cathepsin D activity in the small intestine is increased at one and three days after ingestion of 

T. cruzi infectious blood (BORGES et al. 2006). 

Hemolytic factors are responsible for the lysis of erythrocytes in the stomach of 

triatomines. After the release of the hemoglobin, proteolytic enzymes can digest this protein 

in the small intestine. In the stomach of R. prolixus, hemolytic factors lyse epimastigotes of 

T. cruzi strain Y, which are not agglutinated. Epimastigotes of T. cruzi clone Dm28c and 

strain Cl are agglutinated and not lysed (AZAMBUJA et al. 1989). A possible explanation is the 

different genotype of the strains, since strain Y belongs to lineage TcII, while clone Dm28c is 

classified into TcI and the strain Cl into TcIV (ZINGALES et al. 2009). 

 

1.3.3 Interactions with the mammalian complement system in the vector 

Relating to the complement system of the mammalian hosts, only metacyclic trypo-

mastigotes possess the capacity to survive in mammals. Epimastigotes are lysed by the com-

plement system (VICKERMAN 1985). After complete genome sequencing a variety of surface 

encoding genes is known. These numerous genes probably allow the evasion of the vertebrate 

host immune response (EL-SAYED et al. 2005). Differentiation of trypomastigotes into 

epimastigotes is initiated shortly after ingestion. Genes encoding for surface molecules, such 

as the members of the mucin and mucin-associated surface proteins are concurrently 

expressed in the epimastigote phase of T. cruzi (EL-SAYED et al. 2005). The corresponding 

gene products may prevent lysis of the intermediate stages by factors present in the intestine 

of the vector, e.g. the vertebrate complement system. In R. prolixus, the complement system is 

not inhibited immediately, but within two hours after blood ingestion a significantly reduced 

activity can be detected, which persists up to two days afterwards (Garcia, unpublished). In 

addition, the saliva and the stomach of triatomines contain inhibitors, which are able to inhibit 

the complement system (BARROS et al. 2009). The sensitivity of T. cruzi is demonstrated by 

the fate of the population in the stomach. In established T. cruzi infections, epimastigotes in 

the stomach are killed after ingestion of blood from chickens or rats. Mouse blood possesses 

only a weak complement system. Thus, the epimastigotes survive after blood ingestion (sum-

marized by SCHAUB 2009). If the complement system of ingested blood kills the 

trypanosomes, the stomach is not re-colonized by trypanosomes from the small intestine 
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before all blood has passed to the small intestine. The reflux is also indicated by a brownish 

colorization of the stomach contents. 

 

1.4 The immune system of insects 

Not only mammals but also insects possess innate immunity. Herein, activation 

cascades are quite similar. In insects, the hemolymph acts as an open circulation system in 

which both cellular and humoral reactions occur. Cellular immune response involves e.g. 

haemocytes. In contrast, the intestinal immune system is suggested to possess only humoral 

components (summarized by MÜLLER et al. 2008). 

 

1.4.1 Cellular immune response 

The cellular immune response is controlled and activated by circulating haemocytes in 

the abdominal cavity (MATOVA  & ANDERSON 2006). The classification of haemocytes varies 

according to species and authors (MÜLLER et al. 2008). Therein often five types of 

haemocytes have been classified in insects: the prohaemocytes, plasmatocytes, granular cells, 

oenocytoides and spherulocytes (ARAUJO et al. 2008). The defense mechanism against patho-

gens and therefore the interaction of haemocytes is adapted to the cruelty of the infection. A 

slight infection with only few bacteria induces phagocytosis (BRIGGS & ROCKSTEIN 1964; 

LACKIE 1988a). After phagocytosis, haemocytes use lysosomal acidic enzymes such as phos-

phatases, peroxidases and esterases to kill and digest the ingested bacteria. Higher numbers of 

bacteria and bigger particles induce cellular encapsulations (GÖTZ 1988; LACKIE 1988b). 

Mostly, encapsulation is accompanied by the formation of melanin. Therefore, the proteolyt-

ically activated phenoloxidase oxidizes mono- and diphenols, such as tyrosine, and the re-

sulting quinines polymerize to melanin (TRENCZEK 1992). In cellular encapsulations, 

plasmatocytes change to a fibroblast-like shape and attach to the foreign surface. After at-

tachment, the granular cells are releasing components of the humoral immune response and 

mediators that attract other haemocytes. Nodule formation is a combination of the described 

mechanisms. Therein, masses of bacteria are not only phagocytised, but haemocytes aggre-

gate to prevent the spread of pathogens in the haemocoel (SALT 1970; TRENCZEK 1992). 

 

1.4.2 Humoral immune response 

Different soluble proteins of the haemolymph, e.g. lectins, which agglutinate foreign 

cells, are involved in the humoral immune response of insects. Although insects do not pos-
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sess an immune response controlled by specific antibodies, the activation of genes for the 

production of the humoral components is comparable with vertebrates’ immune response 

(MÜLLER et al. 2008). In some dipteran larvae, such an encapsulation and melanisation occurs 

without an involvement of haemocytes, which is so-called humoral encapsulation (GÖTZ & 

VEY 1974). 

Other components of the humoral immune response are mainly antibacterial peptides or 

proteins, which can be classified into five groups, corresponding to their biochemical proper-

ties (Table 1.4). Due to the lack of cysteine residues, α-helical peptides are linear. Cecropins, 

belonging to this group, were the first inducible antimicrobial peptides isolated from insects 

(HULTMARK  et al. 1982). Acting against Gram- as well as Gram+ bacteria and fungi, cecropins 

are small peptides of 31-39 amino acid residues (Table 1.4). So far, 21 cecropins were 

isolated from the haemolymph and the digestive tracts of insects (MORISHIMA et al. 1995; 

BREY & HULTMARK  1998; EKENGREN & HULTMARK  1999; SAITO et al. 2005; WANG et al. 

2007). Produced by transformed symbionts in the gut of the reduviid bug R. prolixus, cecropin 

kills all T. cruzi stages. In contrast, bugs containing non-modified symbionts remain infected 

(BEARD et al. 2002). Other antimicrobial peptides are acting against T. cruzi only in vitro 

(summarized by PAUSCH et al. in press). 

Defensins belong to the cysteine-rich peptides, characterized by a high number of 

cysteine residues. Based on the arrangement of the disulfide bridge-forming cysteine residues 

four types of defensins can be classified: classical defensins, β-defensins, cyclic defensins and 

insect defensins (Table 1.4) (GANZ & LEHRER 1995). Insect defensins possess six cysteine 

residues, forming three disulfide bridges. They are classified as pore-forming peptides with 

activity against Gram+ bacteria and fungi as well as some Gram- bacteria (Table 1.4). 

Defensins are synthesized by Diptera, Coleoptera, Hymenoptera and Heteroptera (BULET et 

al. 1993; ARAUJO et al. 2006). 

Proline-rich peptides are characterized by a Pro-Arg-Pro sequence as well as by O-gly-

cosylated substitutions (COCIANCICH et al. 1994). Within this group, there is no consistent 

classification related to the area of action. Abaecin and apidaecin are known from honey bees. 

While abaecin is active against Gram+ and Gram- bacteria, apidaecin is only slightly effective 

against Gram- bacteria (Table 1.4) (CASTEELS et al. 1989; 1990). 

Glycine-rich peptides are representing the most variable group of the antibacterial pep-

tides and proteins and are characterized by a high content of glycine residues in their amino 

acid sequence (Table 1.4). Attacins are the best studied members in this group with a molecu-

lar mass of 20-23 kDa. They were first isolated from the haemolymph of the silk moth 



CHAPTER 1  GENERAL INTRODUCTION AND OBJECTIVES 

20 

 

Hyalophora cecropia (ENGSTRÖM et al. 1984a). In this insect, different isoforms of attacins 

occur, characterized by different isoelectric points (HULTMARK  et al. 1983; ENGSTRÖM et al. 

1984b). Recently, sequences of antimicrobial peptides from triatomines, related to the 

diptericin/attacin family were included in the database (GenBank accessions ACC68686.1, 

ACB06753.1 and ACG50017.1). However, the interaction with flagellates and bacteria re-

mains to be investigated (summarized by PAUSCH et al. in press). 

Lysozymes are ubiquitous in all multicellular animals and plants and are classified into 

four groups, corresponding to the position of the active centre: chicken (c)-type, goose (g)-

type, the invertebrate (i)-type and the T4-type from bacteriophages (HULTMARK  1996; 

GRUNCLOVÀ et al. 2003). C-type lysozymes were so far found in birds, mammals, fishes, rep-

tiles and invertebrates (JOLLÈS et al. 1979; GRINDE et al. 1988). They are characterized by 

their ability to hydrolyze the β-(1,4)-glycosidic linkages between the C1 of N-acetylmuramic 

acid and the C4 of N-acetylglucosamine in the peptidoglycan layer of bacterial cell walls. In-

sect lysozymes mostly belong to c-type lysozymes (DAFFRE et al. 1994; LEE & BREY 1995; 

HULTMARK  1996; DIMARCQ et al. 1998). Some, like a lysozyme from Anopheles gambiae, are 

members of the group of i-type lysozymes (PASKEWITZ et al. 2008). Despite their different 

origin, the biochemical characteristics of the different lysozymes are comparable. The prefer-

ential basic proteins with a molecular mass between 13 and 16 kDa are heat stable in acidic 

milieus whereas they are instable in basic milieus (ABRAHAM  1939; KINOSHITA & INOUE 

1977). Mostly, the pH-optimum is between pH 6 and pH 7, in the case of the rainbow trout 

Salmo gairdneri and the scallop Chlamys islandica at pH 5.5 or rather pH 4 (GRINDE et al. 

1988; NILSEN et al. 1999). 

At the beginning of the 20th century, bacteriolytic activity in the gut of triatomines was 

first described (DUNCAN 1926). The expression of genes encoding for lysozymes were 

detected in the digestive tract and the fat body of R. prolixus, T. infestans and T. brasiliensis 

(KOLLIEN et al. 2003; ARAUJO et al. 2006; BALCZUN et al. 2008; URSIC-BEDOYA et al. 2008). 

In contrast to other antimicrobial peptides, genes encoding lysozymes are often expressed 

constitutively, e.g. in the fatbody of Bombyx mori (MORISHIMA et al. 1995). Subsequent to the 

synthesis in the fatbody, lysozyme is transported to the haemolymph. There, it acts as part of 

the unspecific immune defense (ANDERSON & COOK 1979). Defensin encoding genes were 

expressed in the digestive tract and fat body of R. prolixus, the salivary glands and the fat 

body of T. brasiliensis (LOPEZ et al. 2003; ARAUJO et al. 2006; WANIEK  et al. 2009a).  

In addition to their antibacterial activity, some non-triatomine peptides like mellitin, 

magainin, dermaseptin and tachyplesin also possess the ability to kill trypanosomes in vitro 
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(GARCIA et al. 2010). However, this occurs using higher than the naturally occurring concen-

trations. More relevant for an understanding of the interaction of T. cruzi and antibacterial 

compounds are investigations considering nitric oxide (WHITTEN et al. 2007). The gene en-

coding for nitric oxide synthase is up-regulated in the stomach after infection. In the small 

intestine and rectum, more nitrite can be detected, in the rectum even before the parasite is 

present. The expression of a lysozyme encoding gene in R. prolixus is induced after infection 

with T. cruzi, a different one is only expressed in the hemolymph (URSIC-BEDOYA et al. 

2008). 

 

Table 1.4: Groups and representatives of antibacterial peptides and proteins in insects. 
 Insect group Mass [kDa] Spectrum References* 

α-helical peptides     
Cecropins Lepidoptera, 

Diptera 
4-7 Gram+, Gram-, 

fungi, viruses 
4, 11, 12, 13, 
22 

     
Cysteine-rich peptides     
Defensins Diptera, Hemiptera 4-5 Gram+, fungi, 

protozoa 
8, 10, 14, 15, 
16 

Drosomycin Diptera 5 fungi 17 
     
Proline-rich peptides     
Thanatin Hemiptera 2.4 Gram+, Gram-, 

fungi 
18 

Drosocin Diptera 2.5 Gram- 15, 20 
Abaecin Hymenoptera 4 Gram+, Gram- 9, 15 
Apidaecin Hymenoptera 2 Gram- 15, 20 
Metalnikowins Hemiptera 3 Gram- 20 
Pyrrhocoricin Hemiptera 4 Gram+, Gram- 20, 21 
     
Glycine-rich peptides     
Attacins Lepidoptera, 

Diptera 
20-23 Gram- 5, 6, 7, 15 

Sarcotoxins II Diptera 24-30 Gram- 15, 20 
Diptericin Diptera 9 Gram- 20 
Coleoptaecin Coleoptera 8 Gram- 17 
Hymenoptaecin Hymenoptera 10 Gram- 15, 20 
Drosomycin Diptera 5 Gram-, fungi 17 
Hemiptericin Hemiptera 15 Gram- 15, 20 
     
Lysozymes ubiquitary 13-17 Gram+ 1, 2, 3, 19 

 

*The references corresponding to the respective number are the following: 
1: MALKE  (1965); 2: MOHRIG & MESSNER (1968); 3: JOLLÈS et al. (1979); 4: HULTMARK  et al. (1982); 5: 
HULTMARK  et al. (1983); 6: ENGSTRÖM et al. (1984a); 7: ENGSTRÖM et al. (1984b); 8: MATSUYAMA  & NATORI 
(1988); 9: CASTEELS et al. (1989); 10: LAMBERT et al. (1989); 11: KYLSTEN et al. (1990); 12: MORISHIMA et al. 
(1990); 13: TANIAI  et al. (1992); 14: CHALK  et al. (1994); 15: COCIANCICH et al. (1994); 16: DIMARCQ et al. 
(1994); 17: FEHLBAUM  et al. (1994); 18: FEHLBAUM  et al. (1996); 19: REES et al. (1997); 20: BULET et al. 
(1999); 21: SCHNEIDER & DORN (2001); 22: LAVINE  & STRAND (2002) 
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1.5 Objectives 

The development of T. cruzi in the invertebrate host has been intensively investigated 

throughout the past decades (CHAGAS 1909; BRACK 1968; ZELEDÓN et al. 1984; SCHAUB 

1988c; ALVARENGA & BRONFEN 1997; KOLLIEN & SCHAUB 2000; SCHOFIELD 2000). Pre-

vious studies focused on the population density and the developmental stages of T. cruzi in 

the digestive tract and the effect of the bug’s nutritional stage, i.e. of feeding and starvation 

(summarized by KOLLIEN & SCHAUB 2000; SCHAUB 2009). However, in the interactions be-

tween T. infestans and T. cruzi, a parasite induced intestinal immune response has rarely been 

considered (summarized by GARCIA et al. 2010). Pathogen detection and identification pre-

cede the development of an immune response and are crucial for an organism’s survival 

(MÜLLER et al. 2008). Therefore, new investigations need to focus on the physiological reac-

tions following parasite identification.  

The present thesis aimed to investigate the parasite induced immune response to 

T. cruzi-infection in T. infestans applying molecular and protein biochemical tools. Eluci-

dation of the intestinal immune responsive bacteriolytic active compounds will provide a 

more detailed understanding of host parasite interactions. The thesis is divided into 2 chapters 

addressing the parasite induced humoral immune response in T. infestans and characterizing 

bacteriolytically active compounds. Lysozymes were biochemically characterized as antimi-

crobial compounds of the insects’ humoral immune system using an in vivo approach. Taking 

advantage of their charge, lysozymes were separated by high-performance liquid chromato-

graphy. Bacteriolytic activity of separated fractions was determined, including determinations 

of the optimal pH-conditions of this activity. Subsequently, peptidergic components were 

identified through mass spectrometry. The bacteriolytic activities in the posterior digestive 

tract were examined using a qualitative approach and correlated to the concentration of so-

luble proteins in the digestive tract. The major part focused on investigations of the intestinal 

bacteriolytic activity of non-infected and long- and short-term T. cruzi-infected T. infestans. 

Factors inducing the intestinal immune response were elucidated by the feeding of mixtures 

of blood with blood trypomastigotes, surface coat of blood trypomastigotes, blood 

trypomastigotes without surface coat and epimastigotes. At different days after feeding, the 

level of bacteriolytic compounds was determined photometrically at different pH-values and 

the composition of these compounds in zymograms. This was correlated to genes encoding 

different lysozymes, of which the expression level was determined in quantitative reverse 

transcriptase PCR (qRT-PCR).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

GENERAL MATERIALS AND METHODS 

 

 

 

 

 

 

 

THIS CHAPTER DESCRIBES MATERIAL AND METHODS, WHICH ARE USED IN CHAPTERS 3 AND 4. 
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2. General Materials and Methods 

In the following, the material and methods used in chapters 3 and 4 are described in de-

tail. 

2.1 Materials: Insect source and maintenance 

Triatoma infestans strain “Chile” originates from Cachiyuyo, Chile. Non-infected bugs 

were fed on chickens every 3-4 weeks and reared at 27 ± 1 °C, 70-80 % relative humidity and 

a 16h/8h light/dark rhythm (KOLLIEN & SCHAUB 1998a). The bugs were maintained in groups 

of about 150 specimens in two-liter beakers (SCHAUB 1989). An in vitro culture of the 

T. infestans symbiont Rhodococcus triatomae (YASSIN 2005, YASSIN &  SCHAAL 2005) was 

cultured in Standard I medium (Merck, Darmstadt, Germany), harvested in the exponential 

growth phase and added to the triatomines after each feeding (EICHLER & SCHAUB 2002). 

 

2.2 Methods 

2.2.1 Measurement of protein concentrations and antibacterial activity 

The concentration of soluble protein was determined in a commercial Bradford assay 

(BRADFORD 1976) modified according to ZOR &  SELINGER (1996). For each measurement, 

15 µl high-purity water were mixed with 5 µl sample and 80 µl reagent (Roti®-Nanoquant, 

Roth). Duplicates of 40 µl were aliquoted. The readings of the 96-well plates were done in a 

Model 680 ELISA-reader (Biorad, München, Germany). Different concentrations of BSA 

ranging from 10 µg/ml up to 175 µg/ml were used as protein standards. Protein concentration 

of individual samples was calculated by determining the slope of a standard optical density 

curve. 

Bacteriolytic activity of small intestine contents and homogenates and rectum homoge-

nates against Micrococcus lysodeikticus was measured as change in optical density of a mix-

ture of 30 µl Britton-Robinson-Buffer (0.15 % (w/v) boric acid, 0.15 % (v/v) acetic acid, 

0.19 % (v/v) phosphoric acid) (BRITTON & ROBINSON 1931) with the respective pH (pH 3.0 

to pH 8.0), 50 µl substrate (final concentration 0.015 % (w/v) lyophilized M. lysodeikticus), 

12 µl high-purity water and 5 µl of the respective sample. A similar mixture was used to de-

termine the bacteriolytic activity after chromatographic separation. Here, a Britton-Robinson 

buffer pH 6.0 and no water was used, but 20 µl of the respective sample. Blanks were per-
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formed without sample but high-purity water. The optical density was measured at 415 nm for 

30 min in a Model 680 ELISA-reader (Biorad, München, Germany). The resulting differences 

of optical density (∆OD) were used to calculate the activity/µg protein. Three independent 

biological samples were used in duplicate measurements. All statistics were done using t-tests 

in pairwise comparisons (DATEN-CONSULT 2011). 

 

2.2.2 SDS-polyacrylamide gel electrophoresis and zymography 

Protein separation was performed using SDS-polyacrylamide gel electrophoresis ac-

cording to LAEMMLI  (1970) under non-reducing conditions using 13 % T separating gels. Gels 

of 75 x 80 x 0.5 mm were run in a Hoefer SE 260 (GE Healthcare, Freiburg, Germany) with a 

maximum voltage of 300 V. After electrophoresis, proteins were stained for 15 min in 

Coomassie solution (0.002 % (w/v) Coomassie Brilliant Blue G250, 47.5 % (v/v) methanol, 

10 % (v/v) acetic acid) and destained in 10 % (v/v) acetic acid until the background was clear 

(MEISER 2009). 

Zymography was performed using 0.3 % M. lysodeikticus in separating gels 

(CYTRYNSKA et al. 2001; HARDT et al. 2003). After electrophoresis, proteins were renaturated 

twice in Britton-Robinson buffer (pH 6.0) (BRITTON & ROBINSON 1931) supplemented with 

0.1 % (v/v) Triton X-100 (Sigma, Steinheim, Germany). After pH verification, buffer was 

changed and zymograms were incubated at 37 °C over night. Staining was performed for 1-

2 min in freshly prepared 0.1 % (w/v) methylene blue in 0.001 % (w/v) NaOH. Zymograms 

were destained in water until the stacking gel was clear. Gels and zymograms were analyzed 

and molecular masses were calculated in reference to a standard protein mix (Fermentas, St. 

Leon-Roth, Germany) using ImageMasterTM 1D Version 4.0 (GE Healthcare, München, 

Germany). 

 

2.2.3 Enzymatic digestion of proteins for mass spectrometry 

Supernatants of small intestine contents from non-infected and T. cruzi-infected 

T. infestans (see 3.2.4) and protein samples of small intestine homogenates separated via 

anion exchange chromatography (see 4.2.2) were used. Proteins were separated by SDS-

PAGE (see 2.2.2) to determine the bacteriolytically active compounds of small intestine con-

tents and proteins of about 13 and 25 kDa were considered. In order to distinguish patterns of 

bacteriolytic compounds from small intestine homogenates after anion exchange chromato-

graphy, flow-through and fractions of bacteriolytic activity were concentrated at 4 °C and 
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13,000 g in ultra filtration tubes with a 4 kDa exclusion limit (Interstep, Witten, Germany) 

and mixed with reducing sample buffer (30 % (v/v) glycerol, 150 mM Tris-HCl, pH 7, 12 % 

(w/v) SDS, 60 mM DTT supplemented with bromphenol blue) and loaded on a 4-12 % 

AnamedPro gel (Anamed, Groß-Bieberau, Germany). Electrophoresis was carried out in run-

ning buffer (25 mM Tris, 192 mM glycine, 35 mM SDS) for 15 min in a XCell surelock appa-

ratus (Invitrogen, Karlsruhe, Germany) using 50 V and 3,000 W as limits. After fixation in 

50 % (v/v) methanol and 2 % (v/v) phosphoric acid, gels were washed three times for 10 min 

in high-purity water, then equilibrated in 34 % (v/v) methanol, 2 % (v/v) phosphoric acid and 

17 % (w/v) ammonium sulfate for 30 min and stained over night in equilibration solution 

supplemented with 0.01 % (w/v) Coomassie G250.  

Subsequently, protein bands obtained from homogenates and small intestine contents 

were excised and destained by alternating incubations in 10 mM ammonium bicarbonate and 

5 mM ammonium bicarbonate in 50 % (v/v) acetonitrile for 10 min, respectively, until the 

bands were transparent. In-gel digestion and sample preparation for LC/MS analysis was per-

formed according to MEISER (2010). 

 

2.2.4 Nano-HPLC and Electrospray ionization tandem mass spectrometry 

Online reversed-phase nano HPLC separations were performed using the Dionex 

U3000nano HPLC system (Dionex, Idstein, Germany) with a C18 precolumn and a C18 sepa-

ration column. Peptides were loaded on-line and preconcentrated with 0.1 % (v/v) 

trifluoroacetic acid with a flow rate of 7 µl/min for 10 min on the precolumn (0.075 mm I.D. 

x 20 mm length, 3 µm particle size, 100 Å pore size, 60 °C column temperature, Acclaim 

PepMap100, Dionex) using the loading pump. Separation was performed using a separation 

column (75 µm I.D. x 250 mm length, 2 µm particle size, 100 Å pore size, 60 °C column 

temperature, Acclaim PepMap100, Dionex) and a nanopump with a flow rate of 400 nl/min. 

Solvent A (0.1 % (v/v) formic acid) was used for equilibration, while solvent B (0.1 % (v/v) 

formic acid, 84 % (v/v) acetonitrile) was used to generate a gradient of 5 % to 30 % in 

95 min. Solvent B was increased to 95 % within a 2 min time frame. Both columns were 

washed with 95 % solvent B for 7 min. The columns were reequilibrated with 5 % solvent B 

for at least 20 min. 

Electrospray ionization tandem mass spectrometry (ESI-MS/MS) was performed on a 

LTQ Velos Orbitrap equipped with a nanoelectrospray ion source (Thermo Scientific, 

Bremen, Germany). The mass spectrometer was externally calibrated with standard com-
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pounds. General parameters for mass spectrometry were as follows: spray voltage: 1.4-

1.5 kV; capillary temperature: 275 °C; minimum signal threshold: 1,500 counts; maximum 

fill-time: 100 ms. For MS/MS peptide analysis the 20 most intense ions with an assigned 

charge of z ≥ 2+ were chosen for fragmentation by low energy collision-induced dissociation 

(low energy CID). Dynamic exclusion was automatically placed on previously selected m/z 

for 30 s. MS-Scan was performed in the Orbitrap-mass analyser with a resolution of 30,000 at 

m/z=400 and fragment ions have been scanned in the linear ion trap with a resolution of 

~1,000. 

 
2.2.5 Mass spectrometric data analysis 

MS/MS spectra have been processed using the software Proteome Discoverer v1.2 

(Thermo Scientific, Bremen). For peptide and protein identification, fragment spectra were 

searched with Mascot v2.3.2 (www.matrixscience.com) on an in house installed server 

(PERKINS et al. 1999) against TrEMBL protein entries for T. infestans (257 protein entries) 

and Swiss-Prot protein entries for Gallus gallus and Rattus rattus. Mascot searching parame-

ters were set to a tolerance of 10 ppm for protein precursor ions and 0.4 Da for fragment ions. 

Oxidation of methionine and propionamidation of cysteine was considered as variable mod-

ification and a maximum of four missed cleavage sites were allowed in case of incomplete 

trypsin digestion. For positive protein identification, at least two unique peptides and a mini-

mum protein score of 40 were required. 
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3. Influence of Trypanosoma cruzi on Triatoma infestans: intestinal 
    bacteriolytic activity and expression pattern of lysozymes 
 
3.1 Introduction 

Chagas disease is caused by the protozoan parasite Trypanosoma cruzi, first found in 

the digestive tract of the triatomine Panstrongylus megistus (CHAGAS 1909). Principally, 

T. cruzi is transmitted to humans by the infectious feces of haematophagous triatomine spe-

cies such as Triatoma infestans. A successful insecticide spraying campaign, organized by the 

Southern Cone Initiative in the 1990th, eliminated the domestic populations of T. infestans in 

many of the affected countries (SCHOFIELD & DIAS 1999). Although the incidence of 

T. infestans was seriously minimized by the efforts of the Southern Cone Initiative, 

T. infestans is still relevant in many regions of Latin America (see 1.1). 

Triatomines possess an intestinal innate immune system acting against air-borne mi-

crobes or pathogens and presumably regulating the development of symbionts. The bacteri-

olytic activity in the gut of Rhodnius prolixus and T. infestans is feeding dependent (RIBEIRO 

&  PEREIRA 1984; MEISER 2009). This inducible antimicrobial activity is most probably based 

on multiple factors and some of them are suggested to affect parasite development in the 

vector (summarized by URSIC-BEDOYA et al. 2008; GARCIA et al. 2010). Also digestive en-

zymes like cathepsins were described as putative factors that interact with T. cruzi in the small 

intestine (see 1.3.2 and 1.4.2). Focusing on antimicrobial peptides, the only doubtless effect is 

stated for the lepidopteran cecropin. If it is produced by genetically modified symbionts of 

triatomines, T. cruzi is killed in the vector.  

Several triatomine-produced antimicrobial compounds are induced by an infection with 

T. cruzi. Nitric oxide (NO) is known as widespread immune effector and signaling molecule 

in many organisms. In studies that assessed NO synthase (NOS) gene expression as well as 

NO production in Rhodnius prolixus, the tissues of the digestive tract react pathogen specifi-

cally to infections with T. cruzi and Trypanosoma rangeli, but the levels of mRNA encoding 

NO synthase does not always reflect the concentration of NO in the gut (WHITTEN et al. 

2007). The gene of prolixicin, an attacin-like peptide is expressed after an infection, but the 

peptide does not affect the parasite in vitro (URSIC-BEDOYA et al. 2011). According to mo-

lecular biological data in different triatomine species, genes encoding the antimicrobial pep-

tide defensin are expressed together with genes encoding for lysozymes in the digestive tract 

(LOPEZ et al. 2003; ARAUJO et al. 2006; WANIEK et al. 2009a). In contrast to lysozymes, 

defensins are small, presumably pore-forming peptides of about 4 kDa (BULET et al. 1999). 
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After feeding of T. infestans and Triatoma brasiliensis, the levels of mRNA encoding for 

lysozyme and defensin are higher in the stomach than in the small intestine (KOLLIEN et al. 

2003; ARAUJO et al. 2006; WANIEK et al. 2009a). After T. cruzi infection in R. prolixus, the 

transcript level of RpLys-A is increased, while RpLys-B remains to be unaffected (URSIC-

BEDOYA et al. 2008).  

Considering the molecular basis of these interactions has become a major field of re-

search within the last years (URSIC-BEDOYA et al. 2008; WANIEK  et al. 2011). However, the 

organization and physiological role of these interactions are not clearly understood. Therein, 

understanding lysozyme expression pattern together with the respective bacteriolytic activity 

after T. cruzi-infection poses an initial step. The present study focuses on the time course of 

the bacteriolytic activity in small intestine and rectum samples of non-infected and T. cruzi-

infected T. infestans fifth instar nymphs after blood ingestion as well as the corresponding 

expression pattern of the lysozyme genes. The intestinal bacteriolytic activity of triatomines 

was analyzed using a liquid assay and the zymogram technique to indicate the presence and 

changes of concentration of bacteriolytic compounds. The relative expression of two 

lysozyme genes was determined using qRT-PCR. A better understanding of such complex 

molecular interactions between the insects and parasites could help to develop new strategies 

to fight the transmission of Chagas disease. 

 

3.2 Methods 

3.2.1 Mammal maintenance, parasites and exposure to Trypanosoma cruzi 

Nude mice and rats (RNU/rnu- and Ztm/NZNU) of both genders were obtained from the 

Zentralinstitut für Versuchstierzucht, Hannover, Germany. They were maintained in filter cap 

cages and were supplied with sterile water and food ad libitum (HÖLSCHER et al. 2000). All 

procedures with rats were conducted under deep anesthesia including carefully monitoring 

during recovery. T. cruzi strain “Chile 5” belongs to the zymodeme 1 (EBERT & SCHAUB 

1983). Isolated from T. infestans from the same village, it is cyclically maintained between 

this vector and mice or stored as aliquots at -80 °C (SCHAUB 1988b). For passaging of 

trypanosomes, female immunocompetent Balb/c mice were intraperitoneally (i.p.) infected 

with trypanosomes and the resulting parasitemia was controlled daily according to BRENER 

(1973). About three weeks post infection (p.i.), at the peak of parasitemia in the Balb/c mice, 

nude mice were infected with 100 µl sterile heart blood, containing about 0.8 million 

trypanosomes/ml blood for a subsequent passage. After 18 days at high parasitemia in the 
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nude mice four male nude rats (RNU/rnu-) were infected i.p. with 150 µl sterile heart blood of 

the nude mice, containing about 0.12 million trypomastigotes. After 21 days the nude rats 

were used to infect fifth instar nymphs of T. infestans. In addition, blood trypomastigotes 

were isolated at the peak of parasitemia. 

For the isolation of surface coats from blood trypomastigotes, the blood was obtained by 

cardiac puncture in 0.1% (w/v) heparin-sodium salt (Hoffmann-La Roche, Grenzach Wyhlen, 

Germany) using about 1 ml/rat. After differential centrifugation (10 min, 350 g, 4 °C), resus-

pension in rat serum and a second differential centrifugation, the parasite-containing super-

natants were pooled and centrifuged for 10 min at 900 g and 4 °C according to HÖLSCHER et 

al. (2003) with the following slight modifications. The trypanosomes were resuspended in 

2 ml phosphate buffered saline solution supplemented with 5 % (w/v) glucose (SCHAUB 

1991). After centrifugation (20 min, 400 g, 4 °C), supernatant was additionally centrifuged for 

10 min at 10,000 g and 4 °C. An induction of surface coat shedding was achieved by resus-

pending all pelleted blood trypomastigotes in protein-free buffer followed by a strong centri-

fugation for 5 min at 10,000 g and 4 °C (HÖLSCHER et al. 2003). Resulting supernatant and 

pellet were mixed using an injection needle (0.50 x 25 mm, BD, Heidelberg, Germany) to 

increase the shedding of the surface coats and centrifuged for 5 min at 10,000 g and 4 °C. 

This procedure was repeated. After additional centrifugation (10 min, 10.000 g, 4 °C), the 

supernatant contained shed surface coats and the pellet the trypomastigotes with less surface 

coat, termed “naked” trypomastigotes. For artificial feeding, heparinized rat blood was centri-

fuged (10 min, 350 g, 4 °C) and the complement system inactivated by incubating the serum 

for 30 min at 50 °C. Subsequently, the serum was mixed with the cellular blood components 

and either surface coats or naked trypomastigotes. 

 

3.2.2 In vitro cultivation of Trypanosoma cruzi epimastigotes 

For cultivation of T. cruzi epimastigotes, a cryopreserved stabilate of T. cruzi “Chile 5” 

was thawed rapidly and inoculated into 2 ml LIT medium (CAMARGO 1964) supplemented 

with fetal bovine serum (final concentration 5 % (v/v)). Epimastigotes were cultivated at 

28 °C and passaged four times in intervals of two days. Thereby, the cultures contained only 

epimastigotes. These were harvested by centrifugation for 10 min at 400 g and room temper-

ature and washed twice in LIT medium. Epimastigotes were resuspended in 5 ml LIT me-

dium, counted (BRENER 1973) and mixed with complement-inactivated rat blood for artificial 

feeding (Table 3.1). 
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3.2.3 Establishment of experimental groups 

First (N1) and fifth (N5) instar nymphs were used in two approaches (Table 3.1). For 

the long-trypo group and the corresponding long-control group, first instar nymphs were fed 

2 weeks after hatching on uninfected Balb/c mice or on T. cruzi infected Balb/c mice at the 

peak of parasitaemia with about 0.16 million trypomastigotes/ml blood (Table 3.1). Subse-

quently, both groups were fed on chicken in the second, third and fourth instar about four 

weeks after the previous feeding. 40 days after feeding (daf) of the fourth instar nymphs, the 

resultant fifth instars were dissected either without previous feeding as unfed or fed on 

chicken. The high number of fifth instar nymphs did not enable a feeding on rats. Only fully 

engorged fed nymphs were considered and dissected at 2, 3, 5, 10 and 15 daf. 

In the short-term groups, the feeding schedule of the first to fourth instars and the 

feeding and dissection schedule of fifth instars until 5 daf were identical with those of the 

long-control group. The fifth instars of the short-control group were fed on uninfected anes-

thesized rats, the short-trypo group on infected anesthesized nude rats at the peak of parasi-

taemia with about 0.8 million trypomastigotes/ml blood (Table 3.1). The other fifth instar 

nymphs were fed through silicone membranes (SCHAUB 1990) with a mixture of complement-

inactivated blood of uninfected rats and either shed surface coats (short-surface group), de-

rived from the corresponding number of parasites (0.9 million trypomastigotes/ml blood) or 

these trypomastigotes without surface coats (short-naked-trypo group). The short-epi group 

received complement-inactivated rat blood containing about 0.9 million epimastigotes/ml 

blood (Table 3.1), and the nymphs were dissected at 2 and 5 daf. 

Table 3.1: Characteristics of experimental groups. 
name established 

as 
feeding on (instar) approach 

long-control  N1 uninfected mice (L1); chicken (L2-L5) 1 
long-trypo  N1 infected mice (L1) (blood trypomastigotes); chicken (L2-L5) 1 
    
short-control N5 uninfected mice (L1); chicken (L2-L4); uninfected rats (L5) 1, 2 
short-trypo N5 uninfected mice (L1); chicken (L2-L4); infected rats (L5) 

   (blood trypomastigotes) 
1, 2 

short-surface 
 

N5 uninfected mice (L1); chicken (L2-L4); rat blood containing 
   shed surface coats (L5) (membrane feeding) 

1, 2 

short-naked-trypo N5 uninfected mice (L1); chicken (L2-L4); rat blood containing  
   trypanosomes without surface coats (L5) (membrane feeding) 

2 

short-epi 
 

N5 uninfected mice (L1); chicken (L2-L4); rat blood containing 
   in vitro cultured epimastigotes (L5) (membrane feeding) 

2 
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3.2.4 Sample preparation 

For measurements of the bacteriolytic activity, always nine T. infestans were dissected 

in physiological saline (0.9 % (w/v) NaCl) to obtain 3 independent biological samples of 3 

bugs each at each time point. Small intestines were submerged with forceps in 210 µl ice cold 

0.9 % (w/v) NaCl and slightly agitated to support the outflow of the contents. Recta were 

pestled 210 µl 0.9 % (w/v) NaCl. At 2, 3 and 5 daf, trypanosomes in small intestine contents 

and rectum homogenates of short-trypo group and short-naked-trypo group were counted 

(BRENER 1973). Contents of small intestine as well as homogenates of recta were centrifuged 

for 20 min at 400 g and room temperature to remove trypanosomes. These low centrifugation 

forces were used to strongly reduce the shedding of the surface coat of trypanosomes 

(HÖLSCHER et al. 2003). Supernatants were then centrifuged at 16,000 g for 45 min at 4 °C. 

The resulting supernatants were used for activity measurements, SDS-PAGE, zymography 

and subsequent mass spectrometry (see 2.2.1-2.2.5). For SDS-PAGE and zymography, 15 µl 

of each sample were used. Since we focused on the bacteriolytic activity, identical volumes of 

the independent samples rather than identical amounts of proteins were used, because protein 

content is strongly affected by the feeding status. 

For quantitative expression analysis, small intestines were immediately transferred into 

liquid nitrogen. Always two small intestines were pooled to obtain four independent biologi-

cal samples for each time point and stored at -80 °C. Total RNA was isolated using the 

RNeasy Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions. Quality of 

RNA was controlled and the concentration determined by capillary electrophoresis using the 

Experion system (Biorad, München, Germany). RNA samples were not heat denatured before 

electrophoresis because of the endogenous “hidden break” occurring in the 28S rRNA of most 

insects (WINNEBECK et al. 2010), resulting in a misinterpretation of the RNA profile. Since 

degradation pattern recognition of an RNA sample by the Experion system software is auto-

matically generated using saved pherograms of human liver RNA of different quality as de-

gradation standards (DENISOV et al. 2008), the slightly divergent pattern of insect RNA often 

leads to an inaccurate low RNA quality index value (RQI). Therefore, pherograms of all RNA 

samples were additionally analyzed by eye. In general, samples with an RQI value of ≥6.8 

were used for quantitative PCR except for three and one sample at 3 and 5 daf, respectively, 

of the non-infected control group and one sample at 2 and 3 daf of the short-trypo group 

(Tables S8.1.17-S8.1.19, Suppl.). These RNA samples were also used in qPCR because the 

respective pherograms indicated a better quality than specified by the RQI value. To remove 
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traces of genomic DNA, RNA samples were incubated for one hour at 37 °C with two units 

DNase I (Fermentas, St. Leon-Roth, Germany) according to the manufacturer’s recommenda-

tions. Finally, RNA concentrations of 2.5 ng/µl were adjusted using RNase free water. 

 

3.2.5 qRT-PCR and data analysis 

Expression analysis was performed using the iScript RT-PCR Kit (Biorad) according to 

the manufacturer’s recommendations in an Opticon2 cycler (MJ Research, Quebec, Canada) 

with oligonucleotides 268 (5’-GGGGTGGACCAAACCATGATG-3’) and 269 (5’-

CCAACCTTGACGACTCTTGATTAG-3’) for TiLys1, 267 (5’-TAACTGGATCAGAC 

TTTGATGGCGT-3’) and 468 (5’-ACCATGAATTCCAGCCTTGTTGAT-3’) for TiLys2 or 

469 (5’-GTATGTAGCGATCCAAGCTGTTCT-3’) and 470 (5’-CATAACCTTCATAG 

ATGGGGACTG-3’) for ß-actin. Real time PCR experiments were carried out with three in-

dependent samples for each time point and in triplicates according to BALCZUN et al. (2012). 

As a control for successful DNase I treatment, each reverse transcription was carried out 

twice, with or without reverse transcriptase. Samples in which the control without reverse 

transcriptase yielded a PCR product were treated again, controlled and then used. Presence of 

PCR inhibitors was ruled out by determining threshold cycle (Ct) values of different dilutions 

of three representative RNAs as template for real time PCR reaction and subsequent calcula-

tion of the respective PCR efficiency. Primer efficiency was calculated with LinRegPCR 

(RAMAKERS et al. 2003). Mean Ct were calculated from the triplicates and used for calcula-

tions of expression ratios according to PFAFFL (2001) with primer specific efficiencies. The Ct 

values for the amplicons derived from the ß-actin mRNA were used as reference for normali-

zation. PCR conditions were as follows: 50 °C for 10 min, 95 °C for 5 min, followed by 40 

cycles at 95 °C for 10 s and at 60 °C for 30 s. After melting curve analysis, statistical analysis 

was carried out using the Relative Expression Software Tool (REST) (PFAFFL 2001). 

 

3.3 Results 

3.3.1 Concentration of soluble proteins 

In the first approach (see Table 3.1), most protein concentrations in the small intestine 

samples of fed bugs seemed to be higher than those of the respective unfed control (Figure 

3.1). In some groups, these feeding-induced increases were only statistically different in two 

out of five comparisons, in the short-control group at 2 and 5 daf (p<0.001 and 0.002, 
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respectively), in the short-surface group at 5 and 10 daf (p=0.004 and 0.046, respectively) and 

in the long-trypo group also at these dates (both p<0.001). However, in the small intestine 

samples of the short-trypo group, these concentrations were significantly higher over the 

whole period of dissections (p<0.001 to 0.011) and in the long-control at 2, 3, 5 and 10 daf 

(p<0.001 to 0.037). 

Also in the rectum, protein concentration of fed bugs was mainly higher than in the re-

spective unfed nymphs (Figure 3.1). In the short-control group they were statistically signifi-

cantly increased at 2, 5 and 15 daf (p=0.012 and twice <0.001, respectively), in the short-sur-

face group at 5, 10 and 15 daf (p<0.001, <0.001 and 0.016, respectively) and in the short-

trypo group at 3, 5, 10 and 15 daf (p<0.001 to 0.044). In comparison to the respective unfed 

nymphs, the protein concentration of the long-control group was statistically significantly 

higher at 2, 3, 5 and 10 daf (p<0.001 to 0.008) and in the long-trypo group at 3 and 15 daf 

(p=0.023 and 0.047, respectively).  

In the second approach (see Table 3.1), the overall protein concentration was lower than 

in the first approach, but a feeding-induced increase of the protein concentration in the small 

intestine and rectum samples was also observed (Figure 3.2, consider other scaling). For the 

small intestine samples, protein concentration of the short-surface group bugs was statistically 

significantly increased at 2 and 3 daf (p<0.001 and 0.004, respectively). In the short-control 

group (p<0.001 to 0.002), the short-naked-trypo group (always p<0.001) and the short-epi 

group (p=0.004, 0.013) concentrations were significantly higher at all dissections, i.e. 2, 3 and 

5 daf. 

For rectum samples, protein concentrations of the short-control group (always p<0.001) 

and short-naked-trypo group (p<0.001 to 0.011) were statistically significantly higher at all 

three dissections (Figure 3.2). In comparison to the respective unfed control nymphs (short-

control group), short-surface group nymphs possessed a feeding-induced increased protein 

concentration at 3 and 5 daf (p=0.006 and <0.001, respectively), short-epi group nymphs only 

at 5 daf (p=0.03) and short-trypo group nymphs only at 2 daf (p<0.001). 
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Figure 3.1: Protein concentrations in small intestine and rectum of the different groups 
in the first approach. 
Mean and standard deviation from 3 independent samples. Measurements were done with 
samples of unfed (uf) fifth instar nymphs as well as 2, 3, 5, 10 and 15 days after feeding. 
 

 

Figure 3.2: Protein concentrations in small intestine and rectum of the different groups 
in the second approach. 
Mean and standard deviation from 3 independent samples. Measurements were done with 
samples of unfed (uf) fifth instar nymphs as well as 2, 3 and 5 days after feeding. 
 

3.3.2 pH-dependence of bacteriolytic activity 

To control whether or not the bacteriolytic activites of the samples were positively cor-

related with the protein concentration, activity (∆OD) was plotted against the respective pro-

tein concentration for each pH between 3.0 and 8.0 (Figures S8.1.1 and S8.1.2, Suppl.). The 

activity (∆OD) for each pH-condition was uniformly distributed in the graphs. Therefore, no 

correlation between the protein concentration and the level of bacteriolytic activity was evi-

dent. However, the protein concentration was used as robust reference for the determination 

of the specific bacteriolytic activity for comparisons of samples of the same feeding state (see 

3.3.3). 

In the characterization of the pH-optimum of the bacteriolytic activity against Micro-

coccus lysodeikticus of small intestine and the rectum samples, activity in the rectum samples 

was generally lower than in the small intestine samples (Figures 3.3 and 3.4). In the first ap-
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proach (see Table 3.1), the following comparisons with the activities at pH 6.0 were statisti-

cally significantly different. In the small intestine sample of the short-control the activity was 

statistically significantly higher than at pH 5.0 at 3 daf and at pH 7.0 at 5 daf (p=0.022 and 

<0.001, respectively) (Figure 3.3). In the short-trypo group, this was evident for pH 7.0 in the 

small intestine samples over the whole post-feeding period (p<0.001 to 0.017) and in the 

rectum samples not only at pH 5.0 but also at pH 7.0 at 3, 5, 10 and 15 daf (p<0.001 to 0.007). 

The short-surface group nymphs also possessed significantly higher post-feeding activities at 

pH 6.0 than at pH 7.0 in the small intestine samples (p=0.002 to 0.044) and at 5, 10 and 15 

daf (p<0.001 to 0.027) in the rectum samples also at pH 5.0. Only in the long-control group, 

the bacteriolytic activity of small intestine samples of unfed bugs was significantly lower at 

pH 5.0 in comparison to pH 6.0 (p=0.019) at 3, 5 and 10 daf (p<0.001 to 0.019). In the rectum 

samples, the same result was observed for unfed bugs (p=0.003) in comparison to pH 5.0 and 

at 10 daf (p=0.034) in comparison to pH 7.0. In the long-trypo group nymphs, lysis of bacteria 

by samples of the small intestine was significantly higher than at pH 5.0 at 3, 5 and 10 daf 

(p=0.001 to 0.005). In rectum samples, significant differences were calculated for unfed bugs 

(p=0.005) as well as 5, 10 and 15 daf (p=0.002 to 0.011) in comparison to pH 5.0 and pH 7.0, 

respectively.  

In the second approach (see Table 3.1), the following bacteriolytic activities were 

always statistically significantly higher at pH 6.0 than at pH 5.0, not at pH 7.0. In short-con-

trol nymphs, samples of small intestines of unfed bugs (p<0.001) and rectum samples at 2 daf 

(p<0.001) showed this difference (Figure 3.4) and in short-trypo group nymphs also small 

intestine samples of unfed bugs and at 5 daf (p<0.001 and 0.04). These comparisons were also 

statistically significantly different in nymphs of the short-surface group (p<0.001 and 0.009, 

respectively). In the rectum samples of nymphs of this group, this occurred at 2, 3 and 5 daf 

(p<0.001 to 0.045). For the short-naked-trypo group, activities in small intestine samples of 

unfed bugs (p<0.001) as well as 2 and 5 daf (p=0.037 and 0.034) and in rectum samples at 3 

daf (p=0.008) were significantly higher. The short-epi group bugs possessed an increased 

activity at pH 6.0 in the small intestine samples of unfed bugs (p<0.001) as well as at 5 daf 

(p=0.026) compared to the activities at pH 5.0. For further characterization of bacteriolytic 

activity, measurements at pH 6.0 were used for comparison of the respective activities of the 

different groups according to the feeding state. 
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Figure 3.3: Activities/µg protein at different pH in the first approach. 
pH-dependant activities/µg protein of short-control, short-trypo, short-surface, long-control 
and long-trypo groups. Mean of duplicates from 3 independent samples, to which material 
from always 3 bugs was pooled. Measurements were done over a 30 min period with samples 
of unfed (uf) fifth instar nymphs as well as 2, 3, 5, 10 and 15 days after feeding. Significant 
differences to pH 6.0 are indicated by * for p<0.05, ** for p<0.01 and *** for p<0.001. 
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Figure 3.4: Activities/µg protein at different pH in the second approach. 
pH-dependant activities/µg protein of short-control, short-trypo, short-surface, short-naked-
trypo and short-epi groups. Mean of duplicates from 3 independent samples, to which ma-
terial from always 3 bugs was pooled. Measurements were done over a 30 min period with 
samples of unfed (uf) fifth instar nymphs as well as 2, 3 and 5 days after feeding. Significant 
differences to pH 6.0 are indicated by * for p<0.05, ** for p<0.01 and *** for p<0.001. 
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3.3.3 Bacteriolytic activities in the small intestine and rectum at the optimal pH 

For the comparison of the bacteriolytic activities of the individual samples at the op-

timal pH, activities were also calculated as activity/µg protein (Figure 3.5). Focusing on the 

samples of the small intestine of the first approach, the bacteriolytic activity of unfed short-

control nymphs was significantly lower in comparison to unfed nymphs of the long-control 

group (p<0.001). In the comparison of the activities after feeding of the two control groups, 

chicken blood fed fifth instar nymphs of the long-control group possessed a significantly 

higher activity than rat blood fed nymphs of the short-control group (p<0.001 to 0.008). 

Short-surface group as well as short-trypo group nymphs showed a higher lysis of bacteria at 

3, 5 and 15 daf compared to the respective control group (p=0.002 to 0.003 and <0.001 to 

0.042, respectively). In long-control and long-trypo group nymphs the activity in the small 

intestine samples was statistically significantly higher at 5, 10 and 15 daf in comparison to 

unfed nymphs (p=0.003 to 0.049 and 0.003 to 0.049, respectively). In nymphs of the long-

trypo group, the activity at 5 and 10 daf was significantly higher than in the respective control 

(p=0.012 and 0.008, respectively). 

Considering the activities of the rectum samples, nymphs of the short-surface group as 

well as the short-trypo group possessed a higher activity at 5 and 15 daf (p=0.002, <0.001, 

0.011 and 0.003, respectively) in comparison to unfed bugs of the short-control group (Figure 

3.5). In the comparison of the bacteriolytic activities of the two control groups, a significantly 

less bacteriolysis occurred in samples of rat blood fed nymphs of the short-control group than 

of chicken blood fed nymphs of the long-control group at 5 and 15 daf (p=0.008 and <0.001, 

respectively). Chicken blood fed long-control bugs showed a significantly feeding-induced 

increased lysis of bacteria at 10 (p=0.009) and 15 daf (p=0.006). In nymphs of the long-trypo 

group, activities at 2, 5, 10 and 15 daf were statistically significantly higher than in non-in-

fected unfed bugs of the long-control group (p=0.025, <0.001, <0.001 and 0.001, respec-

tively). The bacteriolytic activity in samples of long-trypo group nymphs was significantly 

increased at 5 and 10 daf (p=0.008 and 0.007) compared to non-infected nymphs at these days 

after feeding.  

In the second approach (see Table 3.1), the activities/µg protein in the small intestine 

samples of unfed fifth instars were significantly higher than at 2 and 3 daf for the short-

control group (always p<0.001), short-surface group (p=0.002 and 0.018), short-naked-trypo 

group (p=0.002 and <0.001) and short-trypo group (p<0.001 and 0.001) (Figure 3.6). Nymphs 

infected with blood trypomastigotes (short-trypo group) possessed a significantly higher 
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activity at 5 daf than unfed nymphs (p<0.001). At 2 and 5 daf of surface coats (short-surface 

group), the lysis of bacteria by samples of the small intestine was significantly higher than in 

the short-control group (p=0.002 and <0.001, respectively). It was significantly lower in 

nymphs of the short-trypo group than in the short-control group (p<0.001). Beginning at 

3 daf, short-trypo group nymphs showed an increased activity in the small intestine samples 

(p=0.004) compared to the non-infected control (short-control group) with a maximum at 

5 daf (p<0.001). In comparison to short-trypo group nymphs, at 5 daf the bacteriolytic activity 

in all other groups was significantly lower (p<0.001 to 0.003). 

In the rectum of short-control group nymphs, at 3 daf the activity was significantly 

higher than in unfed nymphs (p=0.005) (Figure 3.6). At the same day, in short-surface group 

nymphs (p=0.022), short-naked-trypo group nymphs (p<0.001) and short-trypo group nymphs 

(p=0.034), the activities were significantly lower than in nymphs of the non-infected control 

(short-control group). In rectum samples of the short-epi group, the activity was significantly 

lower at 2 daf than in unfed nymphs (p=0.012). At 5 daf, it was significantly higher in short-

epi group nymphs than in nymphs of the short-control group (p=0.018). At 2 daf, significantly 

less bacteria were lysed in the assay by samples of short-trypo group nymphs than of the 

short-control group (p<0.001). 

 

Figure 3.5: Activities/µg protein in small intestine and rectum of the different groups in 
the first approach. 
Mean and standard deviation from 3 independent samples. Measurements were done with 
samples of unfed (uf) fifth instar nymphs as well as 2, 3, 5, 10 and 15 days after feeding. Sig-
nificant differences are indicated by * for p<0.05, ** for p<0.01 and *** for p<0.001. 
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Figure 3.6: Activities/µg protein in small intestine and rectum of the different groups in 
the second approach. 
Mean and standard deviation from 3 independent samples. Measurements were done with 
samples of unfed (uf) fifth instar nymphs as well as 2, 3 and 5 days after feeding. Significant 
differences are indicated by * for p<0.05, ** for p<0.01 and *** for p<0.001. 

 
3.3.4 Protein pattern and bacteriolytic activity of small intestine contents after SDS-PAGE 

The pattern of bacteriolytic compounds of small intestine contents was investigated by 

SDS-PAGE and zymography. Electrophoretic separation of samples from both control groups 

representing chicken blood fed (long-control group) and rat blood fed (short-control group) 

bugs at different times after feeding showed a complex banding pattern under non-reducing 

conditions (Figure 3.7). The majority of proteins was located at about 13 kDa. According to 

the ImageMasterTM 1D analysis, about 42 % and 49 % of total protein concentrations, respec-

tively, were detected there in samples of unfed bugs of short- and long-control groups. At 2, 3 

and 5 daf, these abundant protein bands represented 54 %, 50 %, 39 % and 39 % and about 

65 % and 68 % of all detected proteins of chicken and rat fed nymphs, respectively. For 

chicken blood fed bugs at 2 daf, an abundant protein band was detected at about 25 kDa 

representing 20 % of the total protein concentration.  

After zymogram incubation at pH 6.0, lysis bands appeared corresponding to the most 

abundant protein bands at 13 kDa. For chicken blood fed bugs at 2 daf, a weak additional 

lysis zone occurred at about 25 kDa (Figure 3.7). 
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Separating proteins of small intestine contents of the short-trypo group, short-surface 

group and the corresponding control samples (short-control group) at different time points 

after feeding by SDS-PAGE and zymography, the majority of proteins were located at about 

13 kDa in all groups (Figure 3.8). Unfed bugs contained less protein than the other groups, 

but this band represented about 56 % of the total protein concentration. In control samples 

from 2, 3 and 5 daf, about 56 %, 37 % and 53 %, respectively, of the total protein concentra-

tion were present there. In short-trypo group samples from 2, 3 and 5 daf, about 42 %, 52 % 

and 57 % of the proteins concentrated at about 13 kDa, respectively. For short-surface group 

samples, the abundance was 37 % at 2 daf and 38 % at 5 daf (Figure 3.8). After zymography 

at pH 6.0 using M. lysodeikticus as substrate, lysis bands appeared at about 13 kDa in all 

groups and at all time points (Figure 3.8). 

 

Figure 3.7: Protein profiles 
and zymography of small 
intestine contents of long-
control and short-control 
under non-reducing 
conditions. 
Protein profiles of each 
15 µl samples of unfed (uf) 
T. infestans and at different 
days after feeding (2, 3, 5) 
after non-reducing SDS-
PAGE (A) and zymography 
after an incubation over 
night at pH 6.0 (B) of the 
first approach. M: marker 
proteins. Boxes indicate 
lysis zones. Zymograms 
were processed in a black-
white conversion to enable 
the recognition of weak lysis 
regions. 
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3.3.5 Protein identification by mass spectrometry 

Small intestine proteins of the different groups were separated by non-reducing SDS-

PAGE and bands at about 13 kDa and one band at about 25 kDa, showing bacteriolytic activ-

ity (see 3.3.4), were subjected to mass spectrometric analysis.  

In the bacteriolytically active 13 kDa bands of long-control group samples, TiLys1 was 

identified. For the unfed long-control group, TiLys1 was identified with 2 peptides and se-

quence coverage of 20.1 % (Table 3.2). In long-control samples of the 25 kDa band at 2 daf, 

cathepsin D1 (2 peptides, 8.2 % sequence coverage), cathepsin B1 (3 peptides, 12.7 % se-

quence coverage), cathepsin B2 (2 peptides, 7.5 % sequence coverage) and cathepsin L-like 

protease (2 peptides, 8.5 % sequence coverage) were identified in line with histone H3 (3 

peptides, 19.9 % sequence coverage) (Table 3.2). For long-control group nymphs at 3 daf, 2 

peptides for TiLys1 covered 20.1 % of the deduced amino acid sequence (Table 3.2). Beside 

Figure 3.8: Protein profiles 
and zymography of small 
intestine contents of short-
term groups under non-
reducing conditions. 
Protein profiles of each 15 µl 
samples of short-trypo group, 
short-surface group and the 
respective control (short-
control) of unfed (uf) T. 
infestans and at different days 
after feeding (2, 3, 5) after 
non-reducing SDS-PAGE (A) 
and zymography after an 
incubation over night at pH 6.0 
(B) of the second approach. M: 
marker proteins. Boxes 
indicate lysis zones. 
Zymograms were processed in 
a black-white conversion to 
enable the recognition of weak 
lysis regions. 
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TiLys1, cathepsin D1 and a salivary lipocalin were identified as T. infestans proteins. At 

5 daf, TiLys1 was identified with 2 peptides and sequence coverage of 20.1 % in line with 

cathepsin D1, cathepsin L-like protease, ribosomal protein P1, ribosomal protein P2 and a 

salivary lipocalin (Table 3.2).  

In addition, many chicken proteins were identified in samples from all long-term groups 

(Tables S8.1.10 to S8.1.16, Suppl.). In both samples from the long-control group at 3 and 

5 daf, chicken lysozyme C was identified with 4 peptides and a sequence coverage of 35.4 % 

(Tables S8.1.13 and S8.1.15, Suppl.). 

 

Table 3.2: Mascot identification data for T. infestans proteins in the 13 kDa SDS-gel 
band of unfed long-control group and long-control group at 3 and 5 days after feeding 
and for 25 kDa SDS-gel band of long-control at 2 days after feeding. 
Experimental 

group 
Feeding 

state 
Accession Amino- 

acids 
MW 
[kDa] 

Σ  
peptides† 

Σ Cov 
[%] 

Score Protein 

long-control unfed Q7YZS5 139 15.6 2 20.1 530.4 TiLys1 

long-control 2 daf E2D6N9 390 43.0 2 8.2 1111.2 Cathepsin D1  

long-control 2 daf Q67EP8 332 36.3 3 12.7 263.5 Cathepsin B1  

long-control 2 daf A6YPD4 136 15.3 3 19.9 137.0 Histone H3  

long-control 2 daf Q67EP7 328 36.5 2 8.5 107.6 Cathepsin L-like protease 

long-control 2 daf A2SZV7 333 36.4 2 7.5 70.4 Cathepsin B2 

long-control 3 daf Q7YZS5 139 15.6 2 20.1 362.7 TiLys1 

long-control 3 daf E2D6N9 390 43.0 4 11.0 305.2 Cathepsin D1  

long-control 3 daf A6YPE6 179 20.0 4 21.8 238.4 Salivary lipocalin  

long-control 5 daf Q7YZS5 139 15.6 2 20.1 272.0 TiLys1 

long-control 5 daf A6YPR0 114 11.7 3 25.4 232.1 Ribosomal protein P2 

long-control 5 daf A6YPE6 179 20.0 3 21.8 185.8 Salivary lipocalin  

long-control 5 daf A6YPP2 116 11.8 3 45.7 176.2 Ribosomal protein P1 
long-control 5 daf Q67EP7 328 36.5 2 6.4 126.6 Cathepsin L-like protease 
long-control 5 daf E2D6N9 390 43.0 3 8.7 99.8 Cathepsin D1  

 

Accession numbers were derived from Uniprot Protein Database (2011). †Not redundant peptides. Sequence 
coverage of the identified peptides is given as Σ Cov [%]. Significance of the search result is given as score. 

 

In the 13 kDa bands of short-term groups, TiLys1 was identified. In samples derived 

from unfed short-control, 2 peptides covered 20.14 % of the deduced amino acid sequence of 

the mature TiLys1 (Table 3.3). In the analysis of short-control group at 2 daf one TiLys1 pep-

tide was also identified at the same molecular mass (data not shown). Analysis of the 13 kDa 

band of short-surface group at 2 daf resulted in the identification of TiLys1 by 3 peptides, 

covering 20.9 % of the sequence and a cathepsin L-like protease, cathepsin D1 and ribosomal 

protein P2 (Table 3.3). In small intestine contents of short-trypo group at 2 daf TiLys1 was 
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identified by the same 3 peptides. Beside TiLys1, 3 salivary lipocalins, a salivary secreted 

protein and cathepsin D1 were identified (Table 3.3).  

In addition to proteins from T. infestans, many rat proteins were identified in samples 

from the short-control group, short-surface group and short-trypo group (Tables S8.1.1 to 

S8.1.9, Suppl.). In particular, from this SDS-PAGE rat lysozyme C-1 was identified with 2 

peptides and sequence coverage of 17.6 % (Tables S8.1.4 and S8.1.7, Suppl.). 

 

Table 3.3: Mascot identification data for T. infestans proteins in the 13 kDa SDS-gel 
band of unfed short-control nymphs and of the short-surface group and short-trypo 
group at 2 days after feeding. 
Experimental 

group 
Feeding 

state 
Accession Amino- 

acids 
MW 
[kDa] 

Σ  
peptides† 

Σ Cov 
[%] 

Score Protein 

short-control unfed Q7YZS5 139 15.6 2 20.1 100.38 TiLys1 

short-surface 2 daf A6YPR0 114 11.7 3 25.4 245.0 Ribosomal protein P2 

short-surface 2 daf Q7YZS5 139 15.6 3 20.9 136.9 TiLys1 

short-surface 2 daf Q67EP7 328 36.5 2 6.4 78.9 Cathepsin L-like protease 

short-surface 2 daf E2D6N9 390 43.0 2 4.4 72.2 Cathepsin D1 

short-trypo 2 daf Q7YZS5 139 15.6 3 20.9 356.13 TiLys1 

short-trypo 2 daf A6YPI9 129 14.6 3 37.2 124.65 Salivary secreted protein 

short-trypo 2 daf A6YPE8 179 19.9 2 14.0 104.91 Salivary lipocalin 

short-trypo 2 daf E2D6N9 390 43.0 5 13.9 103.96 Cathepsin D1 

short-trypo 2 daf A6YPE6 179 20.0 2 14.0 77.48 Salivary lipocalin 

short-trypo 2 daf A6YPE9 179 20.0 2 14.0 66.53 Salivary lipocalin 

 

Accession numbers were derived from Uniprot Protein Database (2011). †Not redundant peptides. Sequence 
coverage of the identified peptides is given as Σ Cov [%]. Significance of the search result is given as score. 

 
3.3.6 Temporal expression profile of TiLys1 and TiLys2 in the small intestine of non-infected 
         and short-term T. cruzi-infected T. infestans 

Real-time qPCR was used to analyze the expression profiles of TiLys1 and TiLys2 in the 

small intestine of non-infected and short-term T. cruzi-infected fifth instars of T. infestans. In 

addition, relative expression levels of both lysozyme genes were quantified after feeding of 

nymphs on chickens or rats. Threshold cycle (Ct) values of TiLys2 were always lower than of 

TiLys1 (data not shown), i.e. the expression level of TiLys2 was generally higher than those of 

TiLys1 in all groups. In comparison to unfed bugs the expression of TiLys1 was 32-fold higher 

at 15 daf on chicken (p=0.036) (Figure 3.9). At 10 and 15 daf on chicken, the transcription 

level of TiLys2 was significantly up-regulated by the factor 8.8 (p=0.038) and 68.6 (p=0.001), 

respectively, in comparison to unfed bugs. The transcript level of TiLys1 in rat blood fed bugs 

was significantly increased at 3 daf by the factor 8.4 (p=0.036), while the expression of 



CHAPTER 3                                                    INTESTINAL IMMUNE RESPONSE AND EXPRESSION PATTERN 

47 

 

TiLys2 was not affected by feeding on rats (Figure 3.10A). Comparison of transcript levels of 

rat blood fed and chicken blood fed bugs for each time point showed a reduction of TiLys2 

expression by 25 % (p=0.034) in rat blood fed bugs at 5 daf (Figure 3.10B).  

After short-term T. cruzi-infection, transcription of TiLys1 was not significantly up-re-

gulated referring to unfed bugs, but that of TiLys2 was increased 5.8-fold at 5 daf (p=0.001) 

(Figure 3.11A). Comparison of the transcript levels of TiLys1 and TiLys2 of short-term 

T. cruzi-infected bugs with the respective expression levels in nymphs of the non-infected 

control group for each time point showed a reduction of TiLys1 expression by 99 % at 3 daf 

compared to the non-infected control group (p=0.05) and a 13-fold increased TiLys2 transcript 

level at 5 daf in the short-term T. cruzi-infected group (p=0.05) (Figure 3.11B). 

 

 

Figure 3.9: Temporal expression of TiLys1 and TiLys2 in the small intestine of chicken 
blood fed T. infestans referring to the amount of transcripts of unfed bugs. 
Differences of expression levels of TiLys1 (black bars) and TiLys2 (white bars) at different 
days after feeding are given as mean ratios and standard errors (n = 3). Significance of tran-
script increase after feeding is indicated above bars by * (p ≤ 0.05) and *** (p ≤ 0.001). 
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Figure 3.10: Temporal expression of TiLys1 and TiLys2 in the small intestine of rat 
blood fed T. infestans A) referring to the amount of transcripts of unfed bugs and B) 
referring to chicken blood fed bugs. 
Differences of expression levels of TiLys1 (black bars) and TiLys2 (white bars) at different 
days after feeding are given as mean ratios and standard errors (n = 3). Significance of tran-
script increase after feeding is indicated above bars by * (p ≤ 0.05). 

 
Figure 3.11: Temporal expression of TiLys1 and TiLys2 in the small intestine of short-
term T. cruzi-infected T. infestans referring to the amount of transcripts of A) unfed 
bugs and B) the non-infected control group. 
Differences of expression levels of TiLys1 (black bars) and TiLys2 (white bars) at different 
days after infection are given as mean ratios and standard errors (n = 3). Significance of tran-
script increase after feeding is indicated above bars by * (p ≤ 0.05) and *** (p ≤ 0.001). 

 

3.4 Discussion 

3.4.1 Concentration of soluble proteins and bacteriolytic activity in the small intestine and 
         rectum of non-infected and T. cruzi-infected T. infestans 

Fifth instar nymphs of the T. infestans strain “Chile” ingest on average 400 mg blood 

and excrete about 60 % of the weight of this bloodmeal within 24 h (EICHLER 1998). Since no 

proteolysis occurs in the stomach (WIGGLESWORTH 1977; AZAMBUJA et al. 1983; GARCIA 

1987), the ingested blood increases the protein concentration in the stomach about 20-fold 

after feeding. Protein concentration decreases slowly until 6 daf and then rapidly until 35 daf 
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(EICHLER 1998). Since the bloodmeal is passed in small portions to the small intestine 

(KOLLIEN & SCHAUB 2000), the protein concentration increases 3.3-fold to reach a maximum 

at 23 daf. This maximum decreases until 35 daf. Here, the concentration is still 2-fold higher 

compared to unfed R. prolixus (EICHLER 1998; RIBEIRO & PEREIRA 1984).  

The present investigation covered also these feeding-induced changes, but focused on 

the analysis of protein concentrations in the small intestine and rectum of short- and long-term 

T. cruzi-infected bugs, considering also the ingestion of trypanosomal surface coats. An initial 

increase of the protein concentration in small intestine at 2 daf, ranging from 1.4 to 3.5-fold, 

in non-infected nymphs reflects the already known phenomenon, and was also evident in the 

nymphs of the other groups. The concentration of soluble proteins in short-surface group 

nymphs was not higher as the concentration in nymphs of the short-naked-trypo group. There-

fore, the protein concentration was not remarkably affected by the additional ingestion of 

T. cruzi proteins.  

The first detailed investigation of bacteriolytic activity in different regions of the gut of 

R. prolixus indicated a pH-dependency of immune responsive factors (RIBEIRO & PEREIRA 

1984). Using the Gram+ bacterium M. lysodeikticus as substrate and a sodium acetate buffered 

system (pH 5.0-7.5), the highest activity in stomach and small intestine homogenates occurred 

between pH 5.0 and pH 6.0. In the present investigation, a universal buffer system enabled 

measurements between pH 3.0 and pH 8.0 with a constant ionic strength. Small intestine 

contents and recta showed the maximal activity at pH 6.0. Thus, the bacteriolytic activity was 

similar in both species of triatomines. In microelectrode measurements, the pH-values in the 

anterior, middle and posterior part of the small intestine of unfed bugs were 6.3, 6.7 and 6.6, 

respectively (Figure S9.1.6, Suppl.). After feeding, the pH-values ranged between 6.7 and 5.3. 

Therefore, the determined optimal pH-conditions of bacteriolytic activity are similar to the pH 

milieu in situ, and the comparisons of the bacteriolytic activities in the small intestine and 

rectum samples of T. infestans focused on pH 6.0. 

The bacteriolytic activity in small intestine and rectum samples did not correlate to 

protein concentrations (Figures S8.1.1 and S8.1.2, Suppl.). Thus, the bacteriolytic compounds 

are present at similar amounts, or different amounts may potentially not be determined with 

the applied methodology. The high concentrations of proteins at about 13 kDa (see 3.3.4 and 

3.4.3) seemed to be mainly caused by hemoglobin degradation products derived from the 

bugs’ blood meal. 

A so far unknown phenomenon appeared in the comparisons of activities in nymphs of 

the two control groups. In nymphs fed on chicken blood, the small intestine contents pos-
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sessed a significantly higher bacteriolytic activity than in nymphs fed on rat blood (Figure 

3.4). Some major constituents of the blood – carbohydrates, lipids – are similar in most host 

animals of triatomines. Proteins are the most abundant nutrients in the blood and dissimilar 

distributed in whole blood, erythrocytes or plasma alone. Mammalian blood, e.g. human 

blood, contains 36.8 g protein/100 ml erythrocytes and 7.41 g protein/100 ml plasma. How-

ever, chicken blood contains only 29 g protein/100 ml erythrocytes and 3.6 g protein/100 ml 

plasma (summarized by LEHANE 2005). Much stronger is the difference in the levels of 

nucleic acids, since birds possess nucleated erythrocytes. Total phosphorus as well as certain 

organic and inorganic fractions in cells and serum are affected by the age of the hen, espe-

cially at the moulting season and at the time of egg production (HELLER & PAUL 1934). In 

future investigations mammalian blood should be supplemented with nuclei or nucleic acids 

to recognize whether or not this specific difference causes the increased activity after feeding 

of the blood of chicken.  

Not only such host-blood derived effects but also feeding-induced changes affect the 

bacteriolytic activity (MEISER 2009). Since small intestine samples of chicken blood fed 

nymphs (long-control group) as well as nymphs of the long-trypo group showed a signifi-

cantly increased lysis of M. lysodeikticus at the same time points (5, 10 and 15 daf) in com-

parison to unfed nymphs, increased activity of long-trypo group nymphs is most probably 

caused by the ingested blood. However, the statistically significantly increased bacteriolytic 

activity of long-trypo group nymphs in comparison to the respective control at the same time 

points indicates an effect of the infection, perhaps by the increased trypanosome population 

after blood ingestion (KOLLIEN & SCHAUB 1997, 1998b).  

An effect of T. cruzi on the bacteriolytic activity is also indicated by the short-term in-

fections. In our attempts to analyze the inductive compound of blood trypomastigotes we fo-

cused on the surface coat. The surface of T. cruzi is covered by mucins, which contribute to 

parasite protection and to the establishment of a persistent infection in mammals (BUSCAGLIA 

et al. 2006). Mucin-encoding genes comprise about 1 % of the parasite genome and about 

6 % of all predicted T. cruzi genes, indicating the high relevance of mucins. T. cruzi mucins 

can be divided into two major types: those present on the surface of epimastigotes in the vec-

tor and those present on the surface of blood trypomastigotes in the mammalian host. The 

structural difference between the mucins extracted from epimastigotes and blood trypomasti-

gotes resides in the lipid portion of the glycosylphosphatidylinositol-(GPI) anchor. In blood 

trypomastigotes, it partially switches from an alkylacylglycerol to a ceramide (SERRANO et al. 

1995). The biological role of this modification is unknown, but it might modulate the rate of 
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mucin shedding (SCHENKMAN et al. 1993). In particular in the epimastigote stage, the 35-

50 kDa mucins have a protective role against proteases, which are present in the intestinal 

tract of the insect vector (MORTARA et al. 1992). In metacyclic trypomastigotes, mucins have 

additional roles in the attachment to and invasion of mammalian host cells, and mucins puri-

fied from metacyclic trypomastigotes, but not from epimastigotes, bind to these host cells 

(YOSHIDA et al. 1989; RUIZ et al. 1993).  

In the present investigation, the bacteriolytic activity of small intestine contents of 

short-term infected bugs (short-trypo group) and of bugs fed with blood containing purified 

surface coats (short-surface group) were higher than of uninfected controls and of nymphs 

after ingestion of epimastigotes. Therefore, the variant surface glycoproteins of intact T. cruzi 

bloodstream trypomastigotes, which were ingested by short-term infected bugs, and the puri-

fied surface coats caused an increased immune response. Nymphs fed with blood containing 

blood trypomastigotes after shedding of the surface coat showed no immune response in the 

small intestine until 3 daf. This fact underlines the importance of the surface coat for the acti-

vation of an early immune response in the intestine of the vector. A feeding of bugs on rats 

infected with African salivarian trypanosomes, e.g. Trypanosoma brucei brucei, might eluci-

date a species-specific induction by T. cruzi. 

Intestinal immunity response in triatomines is not only present in the midgut, but also 

induced in the rectum (WHITTEN et al. 2007). In the present investigation, at 5 daf a statisti-

cally significantly increased bacteriolytic activity occurred in nymphs of the short-trypo group 

and short-naked-trypo group. Since no trypanosomes were detectable at 5 daf in the rectum of 

short-term infected and short-naked-trypo group bugs (data not shown), the induction might 

be caused by bacteria swept out of the Malpighian tubules (SCHAUB & SCHNITKER 1988) or 

due to a systemic immune response, which is not restricted to one section of the gut. 

 

3.4.2 Pattern of bacteriolytic activity in the small intestine and identification of responsible 
         proteins by mass spectrometry 

The bacteriolytic activity in R. prolixus intestinal tract was attributed to be lysozyme 

activity (RIBEIRO & PEREIRA 1984). Using a recombinant lysozyme of T. brasiliensis 

(TbLys1), lysis occurred at 14 kDa and optimally at pH 5.5 in zymograms (WANIEK et al. 

2009b). In the present investigation, in zymography the major bacteriolytic activity for short-

control, long-control as well as for short-trypo and short-surface groups occurred at about 

13 kDa. This molecular mass is corresponding to the size of mature T. infestans lysozymes 

(Table 3.4). 
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Table 3.4: Physico-chemical characteristics of the pro-form and the mature protein of 
T. infestans lysozymes. 
   Pro-protein    Mature protein 
 MW 

[kDa] 
pI Asp+Glu* Arg+Lys*  MW 

[kDa] 
pI Asp+Glu* Arg+Lys* 

TiLys1 15.65 9.07 14 21  13.81 9.16 13 20 
TiLys2 15.68 5.61 15 13  13.86 5.59 14 12 
TiLys3 15.57 6.79 16 16  13.70 6.96 15 15 

 

*Quantity of respective amino acids. 
 

For T. infestans, all so far described lysozymes were characterized as c-type lysozymes, 

attacking cell wall peptidoglycans of especially Gram+ bacteria (KOLLIEN et al. 2003; 

BALCZUN et al. 2008; KLENNER 2008). In future investigations, the expression of TiLys3 in 

the small intestine should be verified and the amino acid sequence of TiLys3 should be in-

cluded in mass spectrometric data analysis. The catalytic mechanism of these lysozymes in-

volves two steps. In the first step, a covalent glycosyl-enzyme intermediate results via the 

catalytic Asp residue. This intermediate is hydrolyzed in the second step, while the carboxylic 

groups on the side chain of Glu act as a catalytic acid/base (VOCADLO et al. 2001). These 

functionally important residues Glu and Asp are present at positions 50 and 68 in TiLys1 and 

TiLys3 mature proteins, respectively. Both lysozymes possess an exchange of Asn65 to Asp 

as well as exchanges of the polar Ser106 and Thr107 to a polar Tyr and a non-polar Gly, re-

spectively. The lysozyme of T. brasiliensis possesses the same characteristics indicating a 

similar pH-optimum (ARAUJO et al. 2006).  

According to mass spectrometric data analysis, TiLys1 was present in bacteriolytic 

active bands at about 13 kDa (Tables 3.2 and 3.3). In groups fed on chicken or rats, 

corresponding lysozymes of these hosts were identified additionally to TiLys1 (Tables S8.1.1-

S8.1.16, Suppl.). The relevance of host blood derived lysozymes in total bacteriolytic activity 

in zymograms of small intestine contents is rather negligible, since in zymograms of chicken 

blood serum no lysis about 13 kDa occured (data not shown). Moreover, unfed bugs showed a 

bacteriolytic activity against M. lysodeikticus, and hence the activity in fed bugs is presum-

ably not caused by chicken lysozyme, but most likely by TiLys1.  

Beside the lysozymes, peptides of different T. infestans cathepsins were identified in the 

13 kDa SDS-gel band (Figures S8.1.3 and S8.1.4, Suppl.). However, the molecular mass of 

mature triatomine cathepsins is about 23-29 kDa and thus considerably higher than the mo-

lecular mass of lysozymes. Therefore, only protein fragments of these cathepsins were identi-

fied, and a functional synergism in zymogram activity with TiLys1 is unlikely. These 

cathepsin fragments most likely seemed to be naturally occurring remnants of cathepsin turn-
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over. Mature cathepsins D (TiCatD and TiCatD2) were isolated from an SDS-gel band at 

about 28 kDa (Figure 9.1.3). Mature proteins of cathepsin B (TiCatB1) and cathepsin L 

(TiCatL1) possess molecular masses of about 27 kDa and 23 kDa, respectively (KOLLIEN et 

al. 2004). In the zymogram of small intestines of the long-control group at 2 daf, a slight lysis 

zone at about 25 kDa occurred, and TiCatB, TiCatD and TiCatL were identified (Table 3.2). 

After T. cruzi-infection of R. prolixus, cathepsin D activity was increased in the contents of 

the small intestine (BORGES et al. 2006). Since lysozymes and cathepsin D-like proteases 

seem to act synergistically in the digestion of bacteria in the gut of larvae of the housefly 

(ESPINOZA-FUENTES & TERRA 1987; REGEL et al. 1998; PADILHA  et al. 2009), a possible in-

volvement of cathepsin D in intestinal immune responses to T. cruzi-infection should be in-

vestigated by qRT-PCR in future studies. 

Analysis of the 13 kDa SDS-gel bands of small intestine contents of the short-surface 

group at 2 daf and of the long-control group at 2 and 5 daf also identified the ribosomal 

proteins P1 and P2 and histone H3 from T. infestans, respectively. These proteins are intra-

cellular proteins, whose presence in the small intestine contents was surprising. However, 

their presence was probably caused by destruction of cells while extracting the contents of the 

small intestines or by the cell renewal of the small intestine epithelium in which old cells are 

passed into the lumen of the small intestine. 

Although both intestinal lysozymes of T. infestans were described as digestive 

lysozymes (URSIC-BEDOYA et al. 2008), TiLys1 seems to possess mainly an immune related 

function, which is induced after feeding and significantly higher after ingestion of T. cruzi. It 

should be emphasized that especially the ingestion of blood trypomastigotes induces an im-

munological response. Therefore, the presence of surface coat possessing parasite stages or 

the presence of shed surface coats seem to up-regulate the humoral immune response in 

T. infestans small intestine after feeding. In comparison to the non-infected control group, 

long-term infected bugs showed a statistically significantly higher bacteriolytic activity at 5 

and 10 daf. Since a T. cruzi-infection supports the development of non-symbiotic germs in 

T. infestans (EICHLER 1998), an immune suppressive effect of long-term T. cruzi-infections 

seems to be possible. 

 

3.4.3 Transcriptional profile of TiLys1 and TiLys2 

According to the changes of bacteriolytic activities, blood ingestion and T. cruzi might 

regulate the expression of genes encoding lysozymes. The inducing effect of feeding on the 
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expression level was evident in the anterior midgut regions, cardia and stomach of fifth instar 

nymphs of T. infestans, dissected unfed and at 5, 10 and 15 daf, but not in the small intestine 

(KOLLIEN et al. 2003). These differences were also evident in fifth instar nymphs of Triatoma 

brasiliensis dissected additionally at 1 and 3 daf (ARAUJO et al. 2006). Considering only the 

whole intestinal tract of unfed adult R. prolixus and at 2, 7 and 14 daf, the feeding did not in-

duce significant changes of expression levels of the two lysozyme encoding genes, RpLys-A 

and RpLys-B (URSIC-BEDOYA et al. 2008). 

In the present investigations fifth instars of T. infestans were fed on rats (short-control 

group) and dissected unfed and 2, 3 and 5 daf or fed on chicken (long-control group) and dis-

sected additionally at 10, 15 and 20 daf. Focusing on the small intestine and the two 

lysozymes, the expression level of TiLys1 was significantly higher in nymphs 3 daf on rats 

and 15 daf on chicken than in unfed nymphs, while that of TiLys2 was significantly higher at 

10 and 15 daf on chicken and 5 daf on rats. This regulation of TiLys1 and TiLys2 might be 

part of the response of the intestinal tissue to increasing populations of symbiotic or other 

bacteria, activated by stimuli received elsewhere in the insects’ body – or as shown in the 

present study – due to feeding. 

Effects of T. cruzi on the expression of genes encoding lysozymes have only be consi-

dered previously in R. prolixus (URSIC-BEDOYA et al. 2008). While RpLys-A expression was 

up-regulated 7 and 14 days after ingestion of blood trypomastigotes, the transcriptional profile 

of RpLys-B remained similar after feeding non-infected or infected blood. In addition, the 

transcriptional level of RpLys-A was also up-regulated in the midgut of non-infected 

R. prolixus after inoculation of bacteria into the haemolymph (URSIC-BEDOYA et al. 2008). 

The amino acid sequence of RpLys-A is more similar to TiLys1 (79 %) and less similar to 

TiLys2 (61 %). RpLys-B is more divergent and has 53 % similarity to TiLys2 and only 49 % 

similarity to TiLys1 (Figure 3.12). The high sequence similarity of RpLysA and TiLys1 sug-

gests a similar function in parasite interaction in the small intestine of R. prolixus and 

T. infestans. However, in the present study, the TiLys2 transcript level was significantly in-

creased at 5 daf in short-term infected nymphs, while TiLys1 expression was down-regulated 

and not up-regulated at 3 days after T. cruzi-ingestion. Since the expression of TiLys2 was 

induced following T. cruzi challenge, this lysozyme might be the functional counterpart of 

RpLys-A in T. infestans, despite of the higher sequence identity of TiLys1 and RpLys-A. 
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TiLys1  : MKAVLLLCLVALLGISEARVFTRCGLAKELVAHGIPRRDLANWVCLIEAESGRNT :  55 
 

TiLys2  : MKAVLLLCLVALLGVSEARVFTRCELARELLWQGIPRGDLPNWICLIETVSGRDT :  55 
 

RpLys-A : MKAVFLLAIFALLGATQARVFTRCGLARELARQGLPRHDLANWVCLIEAESGRNT :  55 
 

RpLys-B : MIANLVLTLLLLFTVSSAKVFTDCELANVLENAGFPKDQLKDWICLAKAESSLNT :  55 
                                                                        
TiLys1  : AARGGPNHDGSYDNGLFQINDRFWCTYGKPGHDCHVRCEDLRTDDIRASVKCALL : 110 
 

TiLys2  : AAITGSDFDGVYYYGLFQISDRYWCMHGEPGHGCSVKCEDLLSDDITASVKCALL : 110 
 

RpLys-A : RARGGPNYDGSYDNGLFQINDRIWCMNGRPGHACHVRCEDLR-TDDIRASVRCAV : 109 
 

RpLys-B : TAVGGPNKNGSYDYGLFQINDHIWCDPEKRGGDCNVKCSDLVLEDDIGPSMNCAK : 110 
                                                                        
                                                TiLys1   TiLys2 
TiLys1  : IKSRQGWKAWYGWQNKCRGRKLPNVDVCF- : 139            70 % 
 

TiLys2  : IKNQQGWNSWYLWRNQCKGQKLPNVDVCF- : 139   70 % 
 

RpLys-A : QIKQQQGWSAWYGWQYHCRGRPLPDINVCF : 139   79 %     61 % 
 

RpLys-B : IVYKVQGFKAWNGWIKKCKGKKLPPL-VC- : 138   49 %     53 % 
 

Figure 3.12: Multiple sequence alignment of lysozymes of different triatomines.  
Identical amino acid residues conserved in all sequences are black shaded; amino acid resi-
dues conserved in two or three of four sequences are grey shaded. Percentages display identi-
ties to TiLys1 and TiLys2. The following GenBank sequences were used for comparison: R. 
prolixus Lys-A (ABX11553); R. prolixus Lys-B (ABX11554); T. infestans Lys1 
(AY253830); T. infestans Lys2 (ABI94387.1). 
 

In the analysis of the expression levels of the three independent biological samples, high 

standard errors were evident (Figures 3.9-3.11). Since the presence of PCR inhibitors was 

excluded and the robustness of the qRT-PCR setup was evaluated by using different combi-

nations of concentration of template RNA and oligonucleotides (data not shown), the strong 

variations most probably reflect biological differences. One reason might be the number of 

symbionts which colonize the intestinal tract of triatomines. These are essential for a proper 

development of the nymphal stages and fertility of the adults (summarized by EICHLER & 

SCHAUB 2002; VALLEJO et al. 2009). After feeding T. infestans N2 with an appropriate num-

ber of symbionts, symbiotic populations in the small intestine can be detected at 2 daf for the 

first time (EICHLER 1998). Afterwards, symbiont population continuously rises up until 7 daf. 

Up to 20 daf, no additional increase of the population size is detectable. These symbionts de-

velop up to high densities in the cardia and the stomach, but are killed in the small intestine, 

most probably due to the action of antimicrobial factors – like lysozymes – or digestive con-

ditions. Since the symbiont density is variable between different individuals (EICHLER 1998), 

differences in expression levels of TiLys1 and TiLys2 within the different biological replicas 

might be explained by variable intensities of immune responses and/or partly by interaction 

with symbionts. 

Most recently, up-regulation of defensin1 transcription level in Triatoma brasiliensis at 

20 days after ingestion of in vitro cultured T. cruzi suggested defensin1 to have a role in 

T. cruzi control (WANIEK et al. 2011). A synergistic function of lysozymes and defensins in 

T. infestans after short-term T. cruzi-infection should be considered. In T. infestans bacteri-
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olytic activity of short-term infected and surface coat fed nymphs was significantly increased 

up to 5 daf. Thus, the immune response to T. cruzi-infection seems not to be regulated by the 

transcription level of neither TiLys1 nor TiLys2 but rather by the activity of low abundant 

TiLys1, whose presence was verified by mass spectrometric analysis. However, former stu-

dies focused on the long-term effect of T. cruzi-infection of R. prolixus or T. brasiliensis on 

either lysozymes or defensin (URSIC-BEDOYA et al. 2008; WANIEK  et al. 2011), whereas the 

present study considered the initial effect of a short-term T. cruzi-infection. Therefore, further 

investigations have to include the effects on TiLys1 and TiLys2 relative expression levels up 

to 20 days after T. cruzi-infection. 

The increase of the bacteriolytic activity by the surface coats offers the possibility for a 

molecular biologic identification of the intracellular pathway related to the immune response. 

So far, this has been considered in Drosophila after artificial infection with 

Crithidia fasciculata or C. bombi. These insect trypanosomatids which naturally infect seed 

sucking Hemiptera or bumblebees, respectively, induced the production of eight antimicrobial 

peptides including defensin, cecropin, attacin, drosocin, metchnikovin, drosomycin, diptericin 

and a matured prodomain of attacin C (BOULANGER et al. 2001). These peptides indicate in-

ductions of the immune deficiency (IMD) and Toll pathway. Usually lipopolysaccharide 

(LPS), a cell wall compound of Gram- bacteria, is recognized by the receptors in the immune 

deficiency (IMD) pathway and leads to the induction of antimicrobial peptides like cecropin, 

drosocin and diptericin. The presence of fungi and Gram+ bacteria activates the Toll pathway 

in Drosophila, resulting in the synthesis of drosomycin (summarized by BOULANGER et al. 

2006). So far, genes encoding the IMD and Toll pathway were detected in the triatomine 

R. prolixus (URSIC-BEDOYA &  LOWENBERGER 2007), but the inducing pathogen-associated 

molecular patterns have not been investigated. Usually, these molecules are conserved struc-

tures or motifs (MÜLLER et al. 2008). In Brugia malayi infected Armigeres subalbatus mos-

quitoes, a peptidoglycan recognition protein, C-type lectins and calreticulin were detected in 

the immune response of the mosquitoes against the filarial infection suggesting that lectins 

play a role in the detection of nematode infection in mosquitoes (summarized by CASTILLO et 

al. 2011). Since the surface coat of T. cruzi does not possess the uniformly composition as in 

African trypanosomes (summarized by HUTCHINSON et al. 2007), different molecules can 

induce the immune response in the vector. However, which pathway regulates the expression 

of TiLys2 after short-term T. cruzi-infection in T. infestans has to be investigated in future 

studies. 
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4. Pattern of bacteriolytic compounds in the small intestine of the 
haematophagous Hemiptera Triatoma infestans 

 

4.1 Introduction 

Triatomines are vectors of Trypanosoma cruzi, the etiologic agent of Chagas disease in 

Latin America (SCHAUB 2008). Triatoma infestans is one of the most important vectors 

(SCHOFIELD 1994). Sylvatic populations of this triatomine are closely associated with wild 

rodents, e.g. guinea pigs. Thereby, bugs presumably colonized houses during domestication of 

these mammals, and T. infestans was dispersed passively over the South American continent, 

starting with pre-Incan and Incan tribes to the point of economic migration in the last century 

(BARGUES et al. 2006). In the last decade of the 20th century, domestic populations of 

T. infestans were strongly reduced by intensive spraying campaigns (DIAS & SCHOFIELD 

1999; GÜRTLER et al. 2007) (see 1.1).  

Triatomines are obligate bloodsuckers. They ingest large amounts of blood, e.g nymphs 

can take up 12 times of their own body weight and T. infestans fifth instar nymphs engorge 

about 360 mg blood within a single blood meal (RABINOVICH  1972). Ingested blood passes 

through the foregut to the midgut. It is stored in the strongly distensible stomach (LACOMBE 

1957; KOLLIEN & SCHAUB 2000). There, the blood is concentrated and erythrocytes are lysed 

(WIGGLESWORTH 1977; AZAMBUJA et al. 1983). Subsequently, small portions are transported 

into the small intestine, where digestion takes place (KOLLIEN & SCHAUB 2000). Complete 

digestion is a time consuming process, e.g. digestion of twice their own body weight requires 

about 340 h in T. infestans females (LEHANE 1991). 

Like many other haematophagous insects, triatomines possess symbionts, supplying 

them with essential nutritional compounds. While aposymbiosis causes strong pathological 

effects, bugs possessing symbionts show a normal development to the adult stage (summa-

rized by EICHLER & SCHAUB 2002; VALLEJO et al. 2009). To date, mainly Gram+ actinomy-

cetes were classified as acting totally symbiotic (summarized by DURVASULA et al. 2008; 

VALLEJO et al. 2009) (see 1.2.5). Symbionts are circulating within a population via co-

prophagy (SCHAUB 1988c; SCHAUB 1989). The number of symbionts in the stomach increases 

up to 18-fold after feeding (EICHLER & SCHAUB 2002). After passage of the stomach content 

to the small intestine, 99.9 % of the symbiont population is killed (EICHLER & SCHAUB 2002). 

Therefore, symbiont density in the intestine seems to be regulated by antimicrobial com-

pounds (KOLLIEN et al. 2003; ARAUJO et al. 2006). 
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In addition to symbionts, air-borne microorganisms are taken up by coprophagy, but 

also during the moulting process in which amounts of air are ingested to increase body vol-

ume (KOLLIEN et al. 2003; MÜLLER et al. 2008). Thereby, co-infections with different micro-

organisms occur (FIGUEIREDO et al. 1990; EICHLER et al. 1996; MORAES et al. 2001; 

AZAMBUJA et al. 2004; VALLEJO et al. 2009). After ingestion of blood artificially enriched 

with high densities of air-borne bacteria, many nymphs die within 3 days (SCHAUB, unpub-

lished). This might point to an antimicrobial control of bacteria growth. 

Bacteriolytic activity in homogenates of the intestinal tract of the triatomine R. prolixus 

was suggested to be lysozyme-like activity (RIBEIRO & PEREIRA 1984). The expression rates 

of genes encoding lysozymes and defensin in the stomach are increased after feeding up to 

15-fold and 12-fold, respectively (KOLLIEN et al. 2003; ARAUJO et al. 2006). In the small in-

testine, the expression levels of lysozyme and defensin determined by in situ hybridization are 

much lower than in the stomach (ARAUJO et al. 2006). So far, in T. infestans three lysozyme 

encoding genes have been identified by sequencing (KOLLIEN et al. 2003; BALCZUN et al. 

2008; KLENNER 2008). TiLys1 and TiLys2 are expressed in the digestive tract and possess an 

amino acid sequence identity of 70 % (KOLLIEN et al. 2003; BALCZUN et al. 2008). These two 

lysozymes belong to c-type lysozymes, and each is expressed as a pro-lysozyme, consisting of 

a hydrophobic signal peptide and a mature protein. In contrast to TiLys1, TiLys2 has a low 

theoretical isoelectric point, and the two typically occurring glutamate and aspartate residues 

of the catalytic site are replaced by valine and tyrosine, respectively (BALCZUN et al. 2008). 

The mRNA encoding the third lysozyme was isolated from the salivary gland D3 of 

T. infestans (KLENNER 2008) and the expression in the gut remains to be determined. 

Whereas the mRNA encoding these lysozymes has been characterized in detail, the 

presence of these proteins in the intestine has not been proven up to date. In the present study, 

we separated intestinal proteins of T. infestans via anion exchange chromatography to enrich 

low abundant proteins in small intestine homogenates of unfed fifth instar nymphs. The bacte-

riolytic activity of the fractions was determined and respective proteins were identified via 

subsequent mass spectrometry. Furthermore, the pattern of bacteriolytic compounds was in-

vestigated by zymography. 
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4.2 Methods 

4.2.1 Sample preparation 

At 40 days after feeding (daf) of N4, small intestines of 320 starved N5 were dissected. 

Eight times, fourty intestines were pooled and pestled in 150 µl buffer A (20 mM Tris, 

pH 7.0). The samples were centrifuged for 15 min at 13,000 g (4 °C). Remaining perturbing 

particles in the supernatants were removed by an additional centrifugation through a 0.2 µm 

filter (Pall Life Sciences, Port Washington, NY, USA) using the same conditions. 

 

4.2.2 Enrichment of intestinal proteins, zymography and mass spectrometry 

An anion exchange column SOURCE 15Q 4.6/100 PE (GE Healthcare, Freiburg, 

Germany) was equilibrated with buffer A and samples were loaded on the column. Within 

30 min, bound protein was eluted by a continuously increasing linear gradient of buffer B 

(20 mM Tris, pH 7.0, 1 M NaCl) from 0 % to 75 % resulting in a gradient of 0-750 mM NaCl 

and finally 1 M NaCl and a flow rate of 500 µl/min. Fractions of 250 µl were collected. Anti-

bacterial activity of each fraction was determined usin a liquid assay (see 2.2.1). Subsequent 

fractions at the peak of bacteriolytic activity were pooled to three independent samples (I-III). 

To exclude an overload of the column with proteins in the first separation, the flow-through of 

five replica was concentrated at 4 °C and 13,000 g in ultra filtration tubes with a 4 kDa exclu-

sion limit (Intersep, Witten, Germany), and the buffer was exchanged by buffer A.  

Flow-through was loaded again on the column and eluted under the same conditions in 

a second separation including the determination of the protein content of the elution. The 

three samples I-III were concentrated, buffer was exchanged as described above and loaded 

again on the column in a third separation. To enhance separation of proteins, they were eluted 

by a salt gradient increasing continuously from 0-350 mM NaCl within 30 min and finally 

1 M NaCl. To increase the protein concentration for a subsequent separation, fractions with 

bacteriolytic activity of five replica were pooled to one sample. After concentration and buffer 

exchange (see above), separation was performed using the same salt gradient to elute the pro-

teins. 

The flow-through and the pooled fractions of bacteriolytic activity from the fourth sepa-

ration were used to determine bacteriolytic activity at different pH-values and for zymography 

and mass spectrometry (see 2.2.1-2.2.5). 
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4.3 Results 

4.3.1 Antibacterial activity of the purified compounds 

Bacteriolytic activity was determined by measurement of the change in optical density 

at 415 nm of 0.3 % Micrococcus lysodeikticus liquid assays. The flow-through induced a lysis 

of the cells within 30 min at pH 4.0. At other pH-values no cell lysis occurred (see 4.3.2). 

Bacteriolytic activity at pH 4.0 accounted for 23 % of the highest activities of the pooled 

sample of bacteriolytic fractions at pH 6.0 and pH 7.0 (see 4.3.2). Samples of bacteriolytic 

fractions showed a pH-dependant activity. No lysis occurred at pH 3.0, but about 18 %, 60 % 

and 58 % of the highest lysis at pH 6.0 and pH 7.0 (100 %) occurred at pH 4.0, pH 5.0 and 

pH 8.0, respectively. In a zymogram incubated at pH 6.0, lysis of M. lysodeikticus occurred at 

about 13 kDa for flow-through and fractions with bacteriolytic activity (data not shown) sim-

ilar to the zymogram of samples of non-infected bugs (see 3.3.3). 

 

4.3.2 Proteins in the small intestine homogenates 

Proteins in the flow-through eluted from the first anion exchange chromatographies 

possessed bacteriolytic activity (Figure 4.1). An overload of the column could be excluded 

(see 4.2.2), as no further proteins were eluted by an increasing salt gradient after a concentra-

tion of the flow-through of five replica, buffer exchange and subsequent chromatography 

(Figure S8.2.1, Suppl.). 

In the first separations, proteins possessing bacteriolytic activity mainly eluted between 

137 mM NaCl and 325 mM NaCl (Figure 4.1). Fractions eluting at about 137 mM NaCl (50-

225 mM NaCl), 250 mM NaCl (225-275 mM NaCl) and 325 mM NaCl (275-375  mM NaCl) 

were also pooled and processed for a third chromatography, and the proteins were eluted 

using a salt gradient of 0-350 mM NaCl within 30 min (Figure S8.2.2, Suppl.). The protein 

profile of these separations differed and showed slightly increased concentrations at different 

peaks between 137-325 mM NaCl and at 1 M NaCl (Figure S8.2.2, Suppl.). However, in re-

lation to the first separations none of the later fractions possessed a bacteriolytic activity. 

Therefore, all fractions of bacteriolytic activity were pooled and concentrated for a fourth 

chromatography, but even with the higher protein concentration, no bacteriolytic activity was 

detectable (Figure S8.2.3, Suppl.). 
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Figure 4.1: First chromatographic separations of bacteriolytic compounds from small 
intestine homogenates of T. infestans. 
In the anion exchange chromatography, supernatant of small intestine homogenate was sepa-
rated on a SOURCE 15Q column equilibrated with 20 mM Tris, pH 7.0. Proteins (grey line) 
were eluted by a linear gradient of 0-750 mM NaCl and finally 1 M NaCl (dotted line). Lysis 
of Micrococcus lysodeikticus by the respective fraction is presented as percentage of the 
maximal activity (black line). Standard deviations were calculated from activity of three inde-
pendent separations. Red lines border the subsequent fractions used for the next separation 
(samples I-III). 

 
4.3.3 Identified peptides after mass spectrometry 

After tandem mass spectrometric analysis of the flow-through protein and fractions with 

bacteriolytic activity against M. lysodeikticus, 26 proteins of the flow-through were identified 

(Tables S8.2.1-S8.2.3, Suppl.), 17 of them as proteins from T. infestans (Table 4.1) the others 

from Gallus gallus (Tables S8.2.4-S8.2.6, Suppl.). Almost 90 % of the T. infestans proteins 

were salivary proteins, about two third salivary lipocalins and in addition a NAD-binding 

glycerol-3-phosphate dehydrogenase and a Ca2+-binding protein. 

In the eluted fractions, 7 of 17 proteins were also present in the flow-through; 58.8 % of 

all identified proteins originated from T. infestans (Table 4.2), and 70.5 % of them were sali-

vary proteins. For the digestive carboxypeptidase I, cathepsin B and L, six, three and three 

peptides (covered 14.6 %, 12.9 % and 10.7 %) of the respective enzyme were identified. Two 

specific peptides covered 12.2 % of the deduced amino acid sequence of the mature TiLys1 

protein (Figure 4.2). Additionally, trialysin as antibacterial pore-forming compound of the 
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bugs’ saliva was identified with two peptides covering 16.1 % of its amino acid sequence 

(Figure 4.3). 

 
Table 4.1: Mascot identification data for T. infestans proteins in the flow-through of the 
chromatographic separation. 
Accession Amino- 

acids 
MW 
[kDa] 

Σ Identified 
peptides† 

Σ Coverage 
[%] 

Score Protein 

A6YPU2 175 19.9   9 41.7 3308.4 Putative salivary secreted protein  
B4XU24 355 39.0 17 43.4 3113.7 Glycerol-3-phosphate dehydrogenase  
A6YPE6 179 20.0   6 29.6   625.9 Salivary lipocalin  
A6YPP6 193 22.3   6 32.1   412.2 Salivary lipocalin  
Q18NS6 178 19.5   4 28.7   399.5 Platelet inhibitor triplatin-2 
A6YPL3 199 22.3   5 26.6   381.8 Salivary lipocalin  
A6YPE9 179 20.0   5 25.1   359.4 Salivary lipocalin  
A6YPR4 197 21.6   4 17.8   356.7 Lipocalin-like Ti65  
A6YPG6 182 20.4   3 13.7   136.6 Salivary lipocalin  
A6YPH4 175 19.2   2 17.7   318.4 Salivary lipocalin  
A6YPE8 179 19.9   5 25.1   309.1 Salivary lipocalin  
A6YPH2 202 22.7   3 13.4   304.4 Salivary lipocalin  
A6YPT7 154 15.9   2 18.2   137.8 Superoxide dismutase [Cu-Zn]  
A6YPN6 202 22.4   2   9.4     98.0 Salivary lipocalin  
A6YPG4 184 20.3   2 13.1     95.5 Calponin  
A6YPK2 178 20.5   2 14.1     85.0 Ca2+-binding protein  
A6YPH0 185 20.5   2 12.4     75.2 Salivary lipocalin  

 

Accession numbers were derived from Uniprot Protein Database (2011). Sequence coverage of the identified 
peptides is given as Σ Coverage. Significance of the search result is given as score. †Not redundant peptides. 
 
Table 4.2: Mascot identification data for T. infestans proteins in bacteriolytic active frac-
tions of the chromatographic separation. 
Accession Amino- 

acids 
MW 
[kDa] 

Σ Identified 
peptides† 

Σ Coverage 
[%] 

Score Protein 

Q101N9 474 53.9 6 14.6 656.5 Serine carboxypeptidase 1 
A6YPH1 169 18.6 9 61.0 586.7 Thymosin beta 
A6YPG8 193 20.3 8 33.7 449.3 DJ-1 
A6YPT7* 154 15.9 4 31.2 421.6 Superoxide dismutase [Cu-Zn]  
Q67EP7 328 36.5 3 10.7 421.2 Cathepsin L-like protease 
B4XU24* 355 39.0 6 18.3 419.7 Glycerol-3-phosphate dehydrogenase  
A6YPK2* 178 20.5 5 28.1 302.6 Ca2+-binding protein  
A6YPG4* 184 20.3 5 32.6 279.9 Calponin  
A6YPI9 129 14.6 4 45.7 276.7 Salivary secreted protein  
A6YPU2* 175 19.9 2 16.6 209.4 Putative salivary secreted protein  
A6YPR1 214 24.3 3 15.9 166.8 Putative rab11  
A6YPR4* 197 21.6 3 17.8 152.1 Lipocalin-like Ti65  
A6YPL3* 199 22.3 2 10.6 126.5 Salivary lipocalin  
A6YPU0 178 20.4 3 28.7 115.5 Actin-related protein Arp2/3∆  
Q8T0Z4 205 22.2 2 16.1 113.1 Trialysin  
A2SZV7 333 36.4 3 12.9 107.7 Cathepsin B-like protease  
Q7YZS5 139 15.6 2 12.2   85.3 TiLys1 

 

Accession numbers were derived from Uniprot Protein Database (2011). Sequence coverage of the identified 
peptides is given as Σ Coverage. Significance of the search result is given as score. *Identical peptides were also 
identified in the flow-through. †Not redundant peptides. ∆Complex subunit ARPC3.  
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                    ↓            #                    #          
TiLys1 : MKAVLLLCLVALLGISEARVFTRCGLAKELVAHGIPRRDLANWVCLIE :  48 
 

TiLys3 : MKAVLLLCLVTLLGISEARVFTRCELAKELVAHGIPRCDMANWVCLIE :  48 
 

TiLys2 : MKAVLLLCLVALLGVSEARVFTRCELARELLWQGIPRGDLPNWICLIE :  48 
                                                                

          ∆                 ∆           #        #   #          
TiLys1 : AESGRNTAARGGPNHDGSYDNGLFQINDRFWCTYGKPGHDCHVRCEDL :  96 
 

TiLys3 : AESGRDTAAIGGPNFDGSYDNGLFRINDQWWCTYGKPGLDCHVKCEDL :  96 
 

TiLys2 : TVSGRDTAAITGSDFDGVYYYGLFQISDRYWCMHGEPGHGCSVKCEDL :  96 
                                                                

                   #                   #          #             
TiLys1 : RTDDIRASVKCALLIKSRQGWKAWYGWQNKCRGRKLPNVDVCF : 139 
 

TiLys3 : RTDDITASVKCALLIKNRQGWNAWYGWLNKCKGHKLPNVDVCF : 139 
 

TiLys2 : LSDDITASVKCALLIKNQQGWNSWYLWRNQCKGQKLPNVDVCF : 139 
 

Figure 4.2: Multiple sequence alignment of TiLys1, TiLys2 and TiLys3.  
The predicted signal peptide cleavage site is marked by an arrow. The conserved cysteine 
residues presumably forming disulphide bridges are marked (#). Functionally important resi-
dues of glutamate (E) and aspartate (D) are indicated by ∆. Identical amino acid residues con-
served in all or two of three sequences are black or grey shaded, respectively. Peptides identi-
fied for TiLys1 by mass spectrometry are underlined and printed red.  

 

MSKFWLLLLLVAAFQFAHSYPAAEYELDETTNDEVRQFIGDGYFEDEGDDGD  52 

EERFKIKPGKVLDKFGKIVSKVLKQLKKVSAVAKVAMKKGAALLKKMGVKIS 104 

PLKCEENTCKSCVIFKIPTENSFCLTIRFMKTNIATYLVVAGEINRKSKFEE 156 

KLKLGNMPRCVNVEGFIGKVCMKGIEGHAKSSSGQANVNFCLGLVAEKFGVG 208 

AKLCGIYANKKVRVKISPQLFPGATSLDGDIVKLDDNGEDATTLDVDEVEID 260 

Figure 4.3: Putative amino acid sequence of trialysin. 
The sequence was derived from GenBank query AF427487 (AMINO et al. 2002). Peptides 
identified for trialysin by mass spectrometry are underlined and printed red.  

 
4.4 Discussion 

Whereas proteins in the saliva of different triatomines have been identified (RIBEIRO et 

al. 1998; AMINO et al. 2002; ASSUMPÇÃO et al. 2008; MEISER et al. 2010), the digestive tract 

has not been considered before. Results obtained from the separation of small intestine homo-

genates via anion exchange chromatography allowed the determination of bacteriolytic com-

pounds in the eluted fractions. Subsequently, the bacteriolytic compounds were identified 

using mass spectrometry. In both, flow-through and bacteriolytically active fractions, salivary 

lipocalins were detected (Tables 4.1 and 4.2). These salivary lipocalins were described on 

transcript level and suggested to act as a factor for evasion or tolerance of the host defense 

response (ASSUMPCAO et al. 2008). The mass spectrometric identification of these proteins 

indicates a stable presence of proteins of the saliva in the small intestine even at 40 daf or a so 

far unknown expression of the responsive genes also in the intestine, as indicated by the ge-
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nome project in R. prolixus (RIBEIRO et al. unpublished). Compared to other proteins, salivary 

lipocalins were present in both samples. Beside salivary lipocalins, superoxide dismutase [Cu-

Zn], glycerol-3-phosphate dehydrogenase and Ca2+-binding protein were identified in both 

samples (Table 4.2). The presence of these proteins in the flow-through as well as in the bac-

teriolytically active fractions can possibly be explained by different isoforms or degradation 

products, interactions with other proteins or different posttranslational modifications. 

In chromatography, the flow-through initially possessed a bacteriolytic activity against 

M. lysodeikticus at pH 6.0. After further chromatographic separation, the bacteriolytic activity 

faded (Figure S8.2.1, Suppl.). The loss of activity can be explained by the presence of he-

moglobin degradation products. Bovine hemoglobin fragments in the tick Boophilus 

microplus are antibacterially active against M. lysodeikticus (FOGAÇA et al. 1999). In 

T. infestans degradation products of chicken hemoglobin were detected in the flow-through 

(Table S8.2.1, Suppl.), which further supports this suggestion. In fractions of the first separa-

tions the bacteriolytic activity remained stable. In these fractions, highest activity occurred at 

pH 6.0. This pH is typical for the small intestine of T. infestans (see Chapter 9), and enables 

the highest bacteriolytic activity. 

The present study also identified trialysin in the bacteriolytically active fractions (Table 

4.1). The presence of trialysin was shown in the salivary glands (AMINO et al. 2002). The 

protein was characterized as pore-forming antibacterial protein with a molecular mass of 

22.2 kDa. Trialysin was able to lyse bacteria as well as trypanosomes. A protective function 

against trypanosome infection of the salivary glands was already suggested by AMINO et al. 

(2002). The absent lysis in the zymograms at the respective molecular mass suggests that 

trialysin in the bacteriolytic active fractions is not present in its active form. Whether trialysin 

origins from the salivary glands or small intestine needs to be considered in future investiga-

tions. Elucidating also a function in the digestive tract is furthermore essential. 

Other known antibacterial compounds in the intestine of triatomines – including the 4-

5 kDa defensins and attacin-like proteins of 20-23 kDa (BULET et al. 1993; ARAUJO et al. 

2006; URSIC-BEDOYA et al. 2011) – were not identified via mass spectrometry. These proteins 

were not detected in the flow-through or in the pooled fractions. In contrast to attacin-like 

proteins, the predicted amino acid sequence of defensin (GenBank accession ABD61004) is 

rich in cysteines. Theoretic tryptic digestion results in seven peptides, each possessing one or 

more cysteine residues. Unfortunately, the identification of cysteine containing peptides is 

almost impossible in mass spectrometry without reduction and alkylation during sample prep-

aration. Therefore, defensin could not be identified in the here investigated samples. The 
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presence of defensin in small intestine homogenates of T. infestans needs to be validated in 

future studies using reduced and alkylated samples.  

Bacteriolytic activity is usually suggested to depend on lysozymes (HULTMARK  1996). 

In Diptera, the c-type lysozymes have been divided into immunity-related lysozymes, pro-

tecting the intestinal tract against bacterial infections, and digestive lysozymes (REGEL et al. 

1998). The latter share common features with the digestive lysozymes of vertebrate 

ruminants, e.g. activity optima at low pH-values and at physiological ionic strength and a 

resistance to proteolytic digestive enzymes (PRAGER 1996). For triatomines, the lysozymes 

TiLys1 and TiLys2 (KOLLIEN et al. 2003; BALCZUN et al. 2008) were suggested to act mainly 

as digestive enzymes due to sequence homologies with the respective lysozymes of Diptera 

(URSIC-BEDOYA et al. 2008). TiLys1 was the first lysozyme described at the transcript level 

from the intestinal tract of T. infestans (KOLLIEN et al. 2003). Later, molecular biological in-

vestigations identified another intestinal lysozyme (TiLys2) of this haematophagous insect 

(BALCZUN et al. 2008). A third one was found to be expressed in the insects’ salivary glands 

D3 (KLENNER 2008). In Triatoma brasiliensis, a lysozyme gene (TbLys1), expressed in the 

intestinal tract and fat body was described (ARAUJO et al. 2006). The expression of TbLys1 in 

the small intestine was 60-300 times higher than in the stomach, rectum and fat body. In im-

mune-stimulated R. prolixus, fat body and intestine contained mRNA encoding two lyso-

zymes (RpLys-A and RpLys-B) (URSIC-BEDOYA et al. 2008). While RpLys-B is predominantly 

expressed in the fat body, RpLys-A is mainly expressed in the midgut after T. cruzi-ingestion. 

In RpLys-A, 79 % of the deduced amino acid sequence are identical with TiLys1 and only 

49 % with RpLys-B (Figure 3.12). T. infestans lysozymes have so far only been investigated 

once in zymograms of small intestine homogenates (MEISER 2009), while mass spectrometry 

analysis focused on T. infestans cathepsins (see Chapter 9). In zymograms of the present in-

vestigation, lysis occurred at about 13 kDa for both, flow-through and bacteriolytic active 

fractions after incubation at pH 6.0. This molecular mass corresponds to the size of TiLys1 

mature protein (13.81 kDa), but no lysozyme was identified in the flow-through by mass 

spectrometry. 

So far, transcripts of TiLys3 were only identified in the salivary glands and not in the 

small intestine of T. infestans (KLENNER 2008). Thus, TiLys3 was excluded in the classifica-

tion of the mass spectrometric data. Theoretical tryptic digestion of TiLys1 and TiLys3 leads 

to several specific peptides, six identical and three peptides with one or two replacements of 

amino acids for the both lysozymes (data not shown). One of these six identical peptides was 

identified by mass spectrometry. To generate the second identified peptide by tryptic diges-
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tion of TiLys3, exchange of two amino acids would be necessary – one within the peptide 

sequence and another one amino acid directly before the N-terminus of the peptide – to gener-

ate a cleavage site for trypsin. Thus, the second identified peptide seemed to be specific for 

TiLys1 and enabled the identification of TiLys1 in the bacteriolytic active fractions. 

Due to the different theoretical isoelectric points (pI) of TiLys1 (pI 9.1), TiLys2 (pI 5.6) 

and TiLys3 (pI 6.8) calculated by expasy pI tool (2011), a separation of the three lysozymes 

via anion exchange chromatography seemed to be possible. TiLys1 was predicted to be 

present in the flow-through. However, mass spectrometric data analysis proved the presence 

of TiLys1 in the bacteriolytic active fractions eluting between 50 mM NaCl and 375 mM 

NaCl (Figure 4.1 and Table 4.1). This difference might be caused by posttranslational modifi-

cations. Information on N-terminal acetylation or phosphorylation of the three lysozymes is 

lacking. Both modifications affect the surface charge of proteins and therefore the binding 

capacities to the anion exchange column. Usually, the N-terminus possesses a pks of 8. Using 

an anion exchange chromatographic approach around pH 7.0, the N-terminus is predomi-

nantly charged positive. Each N-terminal acetylation results in reducing the protein net charge 

by 1, and a phosphorylation is causing more negative charges, depending on the pH. A highly 

negative charged protein is eluted later from the column than a protein charged positive. 

In the present study, the intestinal lysozyme TiLys1 was identified by mass spectrome-

try (see 3.4.3) after tryptic digestion and chromatographic separation of small intestine homo-

genates in the bacteriolytic active fractions (Table 4.1). Since the evidence of lysozyme was 

so far only proved on transcript level, this study verifies its presence for the first time in vivo. 

The protein is present in the small intestine of T. infestans even at 40 daf of N4, suggesting a 

permanent lysozyme titer, despite the inducible expression after feeding (see 3.3.6). For the 

other intestinal T. infestans lysozyme, TiLys2, only one peptide was found after mass spec-

trometry. Thus, TiLys2 could not be definitely identified in the present study, but its presence 

in the small intestine cannot be excluded.  
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5. General discussion 
 
5.1 Material and methodological problems 

Before the results of the individual chapters of this thesis are discussed comparatively, 

material as well as methodological problems will be addressed. For the present investigations 

simultaneous rearing of high numbers of nymphs was required to obtain large amounts of 

small intestine contents or small intestine and rectum homogenates. Especially the infection 

of large numbers of bugs for short-trypo group and the feeding of nymphs with high numbers 

of surface coats or either naked trypomastigotes was complicated. Therefore nude rats were 

included, which develop high parasitaemias, but the risk is high that this rat strain, charac-

terized by an absent spleen, dies before the maximum of parasitism is reached (SCHAUB et al. 

2001). Therefore, even more batches of standardized nymphs were required. 

Changes of protein pattern in digestive tract samples were problematic. After feeding, 

the concentrations of proteins from the ingested blood, especially hemoglobin degradation 

products, were predominantly present in the small intestine (see Chapter 3). These high 

amounts of hemoglobin degradation products bind to the precolumn and consequently are 

eluted, which results in high amounts of hemoglobin in the samples. Thereby, the identifica-

tion accuracy of low abundant peptides is decreased.  

A chromatographic separation of small intestine homogenates of pooled fractions with 

bacteriolytic activity was used to obtain sufficient amounts of low abundant proteins, which 

were required for the further identification and characterization. To avoid hemoglobin cover-

ing, bugs at 40 daf were used for this experimental approach (see Chapter 4). However, mass 

spectrometric identifications of individual triatomine proteins using fragment spectra were 

difficult. The main problem was the small number of triatomine database references compared 

to e.g. the human genome. Since the proteome of T. infestans is not completely known, the 

identification of the proteins was performed by comparisons with 257 entries for T. infestans 

in the TrEMBL Database (2011). For the identification of chicken and rat proteins the Swiss-

Prot Database (2010) was used. However, unequivocal identification of TiLys1 was success-

ful after mass spectrometry (see Chapter 3 and 4).  

A further methodological problem had to be considered in the characterization of the 

bacteriolytic activity in the photometric measurements (see Chapters 3 and 4). The bacteri-

olytic activity of lysozymes can be affected by an increase of the ionic strength resulting in a 

shift of the pH-optimum to a more acidic pH (summarized by CANÇADO et al. 2008). Since 
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we had chosen a buffer system with a constant ionic strength, pH-optima found for bacteri-

olytic activity in the small intestine and rectum of Triatoma infestans were comparable to pH-

optima of other bacteriolytic proteins. 

 

5.2 Pattern of bacteriolytic activities of unfed, short-term and long-term T. cruzi-infected 
     T. infestans 

Insects produce a wide range of antimicrobial peptides indicating the importance of 

humoral immunity (see 1.4.2). These compounds are secreted not only into the haemocoel but 

also into the intestinal tract (RIBEIRO &  PEREIRA 1984; REGEL et al. 1998). Parasites, which 

are transmitted by insect vectors, occupy a specific niche in the insect. In order to be trans-

mitted to the vertebrate host, they have to establish a relationship in which neither the insect 

nor the parasite dies (BOULANGER et al. 2006), i.e. they have to interact specifically with the 

immune system. In the Trypanosoma cruzi-triatomine interaction, the flagellate cannot simply 

suppress the immunity, since ingested blood has to be protected from microorganisms and the 

growth of the essential symbionts has to be enabled. Although 99.9 % of the symbiont popu-

lation is killed after the passage to the small intestine, some symbionts must survive to enable 

an infection of other individuals of the population via coprophagy (EICHLER 1998). Investiga-

tions of the interactions of symbiotic and non-symbiotic bacteria, fungi and T. cruzi require 

different methodologies. In the present study, biochemical approaches (reverse-phase high-

performance liquid chromatography and mass spectrometry analysis) in combination with 

bacteriolysis in vitro assays have been used to characterize the constitutive and inducible im-

mune response after feeding and the interactions with T. cruzi in the small intestine and rec-

tum of T. infestans. 

Comparing bacteriolytic activities in small intestine samples of unfed T. infestans (see 

Chapter 4) and of short-term and long-term T. cruzi-infected bugs (see Chapter 3), in both 

investigations the main bacteriolytic activity occurred at pH 6.0. According to mass 

spectrometry TiLys1 seems to be the important factor for this activity. The theoretical 

isoelectric point for TiLys1 (pI 9.07) indicates the environment in which this protein operates. 

In recent investigations of the small intestine of T. infestans after feeding, the pH ranged 

between pH 5.3 and pH 6.7 (see Chapter 9). Therefore, the pH-environment in the small 

intestine of T. infestans seems to be optimal for bacteriolytic activities of TiLys1. 

Beside TiLys1, lysozymes from chicken or rat were identified in bacteriolytic active 

SDS-gel bands of fed T. infestans fifth instar nymphs (see Chapter 3). Since TiLys1 was also 

identified in unfed bugs (see Chapter 3), the bacteriolytic activity in fed bugs is probably 
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caused by this protein and may only be supported by mammalian or bird lysozymes. Mass 

spectrometry of samples obtained at different times after feeding proved for the first time a 

permanent presence of TiLys1. This correlates with results of previous investigations de-

scribing TiLys1 as a constitutively expressed gene (KOLLIEN et al. 2003).  

For further characterization of lysozyme activity in the small intestine after short-term 

T. cruzi-infection, heat stability of bacteriolytic activity has to be evaluated. Establishment of 

a heterologous expression system for TiLys1 and TiLys2 will help to characterize the two 

intestinal lysozymes in detail. Especially investigation of their direct interaction with 

trypanosomes will provide a more detailed understanding of their role in the small intestine of 

T. infestans. In addition, the unequivocal localization and quantity of the different lysozymes 

could be determined by generating specific antibodies using heterologous synthesized pro-

teins. However, although heterologous synthesis of lysozymes of different animals has been 

done by different groups, the synthesis of T. infestans lysozymes is complicated and own 

investigations with different expression systems were not successful. Former studies focused 

in the establishment of TiLys1 gene knock-down through injection of double stranded RNA 

into the haemocoel of T. infestans nymphs (BUSCH 2008; ALBRING 2009). After gene knock-

down of TiLys1, the population size of the symbiont Rhodococcus triatomae increased 

(ALBRING 2009). To evaluate the relevance of lysozymes in parasite control, future studies 

should focus on differences in T. cruzi population dynamics after gene knock-down of the 

different intestinal lysozymes. 
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6. Summary/Zusammenfassung 

6.1 Summary 

Triatomines are obligate haematophagous insects transmitting Trypanosoma cruzi, the 

etiological agent of Chagas disease in Latin America. The present investigations focused on 

the parasite-induced humoral immune response to T. cruzi-infection in Triatoma infestans. 

Molecular biological and protein biochemical tools were applied to characterize bacteri-

olytically active compounds of the immune response to achieve a more detailed understanding 

of host parasite interactions. Addressing the bacteriolytic activity of either small intestine 

contents or recta or of separated fractions of small intestine homogenates after high-

performance liquid chromatography, the optimal pH-condition for the activity was 

determined. In addition, factors inducing the intestinal immune response were elucidated by 

the feeding of mixtures of blood with trypomastigotes, surface coat, blood trypomastigotes 

without surface coat and epimastigotes. Peptidergic bacteriolytic components were identified 

through mass spectrometry and transcript levels of intestinal lysozymes TiLys1 and TiLys2 

were determined by qRT-PCR. 

 

• Investigating small intestine contents, homogenates of small intestines and recta of 

unfed fifth instars and fed bugs up to 15 days after feeding via photometric assays, the 

bacteriolytic activity against Micrococcus lysodeikticus was highest at pH 6.0.  

• The concentration of soluble protein in the small intestine and rectum samples was not 

positively correlated with the bacteriolytic activity. 

• The bacteriolytic activity at pH 6.0 was higher in the small intestine samples compared 

to the rectum samples.  

• In the small intestine samples of short-term T. cruzi-infected bugs and bugs fed shed 

surface coats, bacteriolytic activities were significantly increased up to 5 days after 

feeding. After ingestion of blood trypomastigotes without surface coat and 

epimastigotes, the bacteriolytic activity in the small intestine and rectum samples was 

not changed significantly. 

• In the small intestine samples of long-term T. cruzi-infected bugs, the bacteriolytic 

activity was significantly increased 5 and 10 days after feeding compared to non-

infected bugs. 

• In zymograms, the activity against M. lysodeikticus was correlated with proteins of 
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about 13 kDa. Mass spectrometry identified TiLys1 as possible agent for this activity. 

After protein separation via high-performance liquid chromatography even 40 days 

after feeding, TiLys1 was present in small intestine homogenates, suggesting a perma-

nent presence. 

• Transcription levels of TiLys2 in the small intestine after feeding of fifth instar 

nymphs of T. infestans were generally higher than of TiLys1. 

• After ingestion of chicken or rat blood, TiLys1 was up-regulated 32-fold at 15 days 

after feeding or 8.4-fold at 3 days after feeding, respectively. TiLys2 was up-regulated 

8.8 and 68.6-fold at 10 and 15 days after feeding on chicken, respectively, and 5.8-

fold at 5 days after feeding on rats. This indicates a specific action of the intestinal 

immune response to blood of different hosts. 

• In short-term T. cruzi-infected T. infestans, transcription level of TiLys2 in the small 

intestine was 13-fold increased at 5 days after feeding compared to unfed nymphs, 

while that of TiLys1 was down-regulated at 3 days after feeding, compared to non-in-

fected nymphs. 

 

Both, bacteriolytic activity and expression levels of lysozymes in the small intestine 

samples of short-term T. cruzi-infected fifth instar nymphs showed a significant increase 

between 3 and 10 days after infection. Therefore, the flagellate induces an early intestinal 

immune response in T. infestans after the passage into the small intestine. 
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6.2 Zusammenfassung 

Triatominen sind obligat hämatophage Insekten, die in Lateinamerika T. cruzi übertra-

gen, den Erreger der Chagas Krankheit. Die vorliegenden Untersuchungen erfassten die Para-

siten-induzierte Immunantwort nach einer Infektion von T. infestans mit T. cruzi. Zur Cha-

rakterisierung von bakteriolytisch aktiven Komponenten der Immunantwort und zum besseren 

Verständnis der Wirt-Parasit-Interaktionen wurden molekularbiologische und proteinbioche-

mische Verfahren eingesetzt. Bei Untersuchungen der bakteriolytischen Aktivität von entwe-

der Dünndarminhalten und Rekta oder aufgetrennten Fraktionen von Dünndarmhomogenaten 

nach Hochleistungsflüssigkeitschromatographie wurde das pH-Optimum der Aktivität 

bestimmt. Zusätzlich wurden die auslösenden Faktoren der intestinalen Immunantwort durch 

Verfütterung von Blut mit Trypomastigoten, Surface coat, Bluttrypomastigoten ohne Surface 

coat und Epimastigoten erfasst. Peptiderge bakteriolytische Komponenten wurden mittels 

Massenspektrometrie identifiziert und Transkriptmengen der intestinalen Lysozyme TiLys1 

und TiLys2 über die qRT-PCR verglichen. 

• Bei photometrischen Untersuchungen der bakteriolytischen Aktivität gegen 

M. lysodeikticus an Dünndarminhalten und an Homogenaten des Dünndarms und 

Homogenaten des Rektums hungriger Wanzen des fünften Nymphenstadiums sowie 

bei Wanzen bis zu 15 Tagen nach der Fütterung war die Aktivität bei pH 6,0 am 

höchsten.  

• Die Konzentration von löslichen Proteinen war nicht positiv mit der bakteriolytischen 

Aktivität korreliert. 

• Die bakteriolytische Aktivität bei pH 6,0 war in Dünndarmproben stärker als in 

Rektumproben.  

• In Dünndarmproben von frisch T. cruzi-infizierten und mit Surface coat gefütterten 

Wanzen war die bakteriolytische Aktivität bis zu 5 Tage nach der Fütterung 

signifikant erhöht. Nach der Verfütterung von Bluttrypomastigoten ohne Surface coat 

und Epimastigoten war die bakteriolytische Aktivität in Dünndarm und Rektum nicht 

signifikant erhöht. 

• In Dünndarmproben von Nymphen mit etablierten T. cruzi-Infektionen war die 

bakteriolytische Aktivität im Vergleich zu nicht-infizierten Wanzen 5 und 10 Tage 

nach der Fütterung signifikant erhöht. 

• In Zymogrammen wurden die stärksten bakteriolytischen Aktivitäten gegen 

M. lysodeikticus Proteinen mit einem Molekulargewicht von 13 kDa zugeordnet. Mit-
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tels Massenspektrometrie wurde TiLys1 als möglicher verantwortlicher Faktor identi-

fiziert. Auch 40 Tage nach der Fütterung wurde TiLys1 in Dünndarmhomogenaten 

nach der Auftrennung mittels Hochleistungsflüssigkeitschromatographie nachgewie-

sen. Dies belegt die permanente Präsenz des Proteins. 

• Die Transkriptmenge von TiLys2 lag im Dünndarm des fünften Nymphenstadiums von 

T. infestans nach der Fütterung generell über der von TiLys1. 

• 15 bzw. 3 Tage nach Verfütterung von Hühner- bzw. Rattenblut war die 

Transkriptmenge von TiLys1 32- bzw. 8,4-mal höher als die von ungefütterten Wan-

zen. Die Transkriptmenge von TiLys2 war 10 und 15 Tage nach der Aufnahme von 

Hühnerblut 8,8- bzw. 68,6-mal höher, 5 Tage nach der Aufnahme von Rattenblut 5,8-

mal. Dies deutet auf eine Wirtsblut-spezifische Immunantwort des intestinalen Gewe-

bes hin. 

• Im Dünndarm der frisch infizierten Wanzen war 5 Tage nach der Fütterung die 

Transkriptmenge von TiLys2 13-mal höher als bei ungefütterten Wanzen, die von 

TiLys1 jedoch 3 Tage nach der Fütterung signifikant niedriger als die von nicht-infi-

zierten Wanzen. 

Beim Vergleich der bakteriolytischen Aktivität und der Transkriptmengen der 

Lysozyme in Dünndarmproben von frisch infizierten Wanzen des 5. Nymphenstadiums ist 

ein signifikanter Anstieg zwischen 3 und 10 Tagen nach der Infektion hervorzuheben. 

Demnach induziert der Flagellat eine relativ frühe intestinale Immunantwort in 

T. infestans. 
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8. Supplemental data 

8.1 Supplemental data for chapter 3 

 

Figure S8.1.1: Bacteriolytic activities (�OD) plotted against the respective protein 
concentration in small intestine and rectum of the different groups in the first approach. 
Mean from 3 independent samples. Measurements were done over a 30 min period. Plots 
contain data points of unfed (uf) fifth instar larvae as well as 2, 3, 5, 10 and 15 days after 
feeding. 
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Figure S8.1.2: Bacteriolyic activities (�OD) plotted against the respective protein 
concentration in small intestine and rectum of the different groups in the second 
approach. 
Mean from 3 independent samples. Measurements were done over a 30 min period. Plots 
contain data points of unfed (uf) fifth instar larvae as well as 2, 3 and 5 days after feeding. 
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TiCatB : MKELIPFSLLICGIFSASIPTDPLSDEFIDYINSLQTTWR--AGRNFAPN :  48 
 

TiCatL : MKVAICFLAFFA--ISHTALHDYFPEEWLAFKAQFGKSYKNSFEELFRMN :  48 
                                                                  
TiCatB : TPKKYLKSLAGGVHKNTKNGFTLPIRDVSLDITLPDEFDAR--------- :  89 
 

TiCatL : VYKENQRKIDEHNKRYENGEVSYKLKMNHFGDLMQHEFKALNKLKRSAKQ :  98 
                                                                  
TiCatB : -----------------KQWPNCSTIGEIRDQGSCGSCWAFGAVEAMSDR : 122 
 

TiCatL : QNSGEVFRATGGKLPAKVDWRQKGAVTPVKDPGQCGSCWAFSSTGSLGGQ : 148 
                                                                  
TiCatB : LCIHSNGKLQVHLSAENLLSCCDSCG-DGCLGGSPESAWEYWHKFGIVSG : 171 
 

TiCatL : LFLKN--KKLVSLSEQQLVDCSGNYGNDGCDGGIMVQAFQYIKGNGGID- : 195 
                                                                  
TiCatB : GNYGSKQGCQPYSIAPCEHSIHGSSPACGGVTDTPKCKKQCEKGYSIPYD : 221 
 

TiCatL : -----TEGSYPYEAEDDKCRYKTKS-----VAGTDKGYVDIAQGDENALK : 235 
                                                                  
TiCatB : KAFYYGQPGYAIPNDAQKIQAEILKNGPIVASFLVYEDLFSYKEGVYQHV : 271 
 

TiCatL : EAVAEIGP-ISVAIDAGNLSFQFYSEG-------IYDEPFCSNT------ : 271 
                                                                  
TiCatB : AGEFLGGHVIKIFGWGIENGTPYWLVANSWNTDWGNNGFFKIPRGKD-EC : 320 
 

TiCatL : ----ELDHGVLVVGYGTENGQDYWLVKNSWGPSWGENGYIKIARNHNNHC : 317 
                                                                  
TiCatB : GIEIDVSAGLPRL : 333 
 

TiCatL : GIASMASYPIV-- : 328 
                             
 

Figure S8.1.3: Multiple sequence alignment of the amino acid sequences of T. infestans 
cathepsin B and L using CLUSTALX (v2.0). 
Peptides identified by mass spectrometry are underlined and marked red. Identical amino acid 
residues conserved in all sequences are black shaded. The GenBank sequences used for this 
alignment are: T. infestans cathepsin B-like cysteine proteinase (TiCatB) (ABD35300) and 
cathepsin L-like proteinase (TiCatL) (AAR12010). 

 
TiCatD1 : MFKFVLLVVAAVG--IIPSQCHHHVPLYKMYKTPRPVEELQKELKVYKDG :  48 
TiCatD2 : MLAHTLLLISSFCGVLLGSDNLVRVPLTKIQSARRFFQDVGTAVEQLTLK :  50 
                                                                    
TiCatD1 : LKMYSMLKKSGREVLRNSFNTQYYGNITLGTPPQEFTVIFDTGSSNLWIP :  98 
 

TiCatD2 : YDTGNGVEGPFPEPLSNYLDAQYYGAITLGSPPQSFRVVFDTGSSNLWVP : 100 
                                                                    
TiCatD1 : SAVCS--SVACRVHNTYDHDRSSTYQPDGRILRLTYGTGSIAGIMSSDVL : 146 
 

TiCatD2 : SKKCSRFNIACWVHRKYDSSNSKTYVPNGEKFAIQYGSGSLSGFLSQDQL : 150 
                                                                    
TiCatD1 : QIGDLQVKNQLFGEALQVSDSPFARAKPDGILGLAFPSIAQDHAVPPFFN : 196 
 

TiCatD2 : SIGGVTVANQTFAEAVNEPGMVFVAAKFDGILGLGYDTISVDKVTPPFYN : 200 
                                                                    
TiCatD1 : MIKQELLDKPVFSVYLNRNPDEEVGGEIIFGGVDEELYNKESMTTVPLTS : 246 
 

TiCatD2 : MYQQGAVQNPVFSFYLNRDPAAAVGGEIIFGGSDPEKYVG-DFTYVPVDK : 249 
                                                                    
TiCatD1 : TSYWMFQMDGISTSAEDGTSWCQNGCPGIADTGTSFIVGPSSDVDEIMEL : 296 
 

TiCatD2 : QGYWQFNMDKVIVN---GKTFCKGGCQAIADTGTSLIAGPTEDVIALNKL : 296 
                                                                    
TiCatD1 : VG-AEVYQGIGFVSCDDLDKLPDITFHINGKGYTIKAEDYILKVTQAGET : 345 
 

TiCatD2 : LGGTPIAGGEYMISCDLIPKLPKIDFVIGGNKFSLEGKDYILRVSAMGKT : 346 
                                                                    
TiCatD1 : ACIVGFTTLPSAP--QPFWILGDVFLGKVYTVFNVEDRTVSFASLKQ : 390 
 

TiCatD2 : ICLSGFLGLDVPPPHGPLWILGDVFIGRFYTEFDLGNNRVGFALSKE : 393 
 

Figure S8.1.4: Multiple sequence alignment of the amino acid sequences of T. infestans 
cathepsin D and D2 using CLUSTALX (v2.0). 
Peptides identified by mass spectrometry are underlined and marked red. Identical amino acid 
residues conserved in all sequences are black shaded. The GenBank sequences used for this 
alignment are: T. infestans cathepsin D1 (TiCatD1) (ADK47877) and aspartate protease 
cathepsin D (TiCatD2) (AEO94539). 
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Table S8.1.1: Mascot identification data (score 9918.13 to 301.72) for a 13 kDa band of 
small intestines of unfed fifth instars of T. infestans (short-control group) after 
gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Hemoglobin subunit beta-1 
Accession: P02091 

Aminoacids: 147 
MW [kDa]: 16.0 
Calc. pI: 8.1 
 

∑ Coverage: 91.7 
Spectral counts: 253 
Score: 9918.1 

YFDSFGDLSSASAIMGNPK (80) 
VVAGVASALAHKYH (12) 
VVAGVASALAHK (62) 
VNPDDVGGEALGR (26) 
KVINAFNDGLK (14) 
GTFAHLSELHCDK (2) 
VHLTDAEK (1) 

LLVVYPWTQR (17) 
LLGNMIVIVLGHHLGK (17) 
AAVNGLWGK (1) 
EFTPCAQAAFQK (2) 
VINAFNDGLK (16) 
LHVDPENFR (3) 

Hemoglobin subunit beta-2 
Accession: P11517 

Aminoacids: 147 
MW [kDa]: 16.0 
Calc. pI: 8.8 
 

∑ Coverage: 89.8 
Spectral counts: 172 
Score: 6147.1 

VNADNVGAEALGR (7) 
FGDLSSASAIMGNPQVK (18) 
VVAGVASALAHKYH (12) 
VVAGVASALAHK (62) 
KVINAFNDGLK (14) 
GTFAHLSELHCDK (2) 
VHLTDAEK (1) 

LLVVYPWTQR (17) 
LLGNMIVIVLGHHLGK (17) 
ATVSGLWGK (1) 
EFTPCAQAAFQK (2) 
VINAFNDGLK (16) 
LHVDPENFR (3) 
 

Hemoglobin subunit alpha-1/2 
Accession: P01946 

Aminoacids: 142 
MW [kDa]: 15.3 
Calc. pI: 8.0 

∑ Coverage: 71.8 
Spectral counts: 187 
Score :6110.4 

FLASVSTVLTSK (70) 
IGGHGGEYGEEALQR (27) 
AADHVEDLPGALSTLSDLHAHK (17) 
TYFSHIDVSPGSAQVK (9) 

MFAAFPTTK (42) 
VLSADDKTNIK (6) 
KVADALAK (2) 
LRVDPVNFK (14) 

Keratin, type II cytoskeletal 1 
Accession: Q6IMF3 

Aminoacids: 625 
MW [kDa]: 64.8 
Calc. pI: 7.9 

∑ Coverage: 5.3 
Spectral counts: 10 
Score: 434.7 

FLEQQNQVLQTK (5) 
TNAENEFVTIK (3) 
 

DYQELMNTK (2) 
 

Keratin, type II cytoskeletal 6A 
Accession: Q4FZU2 

Aminoacids: 552 
MW [kDa]: 59.2 
Calc. pI: 7.9 

∑ Coverage: 6.0 
Spectral counts: 8 
Score: 351.7 

SLDLDSIIAEVK (2) 
YEELQITAGR (5) 

LALDVEIATYR (1) 

Keratin, type I cytoskeletal 10 
Accession: Q6IFW6 

Aminoacids: 526 
MW [kDa]: 56.5 
Calc. pI: 5.2 

∑ Coverage: 10.3 
Spectral counts: 10 
Score: 308.0 

QSVEADINGLR (1) 
LENEIQTYR (2) 
YENEVALR (2) 
DAEAWFNEK (1) 

LKYENEVALR (1) 
SEITELR (1) 
SEITELRR (1) 
LAADDFR (1) 

Keratin, type II cytoskeletal 1b 
Accession: Q6IG01 

Aminoacids: 519 
MW [kDa]: 57.2 
Calc. pI: 5.6 

∑ Coverage: 4.2 
Spectral counts: 7 
Score: 303.8 

FLEQQNQVLQTK (5) 
NKYEDEINKR (1) 
 

NKYEDEINK (1) 

Keratin, type II cytoskeletal 5 
Accession: Q6P6Q2 

Aminoacids: 576 
MW [kDa]: 61.8 
Calc. pI: 7.8 

∑ Coverage: 11.3 
Spectral counts: 8 
Score: 301.7 

SLDLDSIIAEVK (2) 
YEELQQTAGR (1) 
LALDVEIATYR (1) 
WTLLQEQGTK (1) 

NKYEDEINKR (1) 
VDALMDEINFMK (1) 
NKYEDEINK (1) 

 

All proteins originated from R. rattus. Accession numbers were derived from Uniprot Protein Database (2011). Sequence coverage of the 
identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.2: Mascot identification data (score 251.73 to 89.82) for a 13 kDa band of 
small intestines of unfed fifth instars of T. infestans (short-control group) after 
gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Murinoglobulin-1 
Accession: Q03626 

Aminoacids: 1487 
MW [kDa]: 165.2 
Calc. pI: 6.0 

∑ Coverage: 3.4 
Spectral counts: 7 
Score: 251.7 

QLSFSLSAEPIQGPYK (3) 
ESVVFVQTDKPVYKPGQSVK (1) 
 

FRVVSMDK (1) 
FGVDVK (2) 
 

Keratin, type II cytoskeletal 2 
Accession: Q6IG02 

Aminoacids: 685 
MW [kDa]: 69.1 
Calc. pI: 7.7 

∑ Coverage: 7.6 
Spectral counts: 5 
Score: 185.1 

GFSSGSAVVSGGSR (1) 
LALDVEIATYR (1) 
VDPEIQNVK (1) 
 

DYQELMNVK (1) 
HGDSLKEIK (1) 

Keratin, type I cytoskeletal 42 
Accession: Q6IFU7 

Aminoacids: 452 
MW [kDa]: 50.2 

Calc. pI: 5.2 
∑ Coverage: 6.2 
Spectral counts: 2 
Score: 107.1 

GQVGGDVNVEMDAAPGVDLSR (1) 
 

LAADDFR (1) 

TiLys1 
Accession: Q7YZS5 

Aminoacids: 139 
MW [kDa]: 15.6 
Calc. pI: 8.7 

∑ Coverage: 20.1 
Spectral counts: 3 
Score: 100.4 

GGPNHDGSYDNGLFQINDR (1) 
 

ELVAHGIPR (2) 
 

Keratin, type I cytoskeletal 19 
Accession: Q63279 

Aminoacids: 403 
MW [kDa]: 44.6 
Calc. pI: 5.3 

∑ Coverage: 4.0 
Spectral counts: 4 
Score: 98.0 

LASYLDKVR (1) 
LAADDFR (1) 
 

LASYLDK (2) 
 

Actin, cytoplasmic 1 
Accession: P60711 

Aminoacids: 375 
MW [kDa]: 41.7 
Calc. pI: 5.5 
 

∑ Coverage: 6.9 
Spectral counts: 2 
Score: 89.8 

SYELPDGQVITIGNER (1) AGFAGDDAPR (1) 
 

 

Proteins originated from T. infestans or R. rattus. T. infestans protein is underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.3: Mascot identification data (score 18731.8 to 287.8) for a 13 kDa band of 
small intestines of fifth instars of T. infestans at 2 days after feeding surface coat of T. 
cruzi (short-surface group) and after gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Hemoglobin subunit beta-1 
Accession: P02091 

Aminoacids: 147 
MW [kDa]: 16.0 
Calc. pI: 8.1 
 

∑ Coverage: 96.6 
Spectral counts: 604 
Score: 18731.8 

YFDSFGDLSSASAIMGNPK (117) 
VNPDDVGGEALGR (44) 
VVAGVASALAHKYH (34) 
VVAGVASALAHK (120) 
LLGNMIVIVLGHHLGK (121) 
KVINAFNDGLK (27) 
VINAFNDGLKHLDNLK (6) 
AAVNGLWGKVNPDDVGGEALGR (5) 

GTFAHLSELHCDK (3) 
LLVVYPWTQR (46) 
VINAFNDGLK (65) 
AAVNGLWGK (2) 
LHVDPENFR (11) 
EFTPCAQAAFQK (2) 
VHLTDAEK (1) 
 

Hemoglobin subunit alpha-1/2 
Accession: P01946 

Aminoacids: 142 
MW [kDa]: 15.3 
Calc. pI: 8.0 
 

∑ Coverage: 73.9 
Spectral counts: 451 
Score: 14666.8 

AADHVEDLPGALSTLSDLHAHK (109) 
FLASVSTVLTSK (90) 
IGGHGGEYGEEALQR (40) 
TYFSHIDVSPGSAQVK (43) 
AADHVEDLPGALSTLSDLHAHKLR (22) 
VLSADDKTNIK (10) 
MFAAFPTTKTYFSHIDVSPGSAQVK (7) 

LRVDPVNFK (33) 
MVLSADDKTNIK (1) 
VADALAK (1) 
KVADALAK (1) 
VDPVNFK (1) 
FLASVSTVLTSKYR (1) 
MFAAFPTTK (92) 

Hemoglobin subunit beta-2 
Accession: P11517 

Aminoacids: 147 
MW [kDa]: 16.0 
Calc. pI: 8.8 
 

∑ Coverage: 96.6 
Spectral counts: 478 
Score: 13053.9 

VNADNVGAEALGR (23) 
FGDLSSASAIMGNPQVK (20) 
VVAGVASALAHKYH (23) 
VVAGVASALAHK (120) 
LLGNMIVIVLGHHLGK (121) 
KVINAFNDGLK (17) 
VINAFNDGLKHLDNLK (6) 
HLDNLK (1) 
YFSKFGDLSSASAIMGNPQVK (4) 

GTFAHLSELHCDK (3) 
LLVVYPWTQR (46) 
ATVSGLWGK (1) 
LHVDPENFR (11) 
EFTPCAQAAFQK (2) 
VINAFNDGLK (65) 
ATVSGLWGKVNADNVGAEALGR (2) 
VHLTDAEK (2) 
EFTPCAQAAFQK (1) 

Murinoglobulin-1 
Accession: Q03626 

Aminoacids: 1487 
MW [kDa]: 165.2 
Calc. pI: 6.0 
 

∑ Coverage: 7.1 
Spectral counts: 40 
Score: 966.2 

QLSFSLSAEPIQGPYK (6) 
NLHPLNELFPLAYIEDPKMNR (5) 
ESVVFVQTDKPVYKPGQSVK (5) 
IMQWQDIK (4) 
FGVDVK (6) 
EEHSFTVMEFVLPR (2) 

QSGVKEEHSFTVMEFVLPR (4) 
IMQWQDIKTENGLK (1) 
VVSMDKNLHPLNELFPLAYIEDPK (2) 
NKESVVFVQTDKPVYKPGQSVK (2) 
FRVVSMDK (1) 
NLHPLNELFPLAYIEDPK (1) 

Alpha-1-inhibitor 3 
Accession: P14046 

Aminoacids: 1477 
MW [kDa]: 163.7 
Calc. pI: 6.0 
 

∑ Coverage: 6.6 
Spectral counts: 32 
Score: 787.7 

QLSFSLSAEPIQGPYK (6) 
NLHPLNELFPLAYIEDPKMNR (5) 
FGVDVK (6) 
EEHSFTVMEFVLPR (2) 
ESVVFVQTDKPMYKPGQSVK (3) 

IMQWQDVK (1) 
FRVVSMDK (1) 
QSGVKEEHSFTVMEFVLPR (5) 
NLHPLNELFPLAYIEDPK (1) 
VVSMDKNLHPLNELFPLAYIEDPK (2) 

Keratin, type II cytoskeletal 6A 
Accession: Q4FZU2 

Aminoacids: 552 
MW [kDa]: 59.2 
Calc. pI: 7.9 

∑ Coverage: 7.4 
Spectral counts: 7 
Score: 313.8 

SLDLDSIIAEVK (2) 
LALDVEIATYR (2) 
 

YEELQITAGR (2) 
GRLDSELR (1) 

Keratin, type II cytoskeletal 5 
Accession: Q6P6Q2 

Aminoacids: 576 
MW [kDa]: 161.8 
Calc. pI: 7.8 

∑ Coverage: 9.2 
Spectral counts: 7 
Score: 288.3 

SLDLDSIIAEVK (2) 
LALDVEIATYR (2) 
VDALMDEINFMK (1) 
 

GRLDSELR (1) 
LRSEIDNVKK (1) 

Keratin, type I cytoskeletal 10 
Accession: Q6IFW6 

Aminoacids: 526 
MW [kDa]: 56.5 
Calc. pI: 5.2 
 

∑ Coverage: 15.0 
Spectral counts: 13 
Score: 238.5 

ADLEMQIESLTEELAYLK (1) 
QSVEADINGLR (1) 
DAEAWFNEK (2) 
QSVEADINGLRR (1) 
LENEIQTYR (1) 

LKYENEVALR 3) 
LAADDFR (2) 
SEITELR (1) 
IKEWYEK (1) 

Keratin, type II cytoskeletal 1 
Accession: Q6IMF3 

Aminoacids: 625 
MW [kDa]: 64.8 
Calc. pI: 7.9 

∑ Coverage: 3.7 
Spectral counts: 7 
Score: 287.8 

FLEQQNQVLQTK (6) 
 

TNAENEFVTIK (1) 

 

All proteins originated from R. rattus. Accession numbers were derived from Uniprot Protein Database (2011). Sequence coverage of the 
identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.4: Mascot identification data (score 244.9 to 72.2) for a 13 kDa band of small 
intestines of fifth instars of T. infestans at 2 days after feeding surface coat of T. cruzi 
(short-surface group) and after gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Ribosomal protein P2 
Accession: A6YPR0 

Aminoacids: 114 
MW [kDa]: 11.7 
Calc. pI: 4.9 

∑ Coverage: 25.4 
Spectral counts: 5 
Score: 244.9 

YVAAYLLAVLGGK (2) 
ILSSVGIEADADKLNK (2) 
 

ILSSVGIEADADK (1) 

Complement C3 
Accession: P01026 

Aminoacids: 1663 
MW [kDa]: 186.3 
Calc. pI: 6.5 

∑ Coverage: 4.6 
Spectral counts: 8 
Score: 186.9 

YYQTIEIPPK (2) 
IGLQEVEVK (1) 
AFYEHAPK (1) 
AVLFNYREQEK (1) 

AAVFNHFISDGVK (1) 
SSVAVPYVIVPLK (1) 
IFTVDNNLLPVGK (1) 

 
Keratin, type II cytoskeletal epidermal 
Accession: Q6IG02 

Aminoacids: 685 
MW [kDa]: 69.1 
Calc. pI: 7.7 

∑ Coverage: 5.0 
Spectral counts: 4 
Score: 185.1 

GFSSGSAVVSGGSR (1) 
LALDVEIATYR (2) 
 

VDPEIQNVK (1) 

Keratin, type I cytoskeletal 14 
Accession: Q6IFV1 

Aminoacids: 485 
MW [kDa]: 52.7 
Calc. pI: 5.2 

∑ Coverage: 8.5 
Spectral counts: 4 
Score: 166.9 

EVATNSELVQSGK (1) 
LAADDFR (2) 
 

GQVGGDVNVEMDAAPGVDLSR (1) 
 

TiLys1 
Accession: Q7YZS5 

Aminoacids: 139 
MW [kDa]: 15.6 
Calc. pI: 8.7 

∑ Coverage: 20.9 
Spectral counts: 4 
Score: 136.9 

GGPNHDGSYDNGLFQINDR (2) 
ELVAHGIPR (1) 
 

ELVAHGIPRR (1) 

Keratin, type I cytoskeletal 42 
Accession: Q6IFU7 

Aminoacids: 452 
MW [kDa]: 50.2 
Calc. pI: 5.2 

∑ Coverage: 8.4 
Spectral counts: 4 
Score:133.3 

TKYETELNLR (1) 
LAADDFR (2) 
 

GQVGGDVNVEMDAAPGVDLSR (1) 
 

Lysozyme C-1 
Accession: P00697 

Aminoacids: 148 
MW [kDa]: 16.7 
Calc. pI: 9.1 

∑ Coverage: 17.6 
Spectral counts: 4 
Score: 147.7 

NYNPGDQSTDYGIFQINSR (3) 
 

DLSGYIR (1) 

Keratin, type I cytoskeletal 17 
Accession: Q6IFU8 

Aminoacids: 433 
MW [kDa]: 48.1 
Calc. pI: 5.0 

∑ Coverage: 6.7 
Spectral counts: 5 
Score: 132.3 

EVATNSELVQSGK (1) 
LASYLDK (1) 
 

LASYLDKVR (1) 
LAADDFR (2) 

Profilin-1 
Accession: P62963 

Aminoacids: 140 
MW [kDa]: 14.9 
Calc. pI: 8.3 

∑ Coverage: 41.4 
Spectral counts: 5 
Score: 109.3 

DSLLQDGEFTMDLR (1) 
STGGAPTFNVTVTMTAK (1) 
 

EGVHGGLINKK (1) 
TFVSITPAEVGVLVGK (2) 

Fibronectin 
Accession: P04937 

Aminoacids: 2477 
MW [kDa]: 272.3 
Calc. pI: 5.76 

∑ Coverage: 1.1 
Spectral counts: 2 
Score: 90.4 

SSPVVIDASTAIDAPSNLR (1) 
 

APITGYIIR (1) 

Cathepsin L-like proteinase 
Accession: Q67EP7 

Aminoacids: 328 
MW [kDa]: 36.5 
Calc. pI: 6.5 

∑ Coverage: 6.4 
Spectral counts: 2 
Score: 78.9 

SVAGTDKGYVDIAQGDENALK (1) 
 

GYVDIAQGDENALK (1) 

Ig kappa chain C region, B allele 
Accession: P01835 

Aminoacids: 106 
MW [kDa]: 11.6 
Calc. pI: 5.2 

∑ Coverage: 25.5 
Spectral counts: 2 
Score: 78.4 

DGVLDSVTDQDSK (1) DGVLDSVTDQDSKDSTYSMSSTLSLTK (1) 

Cathepsin D1 
Accession: E2D6N9 

Aminoacids: 390 
MW [kDa]: 43.0 
Calc. pI: 5.1 

∑ Coverage: 4.4 
Spectral counts: 2 
Score: 72.2 

VYTVFNVEDR (1) 
 

AEDYILK (1) 

 

Proteins originated from T. infestans or R. rattus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.5: Mascot identification data (score 70.1 to 36.3) for a 13 kDa band of small 
intestines of fifth instars of T. infestans at 2 days after feeding surface coat of T. cruzi 
(short-surface group) and after gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Alpha-1-macroglobulin 
Accession: Q63041 

Aminoacids: 1500 
MW [kDa]: 167.0 
Calc. pI: 6.9 

∑ Coverage: 1.2 
Spectral counts: 2 
Score: 70.1 

GYDMKIEVEAK (1) 
 

LLLQEVR (1) 

Complement component C9 
Accession: Q62930 

Aminoacids: 554 
MW [kDa]: 62.2 
Calc. pI: 5.7 

∑ Coverage: 3.3 
Spectral counts: 2 
Score: 69.8 

GVELSDVKR (1) 
 

LSSYLSQTK (1) 

Alpha-1-antiproteinase 
Accession: P17475 

Aminoacids: 411 
MW [kDa]: 46.1 
Calc. pI: 6.1 

∑ Coverage: 4.4 
Spectral counts: 2 
Score: 66.1 

SAILYFPK (1) 
 

MQHLEQTLTK (1) 

Actin, cytoplasmic 1 
Accession: P60711 

Aminoacids: 375 
MW [kDa]: 41.7 
Calc. pI: 5.5 

∑ Coverage: 7.2 
Spectral counts: 2 
Score: 49.0 

SYELPDGQVITIGNER (1) 
 

AVFPSIVGRPR (1) 

Serine protease inhibitor A3N 
Accession: P09006 

Aminoacids: 418 
MW [kDa]: 46.6 
Calc. pI: 5.5 

∑ Coverage: 7.4 
Spectral counts: 2 
Score: 41.2 

AVLDVAETGTEAAAATGVK (1) 
 

GNSMEEILEGLK (1) 

Platelet factor 4 
Accession: P06765 

Aminoacids: 105 
MW [kDa]: 11.3 
Calc. pI: 9.5 

∑ Coverage: 8.6 
Spectral counts: 2 
Score: 36.3 

RITSLEVIK (1) 
 

ITSLEVIK (1) 

 

All proteins originated from R. rattus. Accession numbers were derived from Uniprot Protein Database (2011). Sequence coverage of the 
identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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 Table S8.1.6: Mascot identification data (score 22378.80 to 331.44) for a 13 kDa band of 
small intestines of fifth instars of T. infestans at 2 days after infection with T. cruzi 
(short-trypo group) and after gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Hemoglobin subunit beta-1 
Accession: P02091 

Aminoacids: 147 
MW [kDa]: 16.0 
Calc. pI: 8.1 
  

∑ Coverage: 96.6 
Spectral counts: 1262 
Score: 22378.8 

YFDSFGDLSSASAIMGNPK (238) 
LLGNMIVIVLGHHLGK (216) 
VHLTDAEK1AAVNGLWGKVNPDDVGGEALGR (15) 
AAVNGLWGKVNPDDVGGEALGR (18) 
VVAGVASALAHKYH (145) 
YFDSFGDLSSASAIMGNPKVK (4) 
LLVVYPWTQRYFDSFGDLSSASAIMGNPK (1) 
GTFAHLSELHCDKLHVDPENFR (2) 
KVINAFNDGLKHLDNLK (10) 

VINAFNDGLKHLDNLK (46) 
LLVVYPWTQR (98) 
LHVDPENFR (22) 
KVINAFNDGLK (33) 
VINAFNDGLK (104) 
LHVDPENFR (21) 
HLDNLK (2) 
VNPDDVGGEALGR (56) 
VVAGVASALAHK (231) 

Hemoglobin subunit beta-2 
Accession: P11517 

Aminoacids: 147 
MW [kDa]: 16.0 
Calc. pI: 8.8 
  

∑ Coverage: 96.3 
Spectral counts: 1023 
Score: 16812.4 

LLGNMIVIVLGHHLGK (216) 
FGDLSSASAIMGNPQVK (44) 
VNADNVGAEALGR (28) 
VHLTDAEKATVSGLWGK (6) 
LHVDPENFRHLDNLK (46) 
VHLTDAEKATVSGLWGKVNADNVGAEALGR (3) 
GTFAHLSELHCDKLHVDPENFR (2) 
FGDLSSASAIMGNPQVKAHGK (2) 
YFSKFGDLSSASAIMGNPQVK (4) 
KLHVDPENFRHLDNLK (10) 
 

LLVVYPWTQR (98) 
VINAFNDGLK (104) 
EFTPCAQAAFQK (2) 
LHVDPENFR (22) 
GTFAHLSELHCDK (3) 
VHLTDAEK (5) 
KVINAFNDGLK (33) 
ATVSGLWGK (11) 
HLDNLK (2) 
VVAGVASALAHK (231) 
VVAGVASALAHKYH (146) 

Murinoglobulin-1 
Accession: Q03626 
Aminoacids: 1487 
MW [kDa]: 165.2 
Calc. pI: 6.0 
 

∑ Coverage: 9.6 
Spectral counts: 64 
Score: 1322.6 
 

QLSFSLSAEPIQGPYK (10) 
NLHPLNELFPLAYIEDPKMNR (12) 
QSGVKEEHSFTVMEFVLPR (9) 
VVSMDKNLHPLNELFPLAYIEDPKMNR (5) 
ESVVFVQTDKPVYKPGQSVK (4) 
NKESVVFVQTDKPVYKPGQSVK (3) 
NLHPLNELFPLAYIEDPKMNR (1) 
VVSMDKNLHPLNELFPLAYIEDPKMNR (1) 
 

FRVVSMDK (1) 
TPLVTIQSSGSFSQK (1) 
QQPAFALK (1) 
QLSFSLSAEPIQGPYK (1) 
FGVDVK (6) 
IMQWQDIK (3) 
MLSGFIPLKPTVK (3) 
EEHSFTVMEFVLPR (1) 
IMQWQDIKTENGLK (2) 

Hemoglobin subunit alpha-1/2 
Accession: P01946 

Aminoacids: 142 
MW [kDa]: 15.3 
Calc. pI: 7.97 
 

∑ Coverage: 96.5 
Spectral counts: 881 
Score: 7867.71 

AADHVEDLPGALSTLSDLHAHK (269) 
IGGHGGEYGEEALQR (67) 
MFAAFPTTKTYFSHIDVSPGSAQVK (226) 
AADHVEDLPGALSTLSDLHAHKLR (43) 

TYFSHIDVSPGSAQVK (92) 
FLASVSTVLTSK (155) 
FLASVSTVLTSKYR (2) 
VLSADDKTNIK (22) 

Alpha-1-inhibitor 3 
Accession: P14046 
Aminoacids: 1477 
MW [kDa]: 163.7 
Calc. pI: 6.0 
 

∑ Coverage: 10.5 
Spectral counts: 59 
Score: 1264.9 

NLHPLNELFPLAYIEDPKMNR (13) 
QSGVKEEHSFTVMEFVLPR (9) 
VVSMDKNLHPLNELFPLAYIEDPK (3) 
QLSFSLSAEPIQGPYK (11) 
GQNSFQISLEISYMGSRPASNMVIADVK (2) 
ESVVFVQTDKPMYKPGQSVK (2) 
NKESVVFVQTDKPMYKPGQSVK (1) 
VVSMDKNLHPLNELFPLAYIEDPKMNR (3) 

EEHSFTVMEFVLPR (1) 
IMQWQDVKTENGLK (1) 
IMQWQDVK (2) 
FGVDVK (6) 
FRVVSMDK (1) 
QQPAFALK (1) 
MLSGFIPLKPTVK (3) 
 

TiLys1 
Accession: 
Q7YZS5 

Aminoacids: 139 
MW [kDa]: 15.6 
Calc. pI: 8.7 

∑ Coverage: 20.9 
Spectral counts: 9 
Score: 356.1 

ELVAHGIPRR (1) 
GGPNHDGSYDNGLFQINDR (3) 
 

ELVAHGIPR (5) 
 

Keratin, type I cytoskeletal 17 
Accession: Q6IFU8 
Aminoacids: 433 
MW [kDa]: 48,1 
Calc. pI: 5,0 

∑ Coverage: 19,2 
Spectral counts: 13 
Score: 331.4 

GQVGGEINVEMDAAPGVDLSR (2) 
EVATNSELVQSGK (3) 
ALEEANTELEVK (2) 
TRLEQEIATYR (1) 

LASYLDKVR (2) 
TKFETEQALR (2) 
LAADDFR (1) 

 

Proteins originated from T. infestans or R. rattus. T. infestans protein is underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.7: Mascot identification data (score 285.74 to 140.11) for a 13 kDa band of 
small intestines of fifth instars of T. infestans at 2 days after infection with T. cruzi 
(short-trypo group) and after gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Keratin, type I cytoskeletal 14 
Accession: Q6IFV1 
Aminoacids: 485 
MW [kDa]: 52.7 
Calc. pI: 5.2 

∑ Coverage: 15.9 
Spectral counts: 13 
Score: 285.7 

GQVGGDVNVEMDAAPGVDLSR (3) 
TMQNLEIELQSQLSMK (3) 
EVATNSELVQSGK (3) 

TRLEQEIATYR (1) 
VTMQNLNDR (2) 
LAADDFR (1) 

Keratin, type II cytoskeletal 6A 
Accession: Q4FZU2 
Aminoacids: 552 
MW [kDa]: 59.2 
Calc. pI: 7.9 

∑ Coverage: 13.4 
Spectral counts: 17 
Score: 279.8 

SLDLDSIIAEVK (3) 
TAAENEFVTLKK (2) 
YEELQITAGR (4) 
AEAESWYQTK (1) 
LALDVEIATYR (1) 

TAAENEFVTLK (1) 
LRSEIDHVKK (1) 
SRAEAESWYQTK (1) 
FASFIDK (3) 

Lysozyme C-1 
Accession: P00697 

Aminoacids: 148 
MW [kDa]: 16.7 
Calc. pI: 9.1 

∑ Coverage: 17.6 
Spectral counts: 4 
Score: 237.9 

NYNPGDQSTDYGIFQINSR (3) 
 

DLSGYIR (1) 

Keratin, type I cytoskeletal 10 
Accession: Q6IFW6 
Aminoacids: 526 
MW [kDa]: 56.5 
Calc. pI: 5.2 
  

∑ Coverage: 15.6 
Spectral counts: 14 
Score: 223.4 

ADLEMQIESLTEELAYLK (2) 
QSVEADINGLR (1) 
LKYENEVALR (1) 
DAEAWFNEK (3) 
VTMQNLNDR (2) 

LENEIQTYR (1) 
KDAEAWFNEK (1) 
YENEVALR (1) 
SEITELRR (1) 
LAADDFR (1) 

Fibronectin 
Accession: P04937 
Aminoacids: 2477 
MW [kDa]: 272.3 
Calc. pI: 5.8 

∑ Coverage: 3.9 
Spectral counts:14 
Score: 222.3 

TGLDSPTGFDSSDVTANSFTVHWVAPR (3) 
SSPVVIDASTAIDAPSNLR (1) 
APITGYIIR (3) 

FLTTTPNSLLVSWQAPR (4) 
ITGYIIK (2) 
EESPPLIGQQSTVSDVPR (1) 

Keratin, type II cytoskeletal 1 
Accession: Q6IMF3 

Aminoacids: 625 
MW [kDa]: 64.8 
Calc. pI: 7.9 

∑ Coverage: 8.2 
Spectral counts: 16 
Score: 177.6 

FLEQQNQVLQTK (6) 
FLEQQNQVLQTKWELLQQVDTSTR (3) 
TNAENEFVTIK (3) 

FASFIDK (3) 
DYQELMNTK (1) 

Serum albumin 
Accession: P02770 
Aminoacids: 608 
MW [kDa]: 68.7 
Calc. pI: 6.5 

∑ Coverage: 6.6 
Spectral counts: 8 
Score: 163.8 

GLVLIAFSQYLQK (2) 
LVQEVTDFAK (3) 
ALVAAVR (1) 

FKDLGEQHFK (1) 
ALVAAVR (1) 

Complement component C9 
Accession: Q62930 

Aminoacids: 554 
MW [kDa]: 62.2 
Calc. pI: 5.7 

∑ Coverage: 8.8 
Spectral counts: 6 
Score: 161.2 

AIEDYVNEFSAR (1) 
DSSVDFQFSYFK (1) 
GVELSDVKR (2) 
 

KMFLHVK (1) 
LSSYLSQTKK (1) 

Ribonuclease UK114 
Accession: P52759 
Aminoacids: 137 
MW [kDa]: 14.3 
Calc. pI: 8.1 

∑ Coverage: 19.0 
Spectral counts: 3 
Score: 144.7 

APAAIGAYSQAVLVDR (2) 
 

AAYQVAALPK (1) 

Ig kappa chain C region, B allele 
Accession: P01835 
Aminoacids: 106 
MW [kDa]: 11.6 
Calc. pI: 11.6 

∑ Coverage: 5.1 
Spectral counts: 5 
Score: 142.0 

DGVLDSVTDQDSKDSTYSMSSTLSLTK (2) 
DSTYSMSSTLSLTK (1) 
 

DGVLDSVTDQDSK (2) 
 

Keratin, type I cytoskeletal 15 
Accession: Q6IFV3 

Aminoacids: 447 
MW [kDa]: 48.8 
Calc. pI: 4.9 

∑ Coverage: 8.3 
Spectral counts: 8 
Score: 140.3 

ALEEANTELEVK (2) 
LASYLDKVR (2) 
VTMQNLNDR (2) 
 

VTMQNLNDRLASYLDK (1) 
LAADDFR (1) 

Keratin, type I cytoskeletal 42 
Accession: Q6IFU7 
Aminoacids: 452 
MW [kDa]: 50.2 
Calc. pI: 5.2 

∑ Coverage: 10.8 
Spectral counts: 6 
Score: 140.1 

GQVGGDVNVEMDAAPGVDLSR (3) 
TRLEQEIATYR (1) 
 

TKYETELNLR (1) 
LAADDFR (1) 

 

All proteins originated from R. rattus. Accession numbers were derived from Uniprot Protein Database (2011). Sequence coverage of the 
identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.8: Mascot identification data (score 128.30 to 68.90) for a 13 kDa band of small 
intestines of fifth instars of T. infestans at 2 days after infection with T. cruzi (short-
trypo group) and after gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Keratin, type II cytoskeletal 5 
Accession: Q6P6Q2 

Aminoacids: 576 
MW [kDa]: 61.8 
Calc. pI: 7.8 

∑ Coverage: 12.9 
Spectral counts: 13 
Score: 128.3 

SLDLDSIIAEVK (3) 
LALDVEIATYR (1) 
TEAESWYQTK (1) 
WTLLQEQGTK (1) 

VDALMDEINFMK (1) 
LRSEIDNVKK (2) 
SRTEAESWYQTK (1) 
FASFIDK (3) 

Complement C3 
Accession: P01026 
Aminoacids: 1663 
MW [kDa]: 186.3 
Calc. pI: 6.5 
  

∑ Coverage: 6.5 
Spectral counts: 13 
Score: 126.5 

NYAGVFMDAGLTFK (2) 
NVDGTAFVIFGVQDEDKK (1) 
VGLVAVDK (1) 
IFTVDNNLLPVGK (3) 
SSVAVPYVIVPLK (2) 

YYQTIEIPPK (1) 
IGLQEVEVK (1) 
EYVLPSFEVLVEPTEK (1) 
GVFVLNK (1) 

Salivary secreted protein 
Accession: A6YPI9 
Aminoacids: 129 
MW [kDa]: 14.6 
Calc. pI: 9.9 

∑ Coverage: 37.2 
Spectral counts: 6 
Score: 124.7 

RPLITEIDAIDLDSNDKGGYAYVLK (2) 
FNLTIFGR (2) 
 

VSEDVTYPVRPIPGR (2) 

Actin, cytoplasmic 1 
Accession: P60711 
Aminoacids: 375 
MW [kDa]: 41.7 
Calc. pI: 5.5 

∑ Coverage: 15.5 
Spectral counts: 7 
Score: 117.9 

SYELPDGQVITIGNER (3) 
DLYANTVLSGGTTMYPGIADR (1) 
 

AVFPSIVGRPR (2) 
GYSFTTTAER (1) 

Salivary lipocalin 
Accession: A6YPE8 
Aminoacids: 179 
MW [kDa]: 19.9 
Calc. pI: 8.0 

∑ Coverage: 14.0 
Spectral counts: 2 
Score: 104.9 

FFTGTWFVSHVQK (1) TGGGQEIPASLK (1) 
 

Cathepsin D1 
Accession: E2D6N9 
Aminoacids: 390 
MW [kDa]: 43.0 
Calc. pI: 5.0 

∑ Coverage: 13.9 
Spectral counts: 7 
Score: 104.0 

NQLFGEALQVSDSPFAR (1) 
VYTVFNVEDR (2) 
AEDYILK (1) 
 

TVSFASLKQ (2) 
LPDITFHINGK (1) 

 

Keratin, type II cytoskeletal 2 epidermal 
Accession: Q6IG02 

Aminoacids: 685 
MW [kDa]: 69.1 
Calc. pI: 7.7 

∑ Coverage: 5.0 
Spectral counts: 4 
Score: 95.7 

GFSSGSAVVSGGSR (2) 
LALDVEIATYR (1) 
 

VDPEIQNVK (1) 

Transthyretin 
Accession: P02767 
Aminoacids: 147 
MW [kDa]: 15.7 
Calc. pI: 6.2 

∑ Coverage: 57.8 
Spectral counts: 4 
Score: 91.8 

TAESGELHGLTTDEKFTEGVYRVELDTK (1) 
ALGISPFHEYAEVVFTANDSGHR (1) 
HYTIAALLSPYSYSTTAVVSNPQN (1) 

GSPAVDVAVK (1) 
 

Ig gamma-2C chain C region 
Accession: P20762 
Aminoacids: 329 
MW [kDa]: 36.5 
Calc. pI: 8.2 

∑ Coverage: 7.9 
Spectral counts: 4 
Score: 87.8 

NGELEQDYKNTLPVLDSDESYFLYSK (1) NTLPVLDSDESYFLYSK (3) 
 

Salivary lipocalin 
Accession: A6YPE6 
Aminoacids: 179 
MW [kDa]: 20.0 
Calc. pI: 8.0 

∑ Coverage: 14.0 
Spectral counts: 2 
Score: 77.5 

TSGGQVIPASLK (1) 
 

FFTGTWFVSHVQK (1) 

Ceruloplasmin 
Accession: P13635 
Aminoacids: 1059 
MW [kDa]: 120.8 
Calc. pI: 5.5  

∑ Coverage: 3.9 
Spectral counts: 4 
Score: 69.9 

AEVGDKVSVHVK (2) 
AGLQAFFQVR (1) 
 

GQFPLSIQPMGVR (1) 

Glutathione peroxidase 3 
Accession: P23764 
Aminoacids: 226 
MW [kDa]: 25.4 
Calc. pI: 8.1 

∑ Coverage: 13.7 
Spectral counts: 2 
Score: 68.9 

QEPGENSEILPSLK (1) 
 

YVRPGGGFVPNFQLFEK (1) 

 

Proteins originated from T. infestans or R. rattus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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 Table S8.1.9: Mascot identification data (score 67.34 to 49.09) for a 13 kDa band of 
small intestines of fifth instars of T. infestans at 2 days after infection with T. cruzi 
(short-trypo group) and after gelelectrophoretic separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Keratin, type I cytoskeletal 13 
Accession: Q6IFV4 

Aminoacids: 438 
MW [kDa]: 47.7 
Calc. pI: 4.9 

∑ Coverage: 6.6 
Spectral counts: 3 
Score: 67.3 

TRLEQEIATYR (1) 
QSVEADINGLR (1) 
 

LAADDFR (1) 

Salivary lipocalin 
Accession: A6YPE9 
Aminoacids: 179 
MW [kDa]: 20.0 
Calc. pI: 8.4 

∑ Coverage: 14.0 
Spectral counts: 2 
Score: 66.5 

FFTGTWFVSHVQK (1) 
 

TSGGQAIPESLK (1) 

Alpha-1-antiproteinase 
Accession: P17475 

Aminoacids: 411 
MW [kDa]: 46.1 
Calc. pI: 6.1 

∑ Coverage: 5.6 
Spectral counts: 2 
Score: 64.9 

MQHLEQTLTK (1) 
 

DADFHVDKSTTVK (1) 

Profilin-1 
Accession: P62963 

Aminoacids: 140 
MW [kDa]: 14.9 
Calc. pI: 8.3 

∑ Coverage: 23.6 
Spectral counts: 2 
Score: 56.0 

STGGAPTFNVTVTMTAK (1) 
 

TFVSITPAEVGVLVGK (1) 

Serine protease inhibitor A3N 
Accession: P09006 
Aminoacids: 418 
MW [kDa]: 46.6 
Calc. pI: 5.5 

∑ Coverage: 7.4 
Spectral counts: 2 
Score: 49.1 

AVLDVAETGTEAAAATGVK (1) 
 

GNSMEEILEGLK (1) 

 

Proteins originated from T. infestans or R. rattus. T. infestans protein is underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.10: Mascot identification data (score 8839.67 to 2560.82) for a 13 kDa band of 
small intestines of unfed fifth instars of T. infestans (long-control group) after 
gelelectrophoretic separation. 
Protein/Characteristics Peptide sequences (spectro counts) 

Hemoglobin subunit alpha-D 
Accession: P02001 

Aminoacids: 141 
MW [kDa]: 15.7 
Calc. pI: 7.6 
 

∑ Coverage: 81.6 
Spectral counts: 231 
Score: 8839.7 

AASHQEEFGAEALTR (33) 
VLGALGNAVK (70) 
KVLGALGNAVK (13) 
MFTTYPQTK (42) 
TYFPHFDLSPGSDQVR (25) 

MLTAEDKK (1) 
GHGK (1) 
FLSAVSAVLAEK (17) 
NVDNLSQAMAELSNLHAYNLR (17) 
DYTPEVHAAFDK (10) 

Hemoglobin subunit alpha-A 
Accession: P01994 

Aminoacids: 142 
MW [kDa]: 15.4 
Calc. pI: 8.4 
 

∑ Coverage: 78.2 
Spectral counts: 407 
Score: 15052.4 

VVAALIEAANHIDDIAGTLSK (96) 
KVVAALIEAANHIDDIAGTLSK (8) 
TYFPHFDLSHGSAQIK (23) 
IAGHAEEYGAETLER (83) 
VLSAADKNNVK (68) 

LRVDPVNFK (29) 
LSDLHAHK (13) 
MFTTYPPTK (85) 
FLCAVGTVLTAK (2) 

Hemoglobin subunit beta 
Accession: P02112 

Aminoacids: 147 
MW [kDa]: 16.5 
Calc. pI: 8.6 
 

∑ Coverage: 75.5 
Spectral counts: 175 
Score: 6668.4 

FFASFGNLSSPTAILGNPMVR (54) 
VVAHALAR (28) 
VHWTAEEK (13) 
LHVDPENFR (3) 
KVLTSFGDAVK (18) 
VLTSFGDAVK (33) 

LLIVYPWTQR (15) 
NLDNIK (3) 
QLITGLWGK (3) 
VNVAECGAEALAR (4) 
LLGDILIIVLAAHFSK (1) 

TiLys1 
Accession: Q7YZS5 
Aminoacids: 139 
MW [kDa]: 15.6 
Calc. pI: 8.7 

∑ Coverage: 20.1 
Spectral counts: 17 
Score: 530.4 

GGPNHDGSYDNGLFQINDR (5) 
 

ELVAHGIPR (12) 
 

Actin, cytoplasmic 1 
Accession: P60706 
Aminoacids: 375 
MW [kDa]: 41.7 
Calc. pI: 5.5 

∑ Coverage: 9.9 
Spectral counts: 9 
Score: 325.1 

SYELPDGQVITIGNER (1) 
 

AGFAGDDAPR (8) 
 

Keratin, type II cytoskeletal cochleal 
Accession: O93532 
Aminoacids: 492 
MW [kDa]: 53.8 
Calc. pI: 6.1 

∑ Coverage: 6.5 
Spectral counts: 5 
Score: 222.0 

NLDLDSIIAEVK (3) 
FASFIDKVR (1) 
 

LALDIEIATYR (1) 

Hemoglobin subunit alpha-A 
Accession: P01994 

Aminoacids: 142 
MW [kDa]: 15.4 
Calc. pI: 8.4 
 

∑ Coverage: 76.1 
Spectral counts: 307 
Score: 13184.8 

VVAALIEAANHIDDIAGTLSK (66) 
KVVAALIEAANHIDDIAGTLSK (8) 
TYFPHFDLSHGSAQIK (36) 
IAGHAEEYGAETLER (92) 
VLSAADKNNVKGIFTK (33) 
MVLSAADKNNVK (1) 
GIFTKIAGHAEEYGAETLER (4) 

FLCAVGTVLTAK (2) 
VLSAADKNNVK (2) 
LRVDPVNFK (51) 
LSDLHAHK (1) 
NNVKGIFTK (1) 
MFTTYPPTK (9) 
GIFTK (1) 

Hemoglobin subunit beta 
Accession: P02112 

Aminoacids: 147 
MW [kDa]: 16.5 
Calc. pI: 8.6 
 

∑ Coverage: 82.3 
Spectral counts: 293 
Score: 11497.5 

VNVAECGAEALAR (16) 
VLTSFGDAVKNLDNIK (3) 
FFASFGNLSSPTAILGNPMVR (34) 
VHWTAEEKQLITGLWGK (2) 
NTFSQLSELHCDK (2) 
KVLTSFGDAVK (85) 
VHWTAEEK (5) 

NTFSQLSELHCDK (1) 
VLTSFGDAVKNLDNIK (3) 
VLTSFGDAVK (59) 
LLIVYPWTQR (32) 
VVAHALAR (9) 
QLITGLWGK (23) 
DFTPECQAAWQK (1) 

Hemoglobin subunit alpha-D 
Accession: P02001 

Aminoacids: 141 
MW [kDa]: 15.7 
Calc. pI: 7.6 
 

∑ Coverage: 74.5 
Spectral counts: 102 
Score: 3965.8 

FLSAVSAVLAEK (11) 
NVDNLSQAMAELSNLHAYNLR (16) 
TYFPHFDLSPGSDQVR (22) 
AASHQEEFGAEALTR (9) 
VLGALGNAVK (27) 

KVLGALGNAVK (5) 
MFTTYPQTK (7) 
LIQQAWEK (3) 
KLIQQAWEK (1) 
DYTPEVHAAFDK (1) 

Serum albumin 
Accession: P19121 
Aminoacids: 615 
MW [kDa]: 69.9 
Calc. pI: 5.7 
 

∑ Coverage: 10.9 
Spectral counts: 63 
Score: 2560.8 

LLINLIK (2) 
MMSNLCSQQDVFSGK (1) 
AVAMITFAQYLQR (22) 
YNDLKEETFK (8) 
LVKDVVDLAQK (22) 
AVAMITFAQYLQR (1) 

QLIYLSQKYPK (2) 
YNDLKEETFKAVAMITFAQYLQR (1) 
QLIYLSQK (1) 
DVVDLAQK (3) 

 

Proteins originated from T. infestans or G. gallus. T. infestans protein is underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.11: Mascot identification data (score 1111.22 to 240.06) for a 13 kDa band of 
small intestines of fifth instars of T. infestans (long-control group) at 2 days after feeding 
after gelelectrophoretic separation. 
Protein/Characteristics Peptide sequences (spectro counts) 

Cathepsin D1 
Accession: E2D6N9 
Aminoacids: 390 
MW [kDa]: 43.0 
Calc. pI: 5.1 

∑ Coverage: 8.2 
Spectral counts: 21 
Score: 1111.2 

NQLFGEALQVSDSPFAR (18) 
 

QELLDKPVFSVYLNR (3) 
 

Carbonic anhydrase 2 
Accession: P07630 
Aminoacids: 260 
MW [kDa]: 29.0 
Calc. pI: 7.1 

∑ Coverage: 28.5 
Spectral counts: 24 
Score: 1051.0 

VVDALNSIQTK (5) 
SVLQGGALDGVYR (5) 
YDPALKPLSFSYDAGTAK (10) 
 

HPDGLAVVGIFMK (3) 
AIVNNGHSFNVEFDDSSDK (1) 

Ig lambda chain C region 
Accession: P20763 

Aminoacids: 103 
MW [kDa]: 11.4 
Calc. pI: 6.5 

∑ Coverage: 19.4 
Spectral counts: 17 
Score: 728.1 

VAPTITLFPPSKEELNEATK (8) 
 

VAPTITLFPPSK (9) 
 

Triosephosphate isomerase 
Accession: P00940 
Aminoacids: 248 
MW [kDa]: 26.6 
Calc. pI: 7.2 

∑ Coverage: 20.6 
Spectral counts: 13 
Score: 677.7 

GAFTGEISPAMIK (4) 
AIADNVKDWSK (1) 
 

SHVSDAVAQSTR (1) 
VVLAYEPVWAIGTGK (7) 

Apolipoprotein A-I 
Accession: P08250 
Aminoacids: 264 
MW [kDa]: 30.7 
Calc. pI: 5.7 
 

∑ Coverage: 30.3 
Spectral counts: 13 
Score: 618.0 

LADNLDTLSAAAAK (2) 
VMEQLSNLR (2) 
ASGKDAIAQFESSAVGK (1) 
VMEQLSNLREK (1) 
DAIAQFESSAVGK (3) 

WTEELEQYR (1) 
LREDMAPYYK (1) 
LTPVAEEAR (1) 
LISFLDELQK (1) 

 
Actin, cytoplasmic 1 
Accession: P60706 

Aminoacids: 375 
MW [kDa]: 41.7 
Calc. pI: 5.5 

∑ Coverage: 12.8 
Spectral counts: 8 
Score: 403.9 

SYELPDGQVITIGNER (6) 
DLYANTVLSGGTTMYPGIADR (1) 
 

EITALAPSTMK (1) 
 

Protein MRP-126 
Accession: P28318 

Aminoacids: 119 
MW [kDa]: 14.1 
Calc. pI: 7.0 

∑ Coverage: 20.2 
Spectral counts: 12 
Score: 379.8 

AIDVIIDVFHQYSR (5) 
 

NQVSIDQIFK (7) 

Proteasome subunit alpha type-7 
Accession: O13268 
Aminoacids: 249 
MW [kDa]: 28.1 
Calc. pI: 8.8 

∑ Coverage: 16.1 
Spectral counts: 8 
Score: 349.6 

NYTDEAIETDDLTIK (4) 
LTVEDPVTVEYITR (3) 
 

GKDIVVLGVEK (1) 

Cathepsin D 
Accession: Q05744 
Aminoacids: 398 
MW [kDa]: 43.3 
Calc. pI: 6.3 

∑ Coverage: 15.1 
Spectral counts: 9 
Score: 337.4 

VTPFFDNVMQQK (1) 
FDGILGMAFPR (1) 
NYMDAQYYGEIGIGTPPQK (5) 
 

FDGILGMAFPR (1) 
DPTAQPGGELLLGGTDPK (1) 

 

Histone H2B 1/2/3/4/6 
Accession: P0C1H3 
Aminoacids: 126 
MW [kDa]: 13.9 
Calc. pI: 10.3 

∑ Coverage: 19.1 
Spectral counts: 7 
Score: 300.3 

AMGIMNSFVNDIFER (4) 
 

LLLPGELAK (3) 

Cathepsin B-like proteinase 
Accession: Q67EP8 

Aminoacids: 332 
MW [kDa]: 36.3 
Calc. pI: 5.5 

∑ Coverage: 12.7 
Spectral counts: 8 
Score: 263.5 

DLYYGESAYSLEDEAK (3) 
NGPVEAAFTVYEDLVNYK (1) 
 

QIQAEILK (4) 

Fibronectin 
Accession: P11722 
Aminoacids: 1256 
MW [kDa]: 137.4 
Calc. pI: 5.1 

∑ Coverage: 3.2 
Spectral counts: 5 
Score: 240.1 

SSPVVIDASTAIDAPSNLR (3) 
TYTITGLQPGNDYK (1) 
 

ITGYIIR (1) 

 

Proteins originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.12: Mascot identification data (score 153.28 to 70.42) for a 13 kDa band of 
small intestines of fifth instars of T. infestans (long-control group) at 2 days after feeding 
after gelelectrophoretic separation. 
Protein/Characteristics Peptide sequences (spectro counts) 

Peroxiredoxin-1 
Accession: P0CB50 
Aminoacids: 199 
MW [kDa]: 22.3 
Calc. pI: 8.1 

∑ Coverage: 8.5 
Spectral counts: 2 
Score: 153.3 

IPLVSDTKR (1) 
 

GLFIIDEK (1) 

14-3-3 protein epsilon 
Accession: Q5ZMT0 

Aminoacids: 255 
MW [kDa]: 29.2 
Calc. pI: 4.7 

∑ Coverage: 7.5 
Spectral counts: 3 
Score: 144.7 

YLAEFATGNDR (1) 
 

NLLSVAYK (2) 

Histone H3 
Accession: A6YPD4 

Aminoacids: 136 
MW [kDa]: 15.3 
Calc. pI: 11.2 

∑ Coverage: 19.9 
Spectral counts: 4 
Score: 137.0 

STELLIR (2) 
YRPGTVALR (1) 

EIAQDFKTDLR (1) 
 

ATP synthase subunit beta, mitochondrial 
Accession: Q5ZLC5 
Aminoacids: 533 
MW [kDa]: 56.6 
Calc. pI: 5.9 

∑ Coverage: 4.9 
Spectral counts: 2 
Score: 116.2 

VALVYGQMNEPPGAR (1) 
 

IGLFGGAGVGK (1) 

14-3-3 protein theta 
Accession: Q5ZMD1 

Aminoacids: 245 
MW [kDa]: 27.8 
Calc. pI: 4.8 

∑ Coverage: 9.8 
Spectral counts: 4 
Score: 91.3 

NLLSVAYK (2) 
 

LAEQAERYDDMATCMK (2) 

14-3-3 protein zeta 
Accession: Q5ZKC9 
Aminoacids: 245 
MW [kDa]: 27.8 
Calc. pI: 4.8 

∑ Coverage: 9.0 
Spectral counts: 3 
Score: 90.5 

SVTEQGAELSNEER (1) 
 

NLLSVAYK (2) 

F-actin-capping protein subunit beta isoforms 1 and 2 
Accession: P14315 
Aminoacids: 277 
MW [kDa]: 31.3 
Calc. pI: 5.6 

∑ Coverage: 8.3 
Spectral counts: 2 
Score: 89.0 

TGSGTMNLGGSLTR (1) 
 

RLPPQQIEK (1) 

Lysozyme C 
Accession: P00698 

Aminoacids: 147 
MW [kDa]: 16.2 
Calc. pI: 9.1 

∑ Coverage: 19.1 
Spectral counts: 2 
Score: 88.5 

NTDGSTDYGILQINSR (1) 
 

FESNFNTQATNR (1) 

Histone H4 
Accession: P62801 
Aminoacids: 103 
MW [kDa]: 11.4 
Calc. pI: 11.4 

∑ Coverage: 21.4 
Spectral counts: 2 
Score: 78.6 

DNIQGITKPAIR (1) 
 

ISGLIYEETR (1) 

Elongation factor 1-alpha 1 
Accession: Q90835 

Aminoacids: 462 
MW [kDa]: 50.1 
Calc. pI: 9.0 

∑ Coverage: 3.9 
Spectral counts: 2 
Score: 71.2 

STTTGHLIYK (1) 
 

QLIVGVNK (1) 

Cathepsin B-like cysteine protease 
Accession: A2SZV7 
Aminoacids: 333 
MW [kDa]: 36.4 
Calc. pI: 6.2 

∑ Coverage: 7.5 
Spectral counts: 2 
Score: 70.4 

IQAEILK (1) 
 

NGPIVASFLVYEDLFSYK (1) 

 

Proteins originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.13: Mascot identification data (score 13556.88 to 203.56) for a 13 kDa band of 
small intestines of fifth instars of T. infestans (long-control group) at 3 days after feeding 
after gelelectrophoretic separation. 
Protein/Characteristics Peptide sequences (spectro counts) 

Hemoglobin subunit alpha-A 
Accession: P01994 

Aminoacids: 142 
MW [kDa]: 15.4 
Calc. pI: 8.4 
 

∑ Coverage: 75.4 
Spectral counts: 317 
Score: 13556.9 

KVVAALIEAANHIDDIAGTLSK (25) 
VVAALIEAANHIDDIAGTLSK (59) 
TYFPHFDLSHGSAQIK (37) 
IAGHAEEYGAETLER (129) 
VLSAADKNNVKGIFTK (6) 
IAGHAEEYGAETLERMFTTYPPTK (3) 

LRVDPVNFK (35) 
LSDLHAHK (1) 
MFTTYPPTK (12) 
FLCAVGTVLTAK (6) 
VLSAADKNNVK (2) 
NNVKGIFTK (2) 

Hemoglobin subunit alpha-D 
Accession: P02001 
Aminoacids: 141 
MW [kDa]: 15.7 
Calc. pI: 7.6 
 

∑ Coverage: 79.4 
Spectral counts: 328 
Score: 12585.8 

AASHQEEFGAEALTR (21) 
FLSAVSAVLAEK (49) 
NVDNLSQAMAELSNLHAYNLR (52) 
TYFPHFDLSPGSDQVR (65) 
NVDNLSQAMAELSNLHAYNLRVDPVNFK (11) 
VLGALGNAVK (81) 

KVLGALGNAVK (15) 
KLIQQAWEK (5) 
DYTPEVHAAFDK (4) 
LIQQAWEK (5) 
MFTTYPQTK (20) 

Hemoglobin subunit beta 
Accession: P02112 

Aminoacids: 147 
MW [kDa]: 16.5 
Calc. pI: 8.6 
 

∑ Coverage: 73.5 
Spectral counts: 207 
Score: 7716.1 

FFASFGNLSSPTAILGNPMVR (48) 
VNVAECGAEALAR (11) 
VLTSFGDAVKNLDNIK (6) 
NTFSQLSELHCDK (2) 
KVLTSFGDAVK (19) 
LLIVYPWTQR (35) 

QLITGLWGK (12) 
VLTSFGDAVK (51) 
VVAHALAR (8) 
LHVDPENFR (12) 
VHWTAEEK (3) 

Hemoglobin subunit rho 
Accession: P02127 
Aminoacids: 147 
MW [kDa]: 16.6 
Calc. pI: 8.6 

∑ Coverage: 21.8 
Spectral counts: 49 
Score: 1967.5 

LLIVYPWTQR (35) 
VNVEECGAEALAR (2) 
 

LHVDPENFR (12) 
 

Keratin, type II cytoskeletal cochleal 
Accession: O93532 
Aminoacids: 492 
MW [kDa]: 53.8 
Calc. pI: 6.1 

∑ Coverage: 11.6 
Spectral counts: 23 
Score: 1005.8 

DVDAAYmNKVELEAK (2) 
NLDLDSIIAEVK (8) 
LALDIEIATYR (9) 
NmQDLVEDFK (1) 

NLDLDSIIAEVK (1) 
FASFIDKVR (1) 
FASFIDK (1) 

 
Lysozyme C 
Accession: P00698 
Aminoacids: 147 
MW [kDa]: 16.2 
Calc. pI: 9.1 

∑ Coverage: 35.4 
Spectral counts: 13 
Score: 657.8 

NTDGSTDYGILQINSR (6) 
FESNFNTQATNR (4) 
 

GTDVQAWIR (2) 
IVSDGNGMNAWVAWR (1) 

Keratin, type I cytoskeletal 19 
Accession: O93256 
Aminoacids: 423 
MW [kDa]: 46.1 
Calc. pI: 5.1 

∑ Coverage: 11.8 
Spectral counts: 10 
Score: 379.0 

VLDELTLAR (2) 
TRLEQEIATYR (3) 
LASYLDKVR (2) 
 

MSVEADINGLR (1) 
TKFETEQALR (1) 
LASYLDK (1) 

TiLys1 
Accession: Q7YZS5 
Aminoacids: 139 
MW [kDa]: 15.6 
Calc. pI: 8.7 

∑ Coverage: 20.1 
Spectral counts: 10 
Score: 362.7 

GGPNHDGSYDNGLFQINDR (5) 
 

ELVAHGIPR (5) 
 

Cathepsin D1 
Accession: E2D6N9 
Aminoacids: 390 
MW [kDa]: 43.0 
Calc. pI: 5.1 

∑ Coverage: 11.0 
Spectral counts: 8 
Score: 305.2 

NQLFGEALQVSDSPFAR (4) 
VYTVFNVEDR (2) 
 

AEDYILK (1) 
TVSFASLKQ (1) 

Salivary lipocalin 
Accession: A6YPE6 
Aminoacids: 179 
MW [kDa]: 20.0 
Calc. pI: 8.0 

∑ Coverage: 21.8 
Spectral counts: 6 
Score: 238.4 

TSGGQVIPASLK (2) 
GYKDDNYLVLSR (2) 
 

YIVEYTYQSHTGEQR (1) 
DDNYLVLSR (1) 

 

Heterochromatin-associated protein MENT 
Accession: O73790 
Aminoacids: 140 
MW [kDa]: 47.4 
Calc. pI: 9.4 

∑ Coverage: 8.1 
Spectral counts: 6 
Score: 203.7 

ELSMFILLPDDIK (3) 
DTFPVLIMEK (1) 
 

LILVNAIYFK (2) 
 

 

Proteins originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.14: Mascot identification data (score 174.90 to 73.64) for a 13 kDa band of 
small intestines of fifth instars of T. infestans (long-control group) at 3 days after feeding 
after gelelectrophoretic separation. 
Protein/Characteristics Peptide sequences (spectro counts) 

Transthyretin 
Accession: P27731 
Aminoacids: 150 
MW [kDa]: 16.3 
Calc. pI: 5.2 

∑ Coverage: 24.0 
Spectral counts: 5 
Score: 174.9 

AADGTWQDFATGK (3) 
TTEFGEIHELTTEEQFVEGVYR (1) 
 

KAADGTWQDFATGK (1) 
 

Actin, cytoplasmic 1 
Accession: P60706 
Aminoacids: 375 
MW [kDa]: 41.7 
Calc. pI: 5.5 

∑ Coverage: 9.9 
Spectral counts: 3 
Score: 143.8 

DLYANTVLSGGTTMYPGIADR (1) SYELPDGQVITIGNER (1) 
 

Histone H2B 1/2/3/4/6 
Accession: P0C1H3 
Aminoacids: 126 
MW [kDa]: 13.9 
Calc. pI: 10.3 

∑ Coverage: 19.1 
Spectral counts: 3 
Score: 133.9 

AMGIMNSFVNDIFER (2) 
 

LLLPGELAK (1) 

Keratin, type I cytoskeletal 14 
Accession: Q6PVZ1 

Aminoacids: 467 
MW [kDa]: 51.0 
Calc. pI: 5.1 

∑ Coverage: 3.6 
Spectral counts: 2 
Score: 122.4 

LAADDFR (1) 
 

TKFETEQALR (1) 

Protein disulfide-isomerase A3 
Accession: Q8JG64 
Aminoacids: 505 
MW [kDa]: 56.1 
Calc. pI: 6.0 

∑ Coverage: 2.4 
Spectral counts: 2 
Score: 88.4 

LAPEYEAAATR (1) 
 

RLAPEYEAAATR (1) 

Serum albumin 
Accession: P19121 

Aminoacids: 615 
MW [kDa]: 69.9 
Calc. pI: 5.7 

∑ Coverage: 5.2 
Spectral counts: 3 
Score: 83.1 

LVKDVVDLAQK (1) 
QLIYLSQKYPK (1) 
 

YNDLKEETFK (1) 

Cathepsin D 
Accession: Q05744 
Aminoacids: 398 
MW [kDa]: 43.3 
Calc. pI: 6.3 

∑ Coverage: 9.8 
Spectral counts: 2 
Score: 73.6 

ISSLPVVTLMLGGKPYQLTGEQYVFK (1) 
 

ELQTAIGAKPLIK (1) 

 

All proteins originated from G. gallus. Accession numbers were derived from Uniprot Protein Database (2011). Sequence coverage of the 
identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.15: Mascot identification data (score 14891.03 to 185.78) for a 13 kDa band of 
small intestines of fifth instars of T. infestans (long-control group) at 5 days after feeding 
after gelelectrophoretic separation. 
Protein/Characteristics Peptide sequences (spectro counts) 

Hemoglobin subunit alpha-A 
Accession: P01994 

Aminoacids: 142 
MW [kDa]: 15.4 
Calc. pI: 8.4 
 

∑ Coverage: 76.1 
Spectral counts: 392 
Score: 14891.0 

KVVAALIEAANHIDDIAGTLSK (36) 
VVAALIEAANHIDDIAGTLSK (83) 
IAGHAEEYGAETLER (167) 
TYFPHFDLSHGSAQIK (25) 
VLSAADKNNVKGIFTK (6) 
FLCAVGTVLTAK (2) 
IAGHAEEYGAETLERMFTTYPPTK (12) 

MVLSAADKNNVK (1) 
LRVDPVNFK (29) 
NNVKGIFTK (2) 
LSDLHAHKLR (7) 
VLSAADKNNVK (1) 
MFTTYPPTK (20) 
LSDLHAHK (1) 

Hemoglobin subunit alpha-D 
Accession: P02001 
Aminoacids: 141 
MW [kDa]: 15.7 
Calc. pI: 7.6 
 

∑ Coverage: 84.4 
Spectral counts: 385 
Score: 13189.4 

FLSAVSAVLAEK (67) 
AASHQEEFGAEALTR (23) 
NVDNLSQAMAELSNLHAYNLRVDPVNFK (8) 
TYFPHFDLSPGSDQVR (73) 
NVDNLSQAMAELSNLHAYNLR (41) 
DYTPEVHAAFDKFLSAVSAVLAEK (2) 
VLGALGNAVK (106) 

KVLGALGNAVK (15) 
DYTPEVHAAFDK (4) 
KLIQQAWEK (4) 
LIQQAWEK (8) 
MFTTYPQTK (31) 
MLTAEDKK (3) 

Hemoglobin subunit beta 
Accession: P02112 

Aminoacids: 147 
MW [kDa]: 16.5 
Calc. pI: 8.6 
 

∑ Coverage: 92.5 
Spectral counts: 194 
Score: 6315.7 

FFASFGNLSSPTAILGNPMVR (54) 
VLTSFGDAVKNLDNIK (7) 
LLGDILIIVLAAHFSK (1) 
NTFSQLSELHCDK (1) 
VNVAECGAEALAR (4) 
KVLTSFGDAVK (21) 
VLTSFGDAVK (41) 

LLIVYPWTQR (39) 
VVAHALAR (3) 
QLITGLWGK (9) 
DFTPECQAAWQK (1) 
LHVDPENFR (10) 
VHWTAEEK (3) 

Hemoglobin subunit rho 
Accession: P02127 
Aminoacids: 147 
MW [kDa]: 26.6 
Calc. pI: 8.6 

∑ Coverage: 21.8 
Spectral counts: 50 
Score: 1768.0 

LLIVYPWTQR (39) 
VNVEECGAEALAR(1) 
 

LHVDPENFR (10) 
 

Lysozyme C 
Accession: P00698 
Aminoacids: 147 
MW [kDa]: 16.2 
Calc. pI: 9.1 

∑ Coverage: 35.4 
Spectral counts: 15 
Score: 607.0 

NTDGSTDYGILQINSR (6) 
FESNFNTQATNR (6) 

IVSDGNGMNAWVAWR (1) 
GTDVQAWIR (2) 
 

Keratin, type II cytoskeletal cochleal 
Accession: O93532 
Aminoacids: 492 
MW [kDa]: 53.8 
Calc. pI: 6.1 

∑ Coverage: 6.1 
Spectral counts: 8 
Score: 313.2 

NLDLDSIIAEVK (5) 
LALDIEIATYR (2) 
 

FASFIDK (1) 

Heterochromatin-associated protein MENT 
Accession: O73790 
Aminoacids: 410 
MW [kDa]: 47.4 
Calc. pI: 9.4 

∑ Coverage: 8.1 
Spectral counts: 6 
Score: 285.2 

ELSMFILLPDDIK (2) 
LILVNAIYFK (3) 
 

DTFPVLIMEK (1) 
 

TiLys1 
Accession: Q7YZS5 
Aminoacids: 139 
MW [kDa]: 15.6 
Calc. pI: 8.7 

∑ Coverage: 20.1 
Spectral counts: 8 
Score: 272.0 

GGPNHDGSYDNGLFQINDR (3) 
 

ELVAHGIPR (5) 
 

Ribosomal protein P2 
Accession: A6YPR0 

Aminoacids: 114 
MW [kDa]: 11.7 
Calc. pI: 4.9 

∑ Coverage. 25.4 
Spectral counts. 6 
Score: 232.1 

ILSSVGIEADADKLNK (3) 
ILSSVGIEADADK (1) 
 

YVAAYLLAVLGGK (2) 
 

Salivary lipocalin 
Accession: A6YPE6 
Aminoacids: 179 
MW [kDa]: 20.0 
Calc. pI: 8.0 

∑ Coverage: 21.8 
Spectral counts: 5 
Score: 185.8 

TSGGQVIPASLK (2) 
GYKDDNYLVLSR (2) 
 

YIVEYTYQSHTGEQR (1) 
 

 

Proteins originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.16: Mascot identification data (score 176.21 to 69.29) for a 13 kDa band of 
small intestines of fifth instars of T. infestans (long-control group) at 5 days after feeding 
after gelelectrophoretic separation. 
Protein/ 
Characteristics 

Peptide sequences (spectro counts) 

Ribosomal protein P1 
Accession: A6YPP2 
Aminoacids: 116 
MW [kDa]: 11.8 
Calc. pI: 4.5 

∑ Coverage: 45.7 
Spectral counts: 3 
Score: 176.2 

ELITNIGSGVGAAPAAGGAPAAAPADAAAAPAGGDKK (1) 
ELITNIGSGVGAAPAAGGAPAAAPADAAAAPAGGDK (1) 
AASVDVEPYWPGLFAK (1) 

 

Cathepsin D 
Accession: Q05744 
Aminoacids: 398 
MW [kDa]: 43.3 
Calc. pI: 6.3 

∑ Coverage: 17.3 
Spectral counts: 5 
Score: 148.2 

NYMDAQYYGEIGIGTPPQK (1) 
ISSLPVVTLMLGGKPYQLTGEQYVFK (1) 

ELQTAIGAKPLIK (1) 
FDGILGMAFPR (2) 
 

Keratin, type I cytoskeletal 19 
Accession: O93256 
Aminoacids: 423 
MW [kDa]: 46.1 
Calc. pI: 5.1 

∑ Coverage: 4.3 
Spectral counts: 4 
Score: 145.6 

VLDELTLAR (1) 
 

LASYLDKVR(3) 
 

Histone H4 
Accession: P62801 

Aminoacids: 103 
MW [kDa]: 11.4 
Calc. pI: 11.4 

∑ Coverage: 29.1 
Spectral counts: 4 
Score: 135.3 

ISGLIYEETR (1) 
DNIQGITKPAIR (2) 
 

VFLENVIR (1) 

Cathepsin L-like proteinase 
Accession: Q67EP7 
Aminoacids: 328 
MW [kDa]: 36.5 
Calc. pI: 6.5 

∑ Coverage: 6.4 
Spectral counts: 4 
Score: 126.6 

SVAGTDKGYVDIAQGDENALK (2) GYVDIAQGDENALK (2) 
 

Cathepsin D1 
Accession: E2D6N9 
Aminoacids: 390 
MW [kDa]: 43.0 
Calc. pI: 5.1 

∑ Coverage: 8.7 
Spectral counts: 3 
Score: 99.8 

NQLFGEALQVSDSPFAR (1) 
VYTVFNVEDR (1) 
 

AEDYILK (1) 

Actin, cytoplasmic 1 
Accession: P60706 
Aminoacids: 375 
MW [kDa]: 41.7 
Calc. pI: 5.5 

∑ Coverage: 9.3 
Spectral counts: 3 
Score: 79.8 

SYELPDGQVITIGNER (1) 
AVFPSIVGRPR (1) 
 

IIAPPERK (1) 

Histone H2B 1/2/3/4/6 
Accession: P0C1H3 

Aminoacids: 126 
MW [kDa]: 13.9 
Calc. pI: 10.3 

∑ Coverage: 19.1 
Spectral counts: 2 
Score: 72.5 

AMGIMNSFVNDIFER (1) 
 

LLLPGELAK (1) 

Transthyretin 
Accession: P27731 
Aminoacids: 150 
MW [kDa]: 16.3 
Calc. pI: 5.2 

∑ Coverage: 23.3 
Spectral counts: 3 
Score: 71.5 

TTEFGEIHELTTEEQFVEGVYR (2) 
 

AADGTWQDFATGK (1) 
 

Fibronectin 
Accession: P11722 

Aminoacids: 1256 
MW [kDa]: 137.4 
Calc. pI: 5.1 

∑ Coverage: 2.1 
Spectral counts: 2 
Score: 69.3 

SSPVVIDASTAIDAPSNLR (1) 
 

ITGYIIR (1) 

 

Proteins originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.1.17: RNA quality characteristics for small intestines of fifth instars of 
T. infestans (short-control group) after capillary electrophoresis. 

Small intestine 
Feedingstate* Sample No RNA∆ Ratio# RQI 

2 1 144.47 0.68 6.8 
2 2 144.77 0.66 6.8 
2 3 163.12 0.55 6.9 
3 1 181.52 0.54 6.0 
3 2 192.28 0.59 6.2 
3 3 115.93 0.38 5.6 
5 1 268.74 1.85 8.1 
5 2 187.56 0.85 6.8 
5 3 199.08 0.72 6.6 

 

*uf: unfed, 2-5: 2-5 daf; ∆concentration (ng/µl); #[28S/18S] 

Table S8.1.18: RNA quality characteristics for small intestines of unfed fifth instars of 
T. infestans and after infection with T. cruzi (short-trypo group) after capillary 
electrophoresis. 

Small intestine 
Feedingstate* Sample No RNA∆ Ratio# RQI 

2 1 138.36 3.41 3.0 
2 2 172.75 1.00 8.0 
2 3 217.16 1.10 8.8 
3 1 179.04 0.57 6.2 
3 2 138.44 0.93 8.1 
3 3 138.24 0.90 6.9 
5 1 165.35 1.02 9.3 
5 2 102.43 1.43 9.6 
5 3 240.48 0.93 8.7 

 

*uf: unfed, 2-5: 2-5 daf; ∆concentration (ng/µl); #[28S/18S] 
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Table S8.1.19: RNA quality characteristics for small intestines of fifth instars of 
T. infestans (long-control group) after capillary electrophoresis. 

Small intestine 
Feedingstate* Sample No RNA∆ Ratio# RQI 

uf 1 167.02 1.38  9.3 
uf 2 95.76 2.28  9.3 
uf 3 113.50 1.25  9.2 
2 1 135.80 1.26  8.5 
2 2 144.54 1.44  8.3 
2 3 236.05 1.50  8.3 
3 1 421.29 1.66  8.3 
3 2 302.83 1.38  8.5 
3 3 344.02 1.04  7.7 
5 1 343.49 0.57  6.8 
5 2 253.60 1.43  8.5 
5 3 350.42 1.40  8.3 
10 1 266.97 1.23  9.1 
10 2 227.65 1.01  8.6 
10 3 293.99 1.01  8.5 
15 1 212.22 0.54  7.6 
15 2 285.28 0.66  8.0 
15 3 316.73 0.90  8.7 
20 1 175.84 0.38 10.0 
20 2 181.98 0.64  7.8 
20 3 202.65 0.68  8.0 

 

*uf: unfed, 2-20: 2-20 daf; ∆concentration (ng/µl); #[28S/18S] 
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8.2 Supplemental data for chapter 4 

 

Figure S8.2.1: Second chromatographic separation of bacteriolytic compounds from 
small intestine homogenates of T. infestans. 
Anion exchange chromatography: flow-through was separated on a SOURCE Q column 
equilibrated with 20 mM Tris, pH 7.0. Proteins (grey line) were eluted by a linear gradient of 
0-750 mM NaCl and finally 1 M NaCl (dotted line). Lysis of M. lysodeikticus by the 
respective fraction is presented as percentage of the maximal activity (black line). 
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Figure S8.2.2: Third chromatographic separation of bacteriolytic compounds from 
small intestine homogenates of T. infestans. 
Anion exchange chromatography: second purification step of fractions containing the 
majority of bacteriolytic activity on a SOURCE Q column equilibrated with 20 mM Tris, 
pH 7.0. After pooling of the fractions (I-III) that had eluted in a first chromatographic 
separation (Figure 4.1) at about 137 mM, 250 mM and 325 mM, respectively, proteins (grey 
line) were eluted separately within 30 min by linear gradients of 0-350 mM NaCl and finally 
1 M NaCl (dotted line). Lysis of Micrococcus lysodeikticus (black line) by the respective 
fraction is presented as percentage of the maximal activity recorded in the previous 
separation. 
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Figure S8.2.3: Fourth chromatographic separation of bacteriolytic compounds from 
small intestine homogenates of T. infestans. 
Anion exchange chromatography: purification of pooled samples (I-III) containing the 
majority of antibacterial activity on a SOURCE Q column equilibrated with 20 mM Tris, 
pH 7.0. Protein (grey line) was eluted by a linear gradient of 0-350 mM NaCl and finally 1 M 
NaCl (dotted line) within 30 min. Lysis of M. lysodeikticus (black line) is presented as 
percentage of the maximal activity recorded in the first separation. 
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Table S8.2.1: Mascot identification data of small intestines of unfed fifth instars of T. 
infestans for flow-through (score 9077.5 to 399.5) after chromatographic separation. 
Protein/Characteristics Peptide sequences 

Hemoglobin subunit alpha-A 
Accession: P01994 
Aminoacids: 142 
MW [kDa]: 15.4 
Calc. pI: 8.4 

∑ Coverage: 58.5 
Spectral counts: 148 
Score: 9077.5 

VVAALIEAANHIDDIAGTLSK (23) 
KVVAALIEAANHIDDIAGTLSK (38) 
IAGHAEEYGAETLER (64) 
TYFPHFDLSHGSAQIK (12) 

MVLSAADKNNVK (1) 
MFTTYPPTK (5) 
LRVDPVNFK (2) 
VLSAADKNNVK (1) 

Hemoglobin subunit alpha-D 
Accession: P02001 
Aminoacids: 141 
MW [kDa]: 15.7 
Calc. pI: 7.56 
 

∑ Coverage: 74.5 
Spectral counts: 123 
Score: 6637.0 

NVDNLSQAMAELSNLHAYNLR (38) 
FLSAVSAVLAEK (36) 
AASHQEEFGAEALTR (15) 
VLGALGNAVK (11) 
TYFPHFDLSPGSDQVR (6) 

DYTPEVHAAFDK (4) 
DYTPEVHAAFDKFLSAVSAVLAEK (1) 
KVLGALGNAVK (4) 
MFTTYPQTK (4) 
KLIQQAWEK (1) 
LIQQAWEK (2) 

Hemoglobin subunit beta 
Accession: P02112 
Aminoacids: 147 
MW [kDa]: 16.5 
Calc. pI: 8.6 
 

∑ Coverage: 66.0 
Spectral counts: 100 
Score: 5302.0 

LLGDILIIVLAAHFSK (13) 
FFASFGNLSSPTAILGNPMVR (27) 
VNVAECGAEALAR (4) 
KVLTSFGDAVK (9) 
LLIVYPWTQR (31) 

QLITGLWGK (2) 
VLTSFGDAVK (12) 
VVAHALAR (1) 
LHVDPENFR (1) 
 

Putative salivary secreted protein 
Accession: 
A6YPU2 
Aminoacids: 175 
MW [kDa]: 19.9 
Calc. pI: 6.0 

∑ Coverage: 41.7 
Spectral counts: 71 
Score: 3308.4 

QVTWNTELVAGTTDQYK (10) 
KQVTWNTELVAGTTDQYK (4) 
IKNLFQDYLLAVDK (21) 
NLFQDYLLAVDK 
NLFQDYLLAVDKTR (2) 

NLFQDYLLAVDK (16) 
TATPDDSSNIWTLEVYPSHVFLK (8) 
TDAFTANQR (4) 
EASVISR (1) 
IKNLFQDYLLAVDKTR (4) 

Glycerol-3-phosphate dehydrogenase 
Accession: 
B4XU24 
Aminoacids: 355 
MW [kDa]: 39.0 
Calc. pI: 6.2 
 

∑ Coverage: 43.4 
Spectral counts: 69 
Score: 3113.7 

KLTEIINTTHENVK (1) 
LQGPITAEEVNYMLENK (20) 
VSIVGSGNWGSAIAK (4) 
LAEQFVITGK (4) 
SSAVGLSLIK (3) 
MYVYEELVDGK (8) 
IIGANVVNLK (1) 
LTEIINTTHENVK (4) 
FPLFTAVNR (1) 

LIETDYFR (3) 
RLAEQFVITGK (3) 
EGGGIELISSVIK (1) 
KVSIVGSGNWGSAIAK (1) 
MYVYEELVDGK (3) 
IGLMEMINFIDYFYPK (1) 
NAELLHK (1) 
MIKPEELITFIK (10) 
 

Salivary lipocalin 
Accession: 
A6YPE6 
Aminoacids: 179 
MW [kDa]: 20.0 
Calc. pI: 8.0 

∑ Coverage: 29.6 
Spectral counts: 12 
Score: 625.9 

YIVEYTYQSHTGEQR (5) 
GYKDDNYLVLSR (2) 
FFTGTWFVSHVQK (1) 
 

TSGGQVIPASLK (2) 
DDNYLVLSR (1) 
RFFTGTWFVSHVQK (1) 

Triosephosphate isomerase 
Accession: P00940 
Aminoacids: 248 
MW [kDa]: 26.6 
Calc. pI: 7.2 

∑ Coverage: 11.3 
Spectral counts: 11 
Score: 575.5 

VVLAYEPVWAIGTGK (10) 
 

GAFTGEISPAMIK (1) 
 

Elongation factor 1-alpha 1 
Accession: Q90835 

Aminoacids: 462 
MW [kDa]: 50.1 
Calc. pI: 9.0 

∑ Coverage: 7.1 
Spectral counts: 9 
Score: 493.2 

IGGIGTVPVGR (3) 
YYVTIIDAPGHR (4) 

STTTGHLIYK (1) 

Salivary lipocalin 
Accession: 
A6YPP6 
Aminoacids: 193 
MW [kDa]: 22.3 
Calc. pI: 9.0 

∑ Coverage: 32.1 
Spectral counts: 11 
Score: 412.2 

SLNPSVPILFK (2) 
GISLTYEGQVTVR (3) 
AYQLEVTQK (2) 

LSVIETDYK (2) 
TVYHTQGNEFFELR (1) 
IEDFFK (1) 

Platelet inhibitor triplatin-2  
Accession: Q18NS6 
Aminoacids: 178 
MW [kDa]: 19.5 
Calc. pI: 7.6 

∑ Coverage: 28.7 
Spectral counts: 8 
Score: 399.5 

ITVTTSILATDNEK (4) 
NGVEQGVQNYFNQK (1) 

GWDISTWLSR (2) 
YFNIPLAYATHSK (1) 

 

Protein originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.2.2: Mascot identification data of small intestines of unfed fifth instars of T. 
infestans for flow-through (score 381.8 to 104.2) after chromatographic separation. 
Protein/Characteristics Peptide sequences 

Salivary lipocalin 
Accession: A6YPL3 
Aminoacids: 199 
MW [kDa]: 22.3 
Calc. pI: 9.1 

∑ Coverage: 26.6 
Spectral counts: 8 
Score: 381.8 

ITDNYLVLQR (3) 
MTGSTISVTADGYYEIGNK (2) 

KEDDQISNLDK (1) 
SQGLVPDNMISR (2) 
 

Keratin, type II cytoskeletal cochleal 
Accession: O93532 
Aminoacids: 492 
MW [kDa]: 53.8 
Calc. pI: 6.1 

∑ Coverage: 6.7 
Spectral counts: 7 
Score: 364.5 

NLDLDSIIAEVK (4) 
NMQDLVEDFK (1) 

LALDIEIATYR (2) 
 

Salivary lipocalin 
Accession: A6YPE9 
Aminoacids: 179 
MW [kDa]: 20.0 
Calc. pI: 8.4 

∑ Coverage: 25.1 
Spectral counts: 10 
Score: 359.4 

FFTGTWFVSHVQK (1) 
TSGGQAIPESLK (2) 
YIVEYSYQSK (5) 

DDNYLVLSR (1) 
RFFTGTWFVSHVQK (1) 

Lipocalin-like Ti65  
Accession: A6YPR4 
Aminoacids: 197 
MW [kDa]: 21.6 
Calc. pI: 9.3 

∑ Coverage: 17.8 
Spectral counts: 7 
Score: 356.7 

KEDEVISNLDTILK (3) 
NTGLVSSQLISR (2) 
 

TDNYLVLQR (1) 
EDEVISNLDTILK (1) 
 

Polyubiquitin-B 
Accession: P0CG62 
Aminoacids: 305 
MW [kDa]: 34.3 
Calc. pI: 7.5 

∑ Coverage: 49.8 
Spectral counts: 6 
Score: 344.4 

IQDKEGIPPDQQR (3) 
TITLEVEPSDTIENVK (2) 

ESTLHLVLR (1) 

Salivary lipocalin 
Accession: A6YPH4 
Aminoacids: 175 
MW [kDa]: 19.2 
Calc. pI: 8.6 

∑ Coverage: 17.7 
Spectral counts: 4 
Score: 318.4 

SSILATDNESYAVLQR (3) 
 

RADGKPVTSFTITDR (1) 

Salivary lipocalin 
Accession: A6YPE8 
Aminoacids: 179 
MW [kDa]: 19.9 
Calc. pI: 8.0 

∑ Coverage: 25.1 
Spectral counts: 9 
Score: 309.1 

FFTGTWFVSHVQK (1) 
YIVEYSYQSK (5) 
DDNYLVLSR (1) 

TGGGQEIPASLK (1) 
RFFTGTWFVSHVQK (1) 

Salivary lipocalin 
Accession: A6YPH2 
Aminoacids: 202 
MW [kDa]: 22.7 
Calc. pI: 9.2 

∑ Coverage: 13.4 
Spectral counts: 7 
Score: 304.4 

TGSSLATYITR (3) 
DNVLVLHR (2) 

SDIETIFK (2) 

Ig lambda chain C region 
Accession: P20763 
Aminoacids: 103 
MW [kDa]: 11.4 
Calc. pI: 6.5 

∑ Coverage: 28.2 
Spectral counts: 4 
Score: 251.2 

VAPTITLFPPSK (1) 
SGETTAPQR (1) 

VAPTITLFPPSKEELNEATK (2) 

Superoxide dismutase [Cu-Zn] 
Accession: A6YPT7 
Aminoacids: 154 
MW [kDa]: 15.9 
Calc. pI: 6.2 

∑ Coverage: 18.2 
Spectral counts: 3 
Score: 137.8 

GTVYFEQESPNAEVK (2) TLVVHADPDDLGK (1) 

Salivary lipocalin 
Accession: A6YPG6 
Aminoacids: 182 
MW [kDa]: 20.4 
Calc. pI: 8.75 

∑ Coverage: 13.7 
Spectral counts: 3 
Score: 136.6 

YKDSSNLSGNLLLLQR (1) 
YFDINEFFR (1) 

DSSNLSGNLLLLQR (1) 

Keratin, type I cytoskeletal 19 
Accession: O93256 
Aminoacids: 423 
MW [kDa]: 46.1 
Calc. pI: 5.1 

∑ Coverage: 4.3 
Spectral counts: 2 
Score: 104.2 

VLDELTLAR (1) LEQEIATYR (1) 

 

Protein originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.2.3: Mascot identification data of small intestines of unfed fifth instars of T. 
infestans for flow-through (score 98.0 to 75.2) after chromatographic separation. 

Protein/Characteristics Peptide sequences 

Salivary lipocalin 
Accession: A6YPN6 
Aminoacids: 202 
MW [kDa]: 22.4 
Calc. pI: 9.1 

∑ Coverage: 9.4 
Spectral counts: 2 
Score: 98.0 

IGSSLDTYITR (1) DNILVLHR (1) 

Calponin 
Accession: A6YPG4 
Aminoacids: 184 
MW [kDa]: 20.3 
Calc. pI: 7.8 

∑ Coverage: 13.0 
Spectral counts: 2 
Score: 95.5 

AGESIIGLQAGSNK (1) MMENINSFLK (1) 

Ca2+-binding protein 
Accession: A6YPK2 
Aminoacids: 178 
MW [kDa]: 20.5 
Calc. pI: 5.6 

∑ Coverage: 14.0 
Spectral counts: 2 
Score: 85.0 

LSTQTIDTIVAK (1) GTISFQDFGALWK (1) 

Salivary lipocalin 
Accession: A6YPH0 
Aminoacids: 185 
MW [kDa]: 20.5 
Calc. pI: 8.9 

∑ Coverage: 12.4 
Spectral counts: 2 
Score: 75.2 

YFEINDFFK (1) DNYDVKLEPEGDSK (1) 

 

All proteins originated from T. infestans. Accession numbers were derived from Uniprot Protein Database (2011). Sequence coverage of the 
identified peptides is given as Σ Coverage. Significance of the search result is given as score. 
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Table S8.2.4: Mascot identification data of small intestines of unfed fifth instars of T. 
infestans for bacteriolytic active fractions (score 2891.5 to 449.3) after chromatographic 
separation. 

Protein/Characteristics Peptide sequences (spectro counts) 

Hemoglobin subunit alpha-A 
Accession: P01994 

Aminoacids: 142 
MW [kDa]: 15.4 
Calc. pI: 8.4 

∑ Coverage: 50.0 
Spectral counts: 55 
Score: 2891.5 

VVAALIEAANHIDDIAGTLSK (30) 
IAGHAEEYGAETLER (11) 
LRVDPVNFK (1) 
 

TYFPHFDLSHGSAQIK (3) 
MFTTYPPTK (5) 
KVVAALIEAANHIDDIAGTLSK (5) 

Heat shock 70 kDa protein 
Accession: P08106 

Aminoacids: 634 
MW [kDa]: 69.7 
Calc. pI: 5.7 

∑ Coverage: 11.2 
Spectral counts: 38 
Score: 1994.4 

IINEPTAAAIAYGLDK (13) 
TFFPEEISSMVLTK (13) 
IINEPTAAAIAYGLDKK (3) 
 

STAGDTHLGGEDFDNR (3) 
VEIIANDQGNR (3) 
TTPSYVAFTDTER (2) 
 

Hemoglobin subunit beta 
Accession: P02112 
Aminoacids: 147 
MW [kDa]: 16.5 
Calc. pI: 8.6 

∑ Coverage: 59.9 
Spectral counts: 34 
Score: 1908.3 

FFASFGNLSSPTAILGNPMVR (10) 
LLGDILIIVLAAHFSK (5) 
KVLTSFGDAVK (2) 
VVAHALAR (2) 

LLIVYPWTQR (12) 
VNVAECGAEALAR (1) 
QLITGLWGK (2) 
 

Heat shock cognate 71 kDa protein 
Accession: O73885 
Aminoacids: 646 
MW [kDa]: 70.8 
Calc. pI: 5.6 

∑ Coverage: 12.6 
Spectral counts: 28 
Score: 1428.3 

IINEPTAAAIAYGLDK (13) 
IINEPTAAAIAYGLDKK (3) 
STAGDTHLGGEDFDNR (3) 
 

QTQTFTTYSDNQPGVLIQVYEGER (3) 
VEIIANDQGNR (4) 
TTPSYVAFTDTER (2) 

78 kDa glucose-regulated protein 
Accession: Q90593 
Aminoacids: 652 
MW [kDa]: 72.0 
Calc. pI: 5.2 

∑ Coverage: 5.8 
Spectral counts: 23 
Score: 1138.4 

IINEPTAAAIAYGLDK (13) 
MKETAEAYLGK (6) 
 

VEIIANDQGNR (4) 
 

Elongation factor 1-alpha 1 
Accession: Q90835 
Aminoacids: 462 
MW [kDa]: 50.1 
Calc. pI: 9.0 

∑ Coverage: 10.6 
Spectral counts: 13 
Score: 804.3 

IGGIGTVPVGR (5) 
YYVTIIDAPGHR (4) 
LPLQDVYK (2) 
 

STTTGHLIYK (1) 
QLIVGVNK (1) 

Serum albumin 
Accession: P19121 
Aminoacids: 615 
MW [kDa]: 69.9 
Calc. pI: 5.7 

∑ Coverage: 9.3 
Spectral counts: 12 
Score: 681.2 

AVAMITFAQYLQR (6) 
YNDLKEETFK (3) 
QLIYLSQK (1) 
 

SFEAGHDAFMAEFVYEYSR (1) 
LLINLIK (1) 

Serine carboxypeptidase 1 
Accession: Q101N9 
Aminoacids: 474 
MW [kDa]: 53.9 
Calc. pI: 5.3 

∑ Coverage: 14.6 
Spectral counts: 15 
Score: 656.5 

TNDLYITGESYAGK (3) 
FTEVLVR (1) 
NAGHMVPSDQPK (3) 
 

LWYVDNELAGYAK (1) 
KLWYVDNELAGYAK (1) 
AAMVTLMDGNSVSYSGFLTVNK (5) 
 

Radixin 
Accession: Q9PU45 
Aminoacids: 583 
MW [kDa]: 68.5 
Calc. pI: 6.5 

∑ Coverage: 4.3 
Spectral counts: 11 
Score: 614.6 

IAQDLEMYGVNYFEIK (10) 
 

IGFPWSEIR (1) 
 

Thymosin beta 
Accession: A6YPH1 
Aminoacids: 169 
MW [kDa]: 18.6 
Calc. pI: 5.8 
 

∑ Coverage: 61.0 
Spectral counts: 15 
Score: 586.7 

VHQNLISGVEGFDK (5) 
ALLEGVEAFDTGK (2) 
HTETQEKNPLPTK (1) 
NILPSAEDVATEK (1) 
SQLEGFNHDNMK (1) 

NILPDPEAIEAEKGQQK (2) 
NPLPDKDAVLQEK (1) 
HTETQEKNPLPDKDAVLQEK (1) 
SQLEGFNHDNMKK (1) 

DJ-1 
Accession: A6YPG8 
Aminoacids: 193 
MW [kDa]: 20.3 
Calc. pI: 6.0 

∑ Coverage: 33.7 
Spectral counts: 13 
Score: 449.3 

YSEDKVVIDGNLITSR (3) 
AHGIGLGKR (2) 
GGVNVTLAGLKGNEPTK (2) 
RGGVNVTLAGLK (1) 

GGVNVTLAGLK (1) 
DVVVVPDKSMEEAIK (2) 
RGGVNVTLAGLKGNEPTK (1) 
ELVDSYKYSEDKVVIDGNLITSR (1) 

 

Protein originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.2.5: Mascot identification data of small intestines of unfed fifth instars of T. 
infestans for bacteriolytic active fractions (score 421.6 to 213.1) after chromatographic 
separation. 
Protein/Characteristics Peptide sequences 

Superoxide dismutase [Cu-Zn] 
Accession: A6YPT7 
Aminoacids: 154 
MW [kDa]: 15.9 
Calc. pI: 6.2 

∑ Coverage: 31.1 
Spectral counts: 11 
Score: 421.6 

GTVYFEQESPNAEVK (4) 
TLVVHADPDDLGK (4) 
 

LSGEVTGLQK (2) 
EHGAPTDEIR (1) 

Cathepsin L-like proteinase 
Accession: Q67EP7 
Aminoacids: 328 
MW [kDa]: 36.5 
Calc. pI: 6.5 

∑ Coverage: 10.7 
Spectral counts: 10 
Score: 421.2 

GYVDIAQGDENALK (3) 
SVAGTDKGYVDIAQGDENALK (5) 
 

NSWGPSWGENGYIK (2) 
 

Glycerol-3-phosphate dehydrogenase 
Accession: B4XU24 
Aminoacids: 355 
MW [kDa]: 39.0 
Calc. pI: 6.2 

∑ Coverage: 18.3 
Spectral counts: 10 
Score: 419.7 

LQGPITAEEVNYMLENK (4) 
LAEQFVITGK (1) 
VSIVGSGNWGSAIAK (2) 
 

LTEIINTTHENVK (1) 
RLAEQFVITGK (1) 
FPLFTAVNR (1) 

Stress-70 protein, mitochondrial 
Accession: Q5ZM98 
Aminoacids: 675 
MW [kDa]: 73.1 
Calc. pI: 6.4 

∑ Coverage: 4.6 
Spectral counts: 5 
Score: 389.2 

SQVFSTAADGQTQVEIK (3) 
 

SDIGEVILVGGMTR (2) 

Actin, cytoplasmic 1 
Accession: P60706 
Aminoacids: 375 
MW [kDa]: 41.7 
Calc. pI: 5.5 

∑ Coverage: 15.2 
Spectral counts: 8 
Score: 375.2 

DLYANTVLSGGTTmYPGIADR (3) 
SYELPDGQVITIGNER (2) 
 

GYSFTTTAER (2) 
AGFAGDDAPR (1) 
 

Elongation factor 2 
Accession: Q90705 
Aminoacids: 858 
MW [kDa]: 95.3 
Calc. pI: 6.8 

∑ Coverage: 4.2 
Spectral counts: 5 
Score: 370.0 

AYLPVNESFGFTADLR (3) 
NMSVIAHVDHGK (1) 

SDPVVSYR (1) 

Keratin, type II cytoskeletal cochleal 
Accession: O93532 
Aminoacids: 492 
MW [kDa]: 53.8 
Calc. pI: 6.1 

∑ Coverage: 4.7 
Spectral counts: 6 
Score: 319.0 

NLDLDSIIAEVK (4) 
 

LALDIEIATYR (2) 

Ca2+-binding protein 
Accession: A6YPK2 
Aminoacids: 178 
MW [kDa]: 20.5 
Calc. pI: 5.6 

∑ Coverage: 28.1 
Spectral counts: 8 
Score: 302.6 

GTISFQDFGALWK (3) 
LSTQTIDTIVAK (2) 
GELSTALTTFGYR (1) 
SFDRDNSGNIDKGELSTALTTFGYR (1) 

LSTQTIDTIVAK (1) 
DNSGNIDKGELSTALTTFGYR (1) 

Calponin 
Accession: A6YPG4 
Aminoacids: 184 
MW [kDa]: 20.3 
Calc. pI: 7.8 

∑ Coverage: 32.6 
Spectral counts: 8 
Score: 279.9 

KDIAQVTTTLFALGR (3) 
EAQEWIETILGEK (1) 
AGESIIGLQAGSNK (2) 
 

EFTEEQLR (1) 
MMENINSFLK (1) 

Salivary secreted protein 
Accession: A6YPI9 
Aminoacids: 129 
MW [kDa]: 14.6 
Calc. pI: 9.9 

∑ Coverage: 45.7 
Spectral counts: 7 
Score: 276.7 

VSEDVTYPVRPIPGR (1) 
RPLITEIDAIDLDSNDKGGYAYVLK (3) 
 

FNLTIFGR (2) 
KGYNDVILFQK (1) 
 

Hemoglobin subunit alpha-D 
Accession: P02001 
Aminoacids: 141 
MW [kDa]: 15.7 
Calc. pI: 7.6 

∑ Coverage: 22.0 
Spectral counts: 3 
Score: 243.6 

AASHQEEFGAEALTR (2) TYFPHFDLSPGSDQVR (1) 

Polyubiquitin-B 
Accession: P0CG62 
Aminoacids: 305 
MW [kDa]: 34.3 
Calc. pI: 7.5 

∑ Coverage: 49.8 
Spectral counts: 4 
Score: 213.1 

IQDKEGIPPDQQR (2) 
TITLEVEPSDTIENVK (1) 

ESTLHLVLR (1) 

 

Protein originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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Table S8.2.6: Mascot identification data of small intestines of unfed fifth instars of T. 
infestans for bacteriolytic active fractions (score 209.9 to 85.3) after chromatographic 
separation. 
Protein/Characteristics Peptide sequences 

Actin-related protein 2 
Accession: P53488 
Aminoacids: 394 
MW [kDa]: 44.7 
Calc. pI: 6.7 

∑ Coverage: 8.4 
Spectral counts: 4 
Score: 209.9 

RLDIAGR (1) 
GYAFNHSADFETVR (1) 

ILLTEPPMNPTK (2) 

Putative salivary secreted protein 
Accession: A6YPU2 
Aminoacids: 175 
MW [kDa]: 19.9 
Calc. pI: 6.0 

∑ Coverage: 16.6 
Spectral counts: 5 
Score: 209.4 

QVTWNTELVAGTTDQYK (1) 
NLFQDYLLAVDK (4) 

 

Putative rab11 
Accession: A6YPR1 
Aminoacids: 214 
MW [kDa]: 24.3 
Calc. pI: 6.0 

∑ Coverage: 15.9 
Spectral counts: 4 
Score: 166.8 

GAVGALLVYDIAK (2) 
AQIWDTAGQER (1) 

STIGVEFATR (1) 

Lipocalin-like Ti65  
Accession: A6YPR4 
Aminoacids: 197 
MW [kDa]: 21.6 
Calc. pI: 9.3 

∑ Coverage: 17.8 
Spectral counts: 4 
Score: 152.1 

NTGLVSSQLISR (2) 
TDNYLVLQR (1) 

KEDEVISNLDTILK (1) 

Salivary lipocalin 
Accession: A6YPL3 
Aminoacids: 199 
MW [kDa]: 22.3 
Calc. pI: 9.1 

∑ Coverage: 10.6 
Spectral counts: 2 
Score: 126.5 

KEDDQISNLDK (1) ITDNYLVLQR (1) 

Actin-related protein Arp2/3 complex subunit ARPC3 
Accession: A6YPU0 
Aminoacids: 178 
MW [kDa]: 20.4 
Calc. pI: 8.4 

∑ Coverage: 28.7 
Spectral counts: 3 
Score: 115.5 

PAYHSSFLDYSQQVGNmAILPLR (1) 
GPAPTTDKDmDIIDEAIYYFK (1) 

QYLQQIR (1) 

Trialysin  
Accession: Q8T0Z4 
Aminoacids: 205 
MW [kDa]: 22.2 
Calc. pI: 9.5 

∑ Coverage: 16.1 
Spectral counts: 2 
Score: 113.1 

TNIATYLVVAGEINR (1) ISPQLFPGATSLDGDIVK (1) 

Keratin, type I cytoskeletal 19 
Accession: O93256 
Aminoacids: 423 
MW [kDa]: 46.1 
Calc. pI: 5.1 

∑ Coverage: 4.3 
Spectral counts: 2 
Score: 111.3 

VLDELTLAR (1) LASYLDKVR (1) 

Ras-related protein Rab-5B 
Accession: Q5ZHW4 
Aminoacids: 215 
MW [kDa]: 23.6 
Calc. pI: 8.1 

∑ Coverage: 11.6 
Spectral counts: 2 
Score: 109.4 

TAMNVNDLFLAIAK (1) LVLLGESAVGK (1) 

Cathepsin B-like cysteine protease 
Accession: A2SZV7 
Aminoacids: 333 
MW [kDa]: 36.4 
Calc. pI: 6.2 

∑ Coverage: 12.9 
Spectral counts: 3 
Score: 107.7 

NGPIVASFLVYEDLFSYK (1) 
EGVYQHVAGEFLGGHVIK (1) 
 

IQAEILK (1) 

Cytoplasmic aconitate hydratase 
Accession: Q90875 
Aminoacids: 889 
MW [kDa]: 98.0 
Calc. pI: 7.3 

∑ Coverage: 3.2 
Spectral counts: 2 
Score: 100.0 

AVLAESYER (1) VILQDFTGVPAVVDFAAMR (1) 

TiLys1 
Accession: Q7YZS5 
Aminoacids: 139 
MW [kDa]: 15.6 
Calc. pI: 8.7 

∑ Coverage: 12.2 
Spectral counts: 2 
Score: 85.3 

ELVAHGIPR (1) AWYGWQNK (1) 

 

Protein originated from T. infestans or G. gallus. T. infestans proteins are underlined. Accession numbers were derived from Uniprot Protein 
Database (2011). Sequence coverage of the identified peptides is given as Σ Coverage. Significance of the search result is given as score.  
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9. Appendix 

9.1 Intestinal aspartate proteases TiCatD and TiCatD2 of the haematophagous bug 
Triatoma infestans (Reduviidae): sequence characterisation, expression pattern and 
characterisation of proteolytic activity 
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9.1.1 Abstract  

Two aspartate protease encoding complementary deoxyribonucleic acids (cDNA) were 

characterised from the small intestine (posterior midgut) of Triatoma infestans and the 

corresponding genes were named TiCatD and TiCatD2. The deduced 390 and 393 amino acid 

sequences of both enzymes contain two regions characteristic for cathepsin D proteases and 

the conserved catalytic aspartate residues forming the catalytic dyad, but only TiCatD2 

possesses an entire C-terminal proline loop. The amino acid sequences of TiCatD and 

TiCatD2 show 51-58% similarity to other insect cathepsin D-like proteases and, respectively, 

88 and 58% similarity to the aspartate protease ASP25 from T. infestans available in the 

GenBank database. In phylogenetic analysis, TiCatD and ASP25 clearly separate from 

cathepsin D-like sequences of other insects, TiCatD2 groups with cathepsin D-like proteases 

with proline loop. The activity of purified TiCatD and TiCatD2 was highest between pH 2 

and 4, respectively, and hence, deviate from the pH values of the lumen of the small intestine, 

which varied in correlation with the time after feeding between pH 5.2 and 6.7 as determined 

by means of micro pH electrodes. Both cathepsins, TiCatD and TiCatD2, were purified from 

the lumen of the small intestine using pepstatin affinity chromatography and identified by 

nanoLC-ESI-MS/MS analysis as those encoded by the cDNAs. The proteolytic activity of the 

purified enzymes is highest at pH 3 and the respective genes are expressed in the both regions 

of the midgut, stomach (anterior midgut) and small intestine, not in the rectum, salivary 

glands, Malpighian tubules or haemocytes. The temporal expression pattern of both genes in 

the small intestine after feeding revealed a feeding dependent regulation for TiCatD but not 

for TiCatD2.  

 

Key words: aspartate protease, cathepsin D, haematophagous bug, intestinal pH, Triatoma 

infestans 
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9.1.2 Introduction  

All species of the triatomines are obligate haematophagous bugs, their postembryonic stages 

depending solely on this kind of nutrition. For the development into the next larval instar, a 

full engorgement of a multiple of the individual’s original body weight is required (Schaub, 

2008). The distensible stomach (anterior midgut) serves as a blood storing region where only 

concentration and partial lysis of the erythrocytes takes place (Azambuja et al., 1983). Blood 

is transferred in small portions to the small intestine (posterior midgut). According to ultra-

structural data for Rhodnius prolixus, the anterior part of the small intestine is mainly diges-

tive, whereas the posterior region is mainly absorptive (Billingsley and Downe, 1983, 1989; 

Kollien and Schaub, 2000). The small intestine of Triatoma infestans has a morphological 

subdivision into three regions of similar length with a clearly visible narrow middle region.  

Blood sucking hemipteran insects exhibit adaptations of the digestive physiology differ-

ent from those of other haematophagous insect orders. Unlike in dipterans or lice, the blood 

digestion in triatomines occurs over the course of several days (Lehane, 1991). In addition, 

mosquitoes and lice possess serine proteases while triatomines use cysteine and aspartate 

proteases (Lehane, 1994). The pH value of the midgut lumen of mosquitoes and lice is alka-

line; the midgut lumen of triatomines is suggested to be acidic (Schaub, 2009). The acidic 

proteases cathepsin B and D, lysosomal carboxypeptidase and aminopeptidase have been cha-

racterised in the small intestine of Rhodnius prolixus, Triatoma phyllosoma pallidipennis and 

T. infestans by biochemical approaches using synthetic substrates and specific inhibitors 

(Garcia and Garcia, 1977; Houseman, 1978; Houseman and Downe, 1980, 1981a, b, 1983a; 

Kollien et al., 2004). Since the development of intestinal bacterial symbionts and 

Trypanosoma cruzi, the etiological agent of Chagas disease which is transmitted by reduviid 

bugs, is affected by the nutritional stage and availability of digestion products in the gut 

lumen (Kollien and Schaub, 2000; Schaub, 2009; Garcia et al., 2010), understanding the di-

gestive mechanisms provides important insights into vector-parasite/microbe interactions.  

So far, only a few genes from triatomines encoding acidic proteases have been characte-

rised. A gene encoding a cathepsin L-like protease is exclusively expressed in the intestine of 

R. prolixus (the samples also contained hindgut tissue, but no stomach tissue) (Lopez-

Ordoñez et al., 2001). The deduced protein sequence shares characteristic sequence motifs of 

cathepsin B and L, but the lack of an occluding loop characteristic for cathepsin B-like pro-

teases (Sajid and McKerrow, 2002) clearly classifies this enzyme as a cathepsin L protease. 

Furthermore, two genes from T. infestans encoding a cathepsin B- and a cathepsin L-like 
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protease have been identified, and for the cathepsin B gene a midgut-specific expression was 

shown (Kollien et al., 2004). For cathepsin D, only an unpublished sequence from T. infestans 

denoted as aspartyl protease ASP25 is available in the NCBI database (accession number 

AY495371). Recently, the transcriptome of R. prolixus midgut was analysed and compared to 

a whole body library unrevealing a set of cathepsin B-, L- and D-like proteases-encoding 

transcripts specifically transcribed in the midgut (Ribeiro et al. unpublished).  

The present study characterises for the first time the nucleotide sequences of genes en-

coding cathepsin D-like proteases from T. infestans, named TiCatD and TiCatD2. We have 

cloned the full-length cDNA sequences from the small intestine and studied the expression 

pattern of these genes. In addition, analysis of expressed sequences variants of the cathepsin 

D-like gene was conducted. Since the activities of proteases are suggested to be optimal at 

acidic pH values, the changes of pH of the stomach and small intestine after feeding were de-

termined using microelectrodes. Furthermore, the enzymes were purified by chromatography, 

identified by means of mass spectrometry, and their activity profile was characterised.   

 

9.1.3 Experimental procedures 

9.1.3.1 Insect origin, maintenance and dissection 

T. infestans used for biochemical analysis, pH measurement and quantitative PCR originated 

from Cachiyuyo, Chile. T. infestans used for DNA sequence analysis originated from Rio 

Caine, Bolivia, and Pampa del Indio, Province of Chaco, Argentina. Bugs were reared at 

27±1°C and 60–70% relative humidity, with a 16/8-h light/dark cycle and were fed monthly 

on hens (Schaub, 1989; Kollien and Schaub, 1998).  

For temporal quantitative expression analysis, fifth instars were fed 4 weeks after 

moulting (40 days after feeding of fourth instar larvae), and the small intestines of unfed 

insects and of larvae at 2, 3, 5, 10, 15 and 20 days after feeding were dissected. At each time 

point, three small intestines were pooled and immediately stored in liquid nitrogen until RNA 

isolation. Stomach and small intestine for comparison of tissue specific transcript levels were 

dissected out five days after feeding. 

For protein isolation, five days after feeding the luminal contents of small intestines of 

batches of 200 and 140 fifth instars were collected by rinsing out five small intestines in 500 

µl sodium citrate/sodium chloride buffer (0.1 M sodium citrate, 0.5 M NaCl, pH 3) on ice. 

The remaining tissues were collected in pools of 25 small intestines and homogenized in the 
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same buffer using a pestle. Remnants of tissues were removed by centrifugation for 10 min at 

11,000 g and 4 °C to remove particles.  

For pH measurement, the stomachs and small intestines of fifth instars were dissected at 

different time points after feeding (unfed, 1, 3, 5, 8, 10, 15 and 20 days after feeding). The 

tissues were placed on glass slides and the gut wall was penetrated by the electrodes. The pH 

values in the lumen of the stomach and the three regions of the small intestine were measured 

separately. 

 

9.1.3.2 Nucleic acid techniques  

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN, Hilden, Germany) according 

to the manufacturer’s protocol. RNA samples were incubated with 2 units DNase I 

(Fermentas, St. Leon-Rot, Germany) at 37°C for 1 h to remove traces of genomic DNA.  

Oligonucleotides CathD1for1 (5´-TAGCTGCAGTGGGAATCATT-3´) and 

CathD1rev1 (5´-CTGTTCTATCTTCTACATTGA-3´) for amplification of partial cDNA of 

TiCatD were derived from the sequence of AY495371. Oligonucleotides 5CathD1TS2 (5´-

ACCCTGCATGCAACGCTTGA-3´) and 3CathD1TS1 (5´-TCCTGCGATGATTTGGAT-3´) 

for 5´ and 3´RACE, respectively, were designed using the nucleotide sequence of the obtained 

cDNA fragment. An internal fragment of TiCatD2 was amplified using degenerated oligo-

nucleotides 221 (5`-GCNGCNAARTTYGAYGGNAT-3’) and 194 (5’-

SWWGTDCCWGTRTCWGCDAT-3’). From this cDNA fragment, oligonucleotide 250 (5´-

TCGGAGGCTCAGATCCCGAGAAAT-3´) was derived for 3´RACE. An upstream fragment 

of TiCatD2 was amplified with oligonucleotides 326 (5´-AAGGTCTTGCCGTTAACTATC-

3´) and 560 (5´-ATGTTAGCACATACGCTG-3´); this was designed using the homologous 

transcript sequence of Rp-1760 from Rhodnius prolixus (Ribeiro et al. unpublished). A 

5´RACE was conducted with oligonucleotide 563 (5´-ATATTTAAGTGTAAGTTG-3´).  

Synthesis of cDNA with ThermoScript reverse transcriptase (Invitrogen, Karlsruhe, 

Germany) was performed following the manufacturer’s recommendations using 2 µg total 

RNA as starting material. After synthesis of cDNA the RNA was removed by adding 5 units 

of RNase H (Fermentas) and incubating at 37 °C for 20 min. Synthesis of cDNA and poly(A) 

tailing of cDNA for RACE experiments were done with the 5´/3´ RACE Kit (Roche, 

Mannheim, Germany) according to the manufacturer’s instructions. PCR with cDNA as tem-

plate was carried out using 2 µl of cDNA solution as template, 0.6 µM of each oligonucleo-
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tide, 2 mM MgSO4, 0.16 mM of each dNTP and 1 unit Pfu polymerase (Fermentas) in a final 

volume of 50 µl. Cycling parameters for PCR with oligonucleotides CathD1for1 and 

CathD1rev1 were: 94 °C for 2 min for 1 cycle, followed by 35 cycles each at 94 °C for 1 min, 

54 °C for 1 min, 72 °C for 1 min and a final extension at 72 °C for 10 min. Annealing temper-

atures for PCR with oligonucleotides 221 and 194 or 326 and 560 were 50 °C and 53 °C, re-

spectively.  

Quality control of cDNA synthesis was conducted by amplification of a fragment of the 

β-actin gene (Kollien et al., 2004). PCR amplicons were separated on ethidium bromide 

stained 1% agarose gels and cloned into vector pGEM-T (Promega) for publication quality 

sequence analysis, i.e. each independent clone was sequenced three times.  

Before quantitative PCR all RNA samples were checked for RNA integrity by using the 

Experion automated electrophoresis system (Biorad, München, Germany) with RNA standard 

sense chips. RNA samples were not heat denatured before electrophoresis due to the “hidden 

break” of most insect RNAs (Winnebeck et al., 2010), thus leading to misinterpretation of the 

RNA profile. Only RNA samples with an RQI value of 8.3 or higher were used for quantita-

tive PCR.  

Expression analysis was performed using the MESA GREEN One Step RTqPCR 

Mastermix for SYBR assay (Eurogentec, Seraing, Belgium) according to the manufacturer’s 

recommendations in a StepOnePlus cycler (Applied Biosystems, Darmstadt, Germany) with 

oligonucleotides 404 (5´-AAACGGTTGCCCTGGTATTG-3´) and 405 (5´-TCATCGCAG 

GACACAAATCC-3´) for TiCatD, 406 (5´-GAGGCTCAGATCCCGAGAAA-3´) and 407 

(5´-TGCAAAAGGTCTTGCCGTTA-3´) for TiCatD2 or 469 (5´-GTATGTAGC 

GATCCAAGCTGTTCT-3´) and 470 (5´-CATAACCTTCATAGATGGGGACTG-3´) for β-

actin. Each reaction was carried out in triplicates. As a control for successful deoxyribonuc-

lease I treatment, each reverse transcription was carried out twice, with or without reverse 

transcriptase. Only samples in which the control without reverse transcriptase did not yield a 

PCR product were used for further quantification analysis. Real time PCR experiments were 

carried out with three independent samples, and primer efficiency was calculated with 

LinRegPCR (Ramakers et al., 2003). Amplicon size for each primer pair and sequence accu-

racy were verified by gel electrophoresis and sequencing. Mean Ct values (threshold cycles) 

were calculated from the triplicates and used for calculations of expression ratios according to 

Pfaffl (2001) with primer-specific efficiencies. The Ct values for the amplicons derived from 

the β-actin messenger RNA were used as reference for normalization. PCR conditions were as 
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follows: 50 °C for 10 min, 95 °C for 5 min, followed by 40 cycles at 95 °C for 10 s and at 60 

°C for 30 s. After melting curve analysis, statistical analysis was carried out using the Rela-

tive Expression Software Tool (REST) (Pfaffl et al., 2002).   

 

9.1.3.3 Sequence analysis  

Sequence identity analyses of the cathepsin genes were performed using the BLASTX 2.2.17 

program (Altschul et al., 1997) and comparing it with the GenBank database. Analysis for 

putative signal peptide cleavage sites was carried out with SignalP 3.0 (Bendtsen et al., 2004), 

and calculations of theoretical isoelectric points and molecular masses were conducted with 

WinPep (Henning, 2001) and ProtParam (Gasteiger et al., 2005). ClustalX 1.83 software 

(Thompson et al., 1997) was used for multiple sequence alignments, and alignments were 

displayed with GeneDoc (Nicholas et al., 1997) and refined manually. Phylogenetic recon-

struction was conducted using MEGA version 4 (Tamura et al., 2007). 

 

9.1.3.4 pH measurement of the midgut 

Glass micropipettes derived from pulled borosilicate capillaries with a tip opening of about 10 

to 30 µm were generated as previously described (Reddy et al., 2005; Etienne et al., 2007). 

The first 0.8 mm of the tips of the reference and measuring electrode were filled with agar and 

hydrogen ionophore I-cocktail A (Fluka, Buchs, Switzerland), respectively, and both elec-

trodes were filled with internal electrolyte solution (10 mM 2-(N-morpholino)-ethanesulfonic 

acid (MES), 110 mM potassium chloride, 10 mM sodium chloride, pH 6.22) from the unta-

pered end. Contact was achieved using a AgCl-coated silver wire (Etienne et al., 2007). The 

resulting pH electrode was calibrated using four different buffer solutions of pH 4.16, 5.14 

(100 mM MES, 220 mM potassium chloride, 20 mM sodium chloride), pH 6.22 (10 mM 

MES, 110 mM potassium chloride, 10 mM sodium chloride) and pH 7.57 (10 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 110 mM potassium chloride, 10 

mM sodium chloride) leading to a straight calibration line (Etienne et al., 2007).  

Three groups with 5 insects per time point were analysed. Following each measurement the 

calibration of the electrode was verified using the above mentioned buffer solutions in order 

to exclude damage of the electrodes by penetrating the midgut walls. 
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9.1.3.5 Pepstatin affinity chromatography  

One ml of pepstatin A agarose (Sigma-Aldrich, Steinheim, Germany) in a 

polypropylene column (Qiagen) was equilibrated to pH 3.0 by washing with 15 ml sodium 

citrate/sodium chloride buffer (0.1 M sodium citrate, 0.5 M NaCl, pH 3). Samples of small 

intestine contents were first centrifuged through a filter (0.2 µm pore size) to remove per-

turbing particles and then loaded on the column. The column was washed with 15 ml sodium 

citrate/sodium chloride buffer pH 3. Proteins were eluted using 15 ml sodium carbo-

nate/sodium chloride buffer (0.1 M sodium carbonate, 0.5 M NaCl, pH 8.7) and collected in 2 

ml fractions, which were concentrated by using spin filters (Inogen, Sprockhövel, Germany) 

with a 4 kDa molecular cut-off to 20 µl final volume. Samples were stored at -80 °C. 

 

9.1.3.6 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Electrophoresis was performed according to Meiser et al. (2010). Gels consisted of a 

12% acrylamide and bisacrylamide (T) resolving gel and a 4% T stacking gel. 

 

9.1.3.7 Characterisation of proteolytic activity  

The pH-optimum of cathepsin D proteases was determined in 100 µl final volume by assaying 

triplicates of 84 ng or 72 ng of independent protein samples of pooled fractions 1-3 after 

pepstatin affinity chromatography in Britton-Robinson buffer (Britton and Robinson, 1931) at 

pH 2, 3, 4, 5, 6 and 7 using 2.5 µM MOCAc-GKPILF~FRLK(Dnp)-D-R-NH2 (Calbiochem, 

Darmstadt, Germany) as fluorogenic substrate. Controls without enzymes and others with 

10 µM Pepstatin A (Sigma) were included. Incubation was carried out in 96 well 

FLUOTRAC 600 microplates (Greiner Bio-One, Frickenhausen, Germany) for 15 min at 

37 C. Reactions were stopped by adding 200 µl 200 mM phosphate-sodium buffer pH 7 and 

fluorescence was determined immediately in a Mithras LB940 microplate reader (Berthold, 

Volvoorde, Belgium) with 340 nm excitation and 430 nm emission. The relative activity was 

determined as percentage of the highest activity over the examined pH range. 
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9.1.3.8 Enzymatic digestion of protein bands and nanoLC-ESI-MS/MS analysis 

In-gel digestion of protein bands was performed according to Meiser et al. (2010) using 

porcine sequencing grade modified trypsin (trypsin NB sequencing grade, Serva Electropho-

resis, Heidelberg, Germany). The nano liquid chromatography-electrospray ionization-

MS/MS analyses were done using the FamosTM, SwitchosTM, UltimateTM HPLC-system (all 

Dionex LC Packings, Idstein, Germany) online coupled to the 4000 QTrap® (Applied 

Biosystems). Peptides were first separated by reversed phase nanoLC on a 75 µm inner di-

ameter x 250 mm C18 PepMap column (Dionex LC Packings) with pre-concentration for 6 

min with 0.1% TFA on a µ-precolumn (300 µm inner diameter x 1 mm, C18 PepMap, Dionex 

LC Packings). For peptide separation a solvent system consisting of 0.1% (v/v) formic acid 

(FA) (solvent A) and 0.1% (v/v) FA, 84% (v/v) ACN (solvent B) was used. The gradient was 

4% to 48% solvent B in 30 min, 48% to 95% solvent B in 10 min, held at 95% solvent B for 5 

min before the column was conditioned for the next run for 18 min with 4% solvent B. The 

ion trap mass spectrometer was equipped with a nano-electrospray ion source and distal-

coated SilicaTips™ (FS360–20-10-N-20; New Objective Inc., Woburn, MA). The peptides 

were analysed in the positive mode after ionization with 3.3 to 3.8 kV source voltage. MS 

experiments were combined with subsequent MS/MS experiments in IDA mode (information 

dependent acquisition) including an “Enhanced MS” scan in the range of 100-1400 m/z and a 

scan rate of 4000 amu/sec, followed by an “Enhanced Resolution” scan with 250 amu/sec to 

examine the precursor ion charge state and three “Enhanced Product Ion” scans with 4000 

amu/sec in a range of 100-1750 m/z. The three most abundant singly to triply charged precur-

sor ions of a MS scan were selected by the MS control software (Analyst 1.5, Applied 

Biosystems) for CID-MS/MS (collision induced dissociation-MS/MS) experiments with 

active exclusion for 2 min after the acquisition of three spectra. Additionally, the experiments 

included a dynamic fill time for the linear ion trap without prior precursor ion trapping in the 

first quadrupole (Q0). 

 

9.1.3.9 MS data analysis 

All experimental data were stored in the Proteinscape 1.3 database (Bruker Daltonic) 

(Chamrad et al., 2003; Blüggel et al., 2004). For protein identification the MS output files 

(mgf-format) were generated with the Analyst 1.5 software. These data sets were compared 

using the Mascot® V. 2.2 search algorithm and the in-house Triatoma-Yeast protein sequence 
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database, composed of expressed sequence tags of a unidirectionally cloned salivary gland 

cDNA library from T. infestans (Assumpção et al., 2008), combined for statistical reasons to 

the yeast protein sub-database of the NCBI database (TaxID 4932, 07/05/2007). For checking 

purposes, additional searches using the whole NCBInr decoy database (2007.11.09; 6340306 

sequences) were done. The following search parameters were selected: peptide mass accuracy 

of 0.6 Da (mono-isotopic), fragment mass accuracy of 1.2 Da (mono-isotopic), variable 

modification oxidation of methionine, propionamide modification of cysteine, maximally two 

missed cleavage sites. For positive protein identification a minimum of two unique peptides, 

adequately explained by additional manual interpretation of the respective fragment ion spec-

tra and by theoretical fragmentation with the MS Product software tool, were required corres-

ponding to at least 5% 315 sequence coverage of the respective protein. 

 

9.1.4 Results  

9.1.4.1 Characterisation of the cathepsin D-like protease cDNAs  

Reverse transcription PCR (RT-PCR) with total RNA isolated from small intestine of 

T. infestans originating from Bolivia as template and subsequent rapid amplification of cDNA 

ends (RACE) experiments resulted in the identification of a cDNA with 1579 nucleotides. 

The nucleotide sequence was deposited in the GenBank under accession number GQ871498. 

The open reading frame consists of 1173 nucleotides flanked by 26 nucleotides untranslated 

region (UTR) at the 5´end and 380 nucleotides UTR at the 3´end. A putative polyadenylation 

signal AATAAA is located in the 3´UTR 362 nucleotides downstream of the stop codon. Ac-

cording to the amplification of the entire open reading frame with genomic DNA as template, 

we conclude no intron is present in this gene. The open reading frame encodes a deduced 

protein of 390 amino acids with similarities to cathepsin D-like proteases, possessing a pre-

dicted molecular mass of 43 kDa and an isoelectric point of 4.87 and named TiCatD. The 

putative signal peptide is cleaved between C19 and H20 (Fig. 9.1.1). Given similar processing 

of the activation peptide compared to the bovine cathepsin D at K57, the calculated molecular 

mass of the mature enzyme is about 36.5 kDa and the theoretical isoelectric point about 4.42.  

Using RT-PCR and RACE, a cDNA with 1404 nucleotides encoding an open reading 

frame of 1182 nucleotides of another cathepsin D-like protease, named TiCatD2, was identi-

fied (Fig. 9.1.1). The coding sequence is flanked by 17 and 205 nucleotides of 5´UTR and 

3´UTR, respectively. The open reading frame encodes a protein of 393 amino acids, resulting 
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in a predicted molecular mass of 42.5 kDa and an isoelectric point of 5.35. The putative signal 

peptide is cleaved between G18 and S19 and the putative mature enzyme begins with G59, 

resulting in a protein with a molecular mass of 36.2 kDa and a deduced isoelectric point of 

5.19.  

Two conserved regions (V86IFDTGSSNLWIPSA100 and I275ADTGTS281, TiCatD 

numbering) characteristic for cathepsin D proteases are present in TiCatD and TiCatD2, both 

containing an aspartate residue including the catalytic active dyad (Fig. 9.1.1). Furthermore, 

the deduced sequences contain a conserved tyrosine residue involved in substrate interaction 

as well as six conserved cysteine residues presumably forming disulphide bridges.  

The protein sequences of TiCatD and TiCatD2 show, respectively, 51-58% and 58-96% 

similarity with cathepsin D-like proteases from other insects, and 88% and 58% similarity 

with ASP25 (AAS72876) from T. infestans, respectively (Fig. 9.1.1). A striking difference 

occurs in the so-called “proline loop” with the consensus sequence DxPxPx(G/A)P. The two 

proteases ppCAD2 and ppCAD3 from Musca domestica are lacking this characteristic motif. 

TiCatD and ASP25 do not contain the entire proline loop, but two of the three conserved 

proline residues are present. 

Phylogenetic analysis with sequences of cathepsin D-like proteases from different insect 

orders revealed the formation of three distinct groups, each supported by high bootstrap 

values (Fig. 9.1.2). Within the cladogram, T. infestans sequences ASP25 and TiCatD clearly 

separate from the group of all other potentially lysosomal cathepsin D-like sequences includ-

ing TiCatD2 and the coleopteran enzymes suggested being active in the gut lumen, which all 

possess the proline loop. The third clade contains the cathepsins ppCAD2 and ppCAD3 from 

M. domestica with supposed digestive function which are lacking the proline loop like the 

T. infestans cathepsins ASP25 and TiCatD.  
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B.taurus       : ----------------------------------------------------------------GPIPEL :   6 
TiCatD         : -------MFKFVLLVVAAVGIIPSQCHHHVPLYKMYKTPRPVEELQKELKVYKDGLK-MYSMLKKSGREV :  62 
ASP25          : -------MFTFVLLVVAAVGIIPSQSYYHVPLYKMYKSPRSVEEPQRELKDYKDSLR-MYPMLKKIGREI :  62 
TiCatD2        : -----MLAHTLLLISSFCGVLLGSDNLVRVPLTKIQSARRFFQDVGTAVEQLTLKYD-TGNGVEGPFPEP :  64 
Rp-1760        : -----MLAHTLILISSLCGVLTGSDNLVRVPLTKIQSARRTFQEVGTSVKQLSIKYAGNSVGIDGPFPEP :  65 
ppCAD1         : MIKFVILLS---LVSLLLPESFAEEKLIRVPIQKIKSARKHFYEVGTELQQLRLTYG----A-GGVTPEP :  62 
ppCAD2         : --------MWKLCVVLWSALLLAEATLVQVPITKVKETKSKANEIRKLKAKYGGTP---KAEIRDLVVEK :  59 
ppCAD3         : --------MLKSLGMLAIVLAVATADVVRVPIHRHENFVKTSKDIRSEKAVLRSKYN--LPQPRDVSDEP :  60 
S.zeamais      : ------MIHLKLGLLFFVLSAANCEDFVRVSLTKGKSVRNTLRDVGTHVQQVKLRYVS-----VDPSPEP :  59 
A.aegypti      : -----MLIK--SIIALVCLAVLAQADFVRVQLHKTESARQHFRNVDTEIKQLRLKYN----AVSGPVPEP :  59 
A.gambiae      : ---MARTFG--VAIVLLAMAVLGYADFVRVALQKAPSARDHFRSVGTEVRQLRLKYG----APTGPVPEP :  61 
D.melanogaster : MQKVALLLVAFLAAAVAHPNSQEKPGLLRVPLHKFQSARRHFADVGTELQQLRIRYG------GGDVPEP :  64 
A.mellifera    : ------MFH--AILCFCAFIAIANADVTRIPLHKIDSIRKQFKEYNTEIYQTHIFQG------DLPQPEP :  56 
                                                                                              
                                        a  b cd         #      #                              
B.taurus       : LKNYMDAQYYGEIGIGTPPQCFTVVFDTGSANLWVPSIHCKLLDIACWTHRKYNSDKSSTYVKNGTTFDI :  76 
TiCatD         : LRNSFNTQYYGNITLGTPPQEFTVIFDTGSSNLWIPSAVCS--SVACRVHNTYDHDRSSTYQPDGRILRL : 130 
ASP25          : LRNSLNTQYYGNVTLGTPPQELTVVFDTGSANLWVPLANCP--SFACIIHNTYDHKQSSTYQPNGKALRI : 130 
TiCatD2        : LSNYLDAQYYGAITLGSPPQSFRVVFDTGSSNLWVPSKKCSRFNIACWVHRKYDSSNSKTYVPNGEKFAI : 134 
Rp-1760        : LSNYLDAQYYGPITLGSPPQSFRVVFDTGSSNLWVPSKKCSKFNIACWVHRKYDSSSSKTYVPNGEKFAI : 135 
ppCAD1         : LSNYLDAQYYGPISIGTPPQDFKVVFDTGSSNLWVPSKKCHLTNIACLMHNKYDATKSKTFKQNGTEFAI : 132 
ppCAD2         : LFNYVDDSYYGKITIGTPGQEFLVLFDTGSSNLWVPVAPCSADNAACENHNTYDPSASSTHVKKGESFSI : 129 
ppCAD3         : LENSLNMKYYGDITIGTPPQKFVVLFDTGSSNLWVPSSHCWIWDIACKKHNQYNHDDSSTYVKNGELISI : 130 
S.zeamais      : LTNYLDAQYYGPISIGTPPQNFNVIFDTGSSNLWVPSKKCELLNIACLLHNKYDATKSSTYKENGTEFAI : 129 
A.aegypti      : LSNYLDAQYYGAITIGTPPQSFKVVFDTGSSNLWVPSKECSFTNIACLMHNKYNAKKSSTFEKNGTAFHI : 129 
A.gambiae      : LSNYLDAQYFGAISIGTPPQSFKVVFDTGSSNLWVPSKQCSFTNIACLMHNKYDAKKSSSFEKNGTAFHI : 131 
D.melanogaster : LSNYMDAQYYGPIAIGSPPQNFRVVFDTGSSNLWVPSKKCHLTNIACLMHNKYDASKSKTYTKNGTEFAI : 134 
A.mellifera    : LSNYLDAQYYGVISIGTPPQDFRVIFDTGSSNLWVPSKKCHLTNIACKLHRKYDNTKSSTYKKNGTDFAI : 126 
                                           *                                                  
                  efg                                           h    i  j                     
B.taurus       : HYGSGSLSGYLSQDTVSVPCNPSSSSPGGVTVQRQTFGEAIKQPGVVFIAAKFDGILGMAYPRISVNNVL : 146 
TiCatD         : TYGTGSIAGIMSSDVLQI---------GDLQVKNQLFGEALQVSDSPFARAKPDGILGLAFPSIAQDHAV : 191 
ASP25          : NYGTGSITGEMSSDVLQI---------GDLQVKNQLFGEAPQVSNSPFGRSKADGILGLAFPPIAKGQAI : 191 
TiCatD2        : QYGSGSLSGFLSQDQLSI---------GGVTVANQTFAEAVNEPGMVFVAAKFDGILGLGYDTISVDKVT : 195 
Rp-1760        : QYGSGSLSGFLSQDHLTI---------GGITVANQTFAEAVNEPGMVFVAAKFDGILGLGYDTISVDKVT : 196 
ppCAD1         : HYGSGSLSGYLSTDTVNI---------GGLDIKDQTFAEALSEPGLVFVAAKFDGILGLGYSSISVDGVK : 193 
ppCAD2         : QYGSGSLSGYLVEDTVDV---------EGLKIKKQVFAAATNEPGETFVYAPFDGIMGMGFKSIAVDDVT : 190 
ppCAD3         : SYGSGSMSGFLSQDDVTV---------EGLTIKNQVFAEAMNEPGNSFTDANFDGIFGMAYQSLAEDNVV : 191 
S.zeamais      : TYGSGSLSGYLSTDSLSV---------GSVQVKDQTFGEAIKEPGLTFIAAKFDGILGMAYPRISVDGVT : 190 
A.aegypti      : QYGSGSLSGYLSTDTVGL---------GGVSVTKQTFAEAINEPGLVFVAAKFDGILGLGYSSISVDGVV : 190 
A.gambiae      : QYGTGSLSGYLSTDTVTV---------GGVPVEKQTFAEAIQEPGLVFVAAKFDGILGLAYKSISVDGVM : 192 
D.melanogaster : QYGSGSLSGYLSTDTVSI---------AGLDIKDQTFAEALSEPGLVFVAAKFDGILGLGYNSISVDKVK : 195 
A.mellifera    : RYGSGSLSGYLSTDTVDI---------AGMKISDQTFAEALSEPGLAFVAAKFDGILGMAYSKISVDGVT : 187 
                  *                                                                           
                                                                          k                   
B.taurus       : PVFDNLMQQKLVDKNVFSFFLNRDPKAQPGGELMLGGTDSKYYRG-SLMFHNVTRQAYWQIHMDQLDVGS : 215 
TiCatD         : PPFFNMIKQELLDKPVFSVYLNRNPDEEVGGEIIFGGVDEELYNKESMTTVPLTSTSYWMFQMDGISTSA : 261 
ASP25          : PPFFNMIDQGLLDKPVFSVYLNRNPDEEVGGEIIFGGVDEKRFNKESLTTVPLTNPTYWMFKMDEVSTSG : 261 
TiCatD2        : PPFYNMYQQGAVQNPVFSFYLNRDPAAAVGGEIIFGGSDPEKYVG-DFTYVPVDKQGYWQFNMDKVIVN- : 263 
Rp-1760        : PPFYNMYKQGVVQTPVFSFYLNRDPAASVGGEIIFGGSDPEKYVG-DFTYVPVNKQGYWQFSMDSVIAN- : 264 
ppCAD1         : PPFYAMYEQGLISQPIFSFYLNRDPKAPEGGEIIFGGSDPDHYTG-DFTYLPVTRKAYWQIKMDSASMG- : 261 
ppCAD2         : PPWYNMISQHLISEKVFSFYLARRGTSDEGGVMVVGGNDDRYYEG-DFHYVPVSEQGYWQFEMAEAHVN- : 258 
ppCAD3         : PPFYNMFAQGLVDANMFSFLLNRDGTSTDGGQMILGGVDSSLYTG-DITYVPVSSQGYWQFEVTSGAIK- : 259 
S.zeamais      : PVFYNMIDQNLVAAPIFSFYLNRDPNAQTGGEIILGGSDPNYYEG-DFTYLPVDRQAYWQFKMDSVQVA- : 258 
A.aegypti      : PVFYNMFNQGLIDAPVFSFYLNRDPSAAEGGEIIFGGSDSNKYTG-DFTYLSVDRKAYWQFKMDSVKVG- : 258 
A.gambiae      : PVFYNMFNQGKIDAPVFSFYLNRDPSAAEGGEIIFGGSDSKHYTG-DFTYLSVDRKAYWQFKMDSVTVG- : 260 
D.melanogaster : PPFYAMYEQGLISAPVFSFYLNRDPASPEGGEIIFGGSDPNHYTG-EFTYLPVTRKAYWQIKMDAASIG- : 263 
A.mellifera    : PVFYNMVKQGLVPQPVFSFYLNRNPDDKYGGELILGGSDPNHYEG-SFTYVPVDKKGYWQFRMDSIQIGS : 256 
                                                                                              
                       #   #    l mno                              #                          
B.taurus       : --SLTVCKGGCEAIVDTGTSLIVGPVEEVRELQKAIGAVPLIQ-GEYMIPCEKVSSLPEVTVKLGGKDYA : 282 
TiCatD         : EDGTSWCQNGCPGIADTGTSFIVGPSSDVDEIMELVGAEVYQG--IGFVSCDDLDKLPDITFHINGKGYT : 329 
ASP25          : TNGKSWCQNGCRATADTGTSFIVGPTKEVAEIMEFLDAQVLQG--VGYVPCDELHKLPDITFHLNGKGYT : 329 
TiCatD2        : --GKTFCKGGCQAIADTGTSLIAGPTEDVIALNKLLGGTPIAG-GEYMISCDLIPKLPKIDFVIGGNKFS : 330 
Rp-1760        : --GKTFCKGGCQAIADTGTSLIAGPTEDINALNKLLGGTPVAG-GEYMISCDLIPKLPKIDFVIGGNKFI : 331 
ppCAD1         : --DLKCAKGGCQVIADTGTSLIALPPSEATSINQAIGGTPIMG-GQYMVACEDIPKLPVIKFVLGGKTFE : 328 
ppCAD2         : --GVRICDR-CQAIADTGTSLIAVPTDKYEEIQKEIGATFSYDTYEYMLDCSKIDDLPVVTFRLGDGTFT : 325 
ppCAD3         : --GQSICDN-CQAIADTGTSLIVAPSDAYNTLNAEIGATYNEDDGNYYVDCSAVDSLPDVTFVIGGTTFT : 326 
S.zeamais      : --DQSLCKGGCEAIADTGTSLIAGPTEEIAALNKAIGASAIVG-GEYIVDCNSISSLPKINITLGGNLFT : 325 
A.aegypti      : --DTEFCNNGCEAIADTGTSLIAGPVSEVTAINKAIGGTPIMN-GEYMVDCSLIPKLPKISFVLGGKSFD : 325 
A.gambiae      : --DAQYCNNGCEAIADTGTSLIAGPVAEVTAINKAIGGTPVLN-GEYMVDCSLIPSLPKITFTLGGKQFT : 327 
D.melanogaster : --DLQLCKGGCQVIADTGTSLIAAPLEEATSINQKIGGTPIIG-GQYVVSCDLIPQLPVIKFVLGGKTFE : 330 
A.mellifera    : --DLKVCQQGCEAIADTGTSLIAGPVKEIEAINKAIGATPIAA-GEAMIDCNSIPNLPTINFVLGGKSFS : 323 
                                *                                                             
                                  #       XXXXXXXX                                      
B.taurus       : LSPEDYALKVSQAETTVCLSGFMGMDIPPPGGPLWILGDVFIGRYYTVFDRDQNRVGLAEAARL : 346 
TiCatD         : IKAEDYILKVTQAGETACIVGFT--TLPSAPQPFWILGDVFLGKVYTVFNVEDRTVSFASLKQ- : 390 
ASP25          : LKAEDYVLEMTEAGEKACIVGFA--SLP---QPFWILGDVFLGKYYTIFNVEDRTVSFASLKQ- : 387  88% (76%) 
TiCatD2        : LEGKDYILRVSAMGKTICLSGFLGLDVPPPHGPLWILGDVFIGRFYTEFDLGNNRVGFALSKE- : 393  58% (41%) 
Rp-1760        : LEGKDYVLRVSALGKTVCLSGFLGLDVPAPHGPLWILGDVFIGRFYTEFDLGNNRVGFALSKE- : 394  58% (41%) 
ppCAD1         : LEGKDYVLRIAQMGKTICLSGFMGIDIPPPNGPLWILGDVFIGKYYTEFDMGNDRVGFAIAK-- : 390  56% (38%) 
ppCAD2         : LEGRDYVIKS---DDNQCSSAFE-----DGGTDFWILGDVFIGKYYTTFDAEHNRVGFALAK-- : 379  51% (35%) 
ppCAD3         : LPASAYIVTV---DGN-CMSSFT-----YMGTDFWILGDVFIGKYYTVFDFANNRVGFAEAV-- : 379  58% (39%) 
S.zeamais      : LEGEDYVLKVSELGQVTCISGFLGLDVPAPAGPLWILGDVFIGKYYTEFDAGNNRVGFATAKRG : 389  58% (39%) 
A.aegypti      : LEGADYVLRVAQMGKTICLSGFMGIDIPPPNGPLWILGDVFIGKYYTEFDMGNDRVGFATAV-- : 387  56% (39%) 
A.gambiae      : LEGADYILRVAQMGKTICLSGFMGIDIPPPNGPLWILGDVFIGKYYTEFDMGNDRVGFATAV-- : 389  56% (39%) 
D.melanogaster : LEGKDYILRVAQMGKTICLSGFMGLDIPPPNGPLWILGDVFIGKYYTEFDMGNDRVGFADAK-- : 392  54% (39%) 
A.mellifera    : LKGEDYVLKVTQFGKTVCLSGFMGMDISPPNGPLWILGDVFIGRYYTEFDMGNNRVGFATAK-- : 385  58% (40%) 

 
Figure 9.1.1: Multiple sequence alignment of cathepsin D-like proteases of different in-
sects and bovine cathepsin D.  
The last amino acid residues of the putative signal peptides as predicted by SignalP 3.0 are 
underlined and the putative processing sites of the activation peptides in TiCatD and TiCatD2 
are in bold and italic. Conserved cysteine residues forming disulfide bonds are marked (#). 
Conserved residues that form the substrate binding pockets and the catalytic residues are indi-
cated by small letters (a-o) above the sequence. Catalytic aspartate residues and the tyrosine 
residue which controls substrate specificity are additionally marked with asterisk below the 
sequence. The proline loop is indicated by “X” above the sequence. Identical amino acid resi-
dues are black shaded. Percentages display similarities and identities (in brackets) to TiCatD. 
The following sequences were used for comparison: Bos taurus (AAB26186.1); Aedes 
aegypti (EAT42285); Anopheles gambiae (EAA03535); Drosophila melanogaster 
(AAF23824); Apis mellifera (XP_392857); Triatoma infestans aspartyl protease (ASP25; 
AAS72876); Musca domestica ppCAD1 (ABM69086), ppCAD2 (ABM69085) and ppCAD3 
(ABL84270); Sitophilus zeamais (BAH24176). The nucleotide sequence of TiCatD was de-
posited in the GenBank under accession number GQ871498.  
 



CHAPTER 9  APPENDIX 

137 

 

 

Figure 9.1.2: Neighbor-Joining tree of cathepsin D-like proteases of different insects de-
posited in GenBank.  
The following sequences were used for phylogenetic reconstruction: T. infestans ASP25 
(AAS72876); Callosobruchus maculatus (ACO56332); Pediculus humanus corporis 
(XP_002427417); Apis mellifera (XP_392857); Sitophilus zeamais (BAH24176); Nasonia 
vitripennis (XP_001600543); Culex quinquefasciatus (XP_001867326); Chrysomela 
tremulae (ACP18833); Bombyx mori (NP_001037351); Aedes aegypti (EAT42285); 
Anopheles gambiae (EAA03535); Drosophila melanogaster (NP_609458); Drosophila 
pseudoobscura (XP_001360320); Acyrthosiphon pisum (NP_001153867); Drosophila virilis 
(XP_002058248), Musca domestica ppCAD1 (ABM69086), ppCAD2 (ABM69085) and 
ppCAD3 (ABL84270), Homo sapiens (AAP36305), TiCatD (GQ871498), Rhodnius prolixus 
(Rp-1760, Ribeiro et al., unpublished). Numbers on branches represent bootstrap support 
(1000 replicates). The scale bar represents numbers of substitutions.  

 
For the identification of putative genomic variation of TiCatD within a T. infestans 

population originating from Argentina, total RNA was isolated from the midguts of ten fifth 

instar larvae (specimens I to X) and used as template for PCR with oligonucleotides 

CathD1for1 and CathD1rev1. The cDNAs of three independent clones per specimen were 

sequenced, and deduced amino acid sequences including those from Bolivia (TiCatD) were 

compared (Fig. S1 in the supplement). The sequences of specimens I to X separate from 

TiCatD from the Bolivian strain and ASP25 by concordant substitutions at seven positions, 

one of these being located in the conserved region containing the first catalytic aspartate resi-

due (Fig. S1). In contrast, the deduced amino acid sequences of TiCatD from the Bolivian 

strain and ASP25 possessed a significantly higher divergence, with the highest divergence for 
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ASP25. None of the conserved catalytic or substrate binding pocket-forming residues of 

bovine cathepsin D are changed, but some substitutions are in close vicinity to these con-

served residues: V88, A238 and S239 (TiCatD numbering Fig. S1). 

 

9.1.4.2 Molecular masses and characteristics of purified TiCatD and TiCatD2 

In reducing SDS-PAGE of fractions obtained by pepstatin affinity chromatography, in 

fraction 1 only faint bands of about 39 and 28 kDa molecular mass were found, both much 

stronger in fraction 2 (Fig. 9.1.3). In fraction 3 the 28 kDa band was more prominent. The 

reduced intensity of the bands in this molecular range due to a reduced amount of protein in 

fraction 3 clearly demonstrated the existence of a double band at 28 and 39 kDa. To verify the 

luminal origin of the purified proteins, pepstatin affinity chromatography was also applied to 

samples derived from the homogenized small intestine tissues without the luminal contents. 

SDS-PAGE of chromatography fractions did not yield visible bands on the Coomassie stained 

gel (data not shown). 

 

 

 

Figure 9.1.3: Reducing SDS-PAGE after 
Coomassie staining of pepstatin affinity 
chromatography purified fractions F1 – 
F5 and marker proteins (M). Molecular 
masses of marker proteins are indicated in 
kDa.  
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Nano liquid chromatography-electrospray ionization-MS/MS analyses of the proteins 

both from the 39 and 28 kDa bands of one separation and from the upper and lower bands of 

the respective double bands of about 39 and 28 kDa of another separation in SDS-PAGE re-

sulted in the definite identification of peptides of TiCatD and TiCatD2 from all bands (Fig. 

9.1.4 and Fig. S2 in the supplement). Peptides were aligned to sequences of TiCatD and 

TiCatD2 and covered about 28% and 25% of the deduced mature protein sequences of 

TiCatD and TiCatD2, respectively (Fig. S2).  

The proteolytic activity of purified aspartate proteases TiCatD and TiCatD2 of fractions 

1-3 after pepstatin affinity chromatography was highest at acidic pH between pH 2 and 4 with 

a maximum at pH 3 (Fig. 9.1.5). The activity was strongly decreased at pH 5 and almost dis-

appeared at pH 6. 

 

 

Figure 9.1.4: NanoLC-
ESI-MS/MS analysis of 
pepstatin affinity 
chromatography purified 
T. infestans proteins.  
MS/MS spectra are shown 
for the unique peptides of 
the identified proteins 
TiCatD (A): 
NQLFGEALQVSDSPFAR 
with the doubly charged 
precursor ion (m/z 940.02) 
from the 28 kDa band in 
Fig. 3 and TiCatD2 (B): 
IDFVIGGNK with the 
doubly charged precursor 
ion (m/z 481.76) from the 
39 kDa band in Fig. 3. The 
peptide sequence 
explaining C-terminal y-
ions and N-terminal b- 
fragment ions are 
highlighted in the spectra 
and at the amino acid 
sequence.  
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9.1.4.3 pH profile of the midgut 

In unfed fifth instar larvae, the pH values of the contents of the stomach and the three 

regions of the small intestine, which were of similar length, were about 6.3 for the stomach 

and posterior region of the small intestine and 6.7 and 6.6 for the anterior and middle region 

of the small intestine, respectively (Fig. 9.1.6). Immediately after feeding the pH value of the 

stomach contents significantly increased up to 7.4 (Student’s t-test P < 0.001). The pH of the 

anterior small intestine contents decreased immediately after feeding (P < 0.05) while the 

contents of the middle and posterior small intestine contents increased (P < 0.05). One day 

after feeding the pH of the stomach contents approached the initial value. The pH of stomach 

and small intestine contents steadily and significantly decreased to minimum values of about 

pH 5.2 at eight and ten days after feeding. Following fifteen days after feeding the pH values 

of stomach and small intestine contents increased, but at 20 days after feeding they were con-

siderably below the values of unfed insects. 

 

Figure 9.1.6: pH profile of T. infestans stomach and midgut regions at different days 
after feeding.  
Data are means ± SD (n = 3 groups of five insects) of pH-values of unfed (u) fifth instar 
larvae, larvae immediately after feeding (0) and at different days after feeding. Black bars = 
stomach; dark grey, light grey and white bars = anterior, middle and posterior regions of the 
small intestine, respectively. Data significantly different with time after feeding are indicated 
by * (P ≤ 0.05), ** (P ≤ 0.01) and *** (P ≤ 0.001).  

Figure 9.1.5: Proteolytic activity 
of purified cathepsin D-like 
proteases.  
The relative activity is expressed 
as percentage of the highest 
activity over the examined pH 
range. Data are mean activities ± 
SD of triplicates of two 
independent protein samples.  
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9.1.4.4 Tissue-specific expression of the cathepsin D-like protease genes TiCatD and TiCatD2 

In order to analyse the tissue specific expression of TiCatD and TiCatD2, reverse tran-

scription PCR (RT-PCR) was performed with cDNAs derived from different tissues. Amplifi-

cation of the open reading frame revealed that TiCatD as well as TiCatD2 were specifically 

expressed in the small intestine and the stomach of T. infestans, and not in the salivary glands, 

the rectum, haemocytes or Malpighian tubules (Fig. 9.1.7). Negative controls with DNase I 

treated RNA samples as template verified the absence of genomic DNA in the PCR. In addi-

tion, RT-PCR with β-actin specific primers demonstrated successful cDNA synthesis. Se-

quencing of the amplicons derived from the stomach and small intestine confirmed total nuc-

leotide sequence identity for both genes. Analysis of the expression ratio of TiCatD in the 

small intestine compared to the stomach by quantitative PCR revealed an essentially equal 

transcript level in both tissues (ratio 0.84±0.33; P = 0.429) while expression of TiCatD2 was 

about twofold higher in the small intestine (ratio 1.95±0.42; P ≤ 0.001). 

 

Figure 9.1.7: Tissue specific 
expression of TiCatD and TiCatD2 
in T. infestans.  
PCR was carried out with cDNA 
derived from salivary glands (Sg), 
stomach (St), small intestine (Si), 
haemocytes (H), Malpighian tubules 
(Mt) and rectum (R) as template, and 
water (H2O) as control using 
oligonucleotides specific for TiCatD, 
TiCatD2 or β-actin (control). 
Fragment sizes of DNA marker 
molecules (M) in base pairs are given 
at the left margin.  
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9.1.4.5 Temporal expression profile of TiCatD and TiCatD2 

For digestive proteases expression of TiCatD and TiCatD2 is expected to depend on 

feeding. In quantitative PCR with RNA templates derived from small intestine at different 

time points after feeding the TiCatD transcript level was 12 times higher at two days after 

feeding (P < 0.002) compared to unfed insects (Fig. 9.1.8). The induction steadily declined to 

2.8 fold more mRNA at 20 days after feeding (P = 0.006) with a single increase to 5.8 fold at 

15 days after feeding (P = 0.002). The transcript level of TiCatD2 compared to unfed insects 

was only significantly induced 2 fold and 3.1 fold at 10 days (P = 0.03) and 20 days (P = 

0.005) after feeding, respectively. 

 

 

 

Figure 9.1.8: Temporal 
expression of TiCatD and 
TiCatD2 in the small intestine.  

Differences in expression levels of 
TiCatD (black bars) and TiCatD2 
(white bars) at different days after 
feeding are given as mean ratios 
and standard deviations (n = 3) 
referring to the amount of 
transcripts of unfed insects. 
Significance of transcript increase 
after feeding is indicated above 
bars by * (P ≤ 0.05) and ** (P ≤ 
0.01).  
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9.1.5 Discussion  

Insects possess many different proteases; the majority uses serine proteases as primary diges-

tive proteases (Terra, 1990; Waniek et al., 2005), and cysteine and aspartate proteases 

(cathepsins B, D, H, L) as intracellular lysosomal enzymes (Medina and Vallejo, 1989; Cho et 

al., 1999). Only in some Coleoptera and cyclorrhaphous Diptera the digestive part of the 

midgut possesses an acidic pH of 5.4-6.9 and 3.1-6.8, respectively (Terra and Ferreira, 1994). 

In these insects, cysteine and aspartate proteases are secreted into the lumen of the midgut as 

major digestive enzymes (Thie and Houseman, 1990; Cristofoletti et al., 2005; Padilha et al., 

2009). In the triatomine Rhodnius prolixus, according to pH determinations via pH indicators 

the pH value alternates feeding-dependently between 5.5 and 7.4 (J. M. C. Ribeiro and E. S. 

Garcia, personal communication). Therefore, also triatomines use those cathepsins as diges-

tive proteases (Terra et al., 1988; 1996).  

The cysteine proteases of triatomines possess an activity optimum at pH 5–5.5 ac-

cording to measurements using artificial substrates and hemoglobin (Houseman, 1978; Terra 

et al., 1988; Kollien et al., 2004), and are therefore well adapted to the pH value of the small 

intestine lumen. However, the cathepsin D-like protease in the small intestine of R. prolixus 

has its activity maximum at pH 2.8 (Houseman and Downe, 1982, 1983b) and the purified 

proteases TiCatD and TiCatD2 at pH 3. A quantitative approach identified cathepsin B as the 

major midgut protease of R. prolixus with 85% of the total protease activity at pH 5.5, 

whereas cathepsin D possessed 15% of the total protease activity at this pH (Terra et al., 

1988).  

In the present investigation pH values of the stomach and small intestine of the 

triatomine T. infestans have been precisely determined for the first time using micro elec-

trodes. The pH values of the stomach and small intestine of unfed bugs are about 6.3 or 6.6, 

respectively, and first decrease to the minimum of pH 5.2 at eight days after feeding. Until 20 

days after feeding the pH values increase steadily. For Hemiptera, only few data of the pH of 

midgut contents are available. Adults of Lygus disponsi and Dysdercus peruvianus have pH 

values of 4.8-5.2 and 5.4-6.4 in the different regions of the midgut as determined using pH 

indicator solutions (Khan and Ford, 1967; Hori, 1971; Silva and Terra, 1994). However, 

changes of pH values in the course of the digestion of the diet have never been determined.  

So far, only cDNA sequences of cathepsin B and L have been characterised from 

triatomines. The genes of the cysteine proteases cathepsin B and cathepsin L are both ex-

pressed in the gut of T. infestans, but the cathepsin B gene seemed not to be regulated by 
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feeding (Kollien et al., 2004). The cathepsin L-like gene from R. prolixus is suggested to be 

expressed exclusively in the intestine of the 1st to 4th larval instars (surprisingly not in the 

5th) and showed high transcript levels immediately after feeding until fifteen days after 

feeding (Lopez-Ordoñez et al., 2001).  

In the present investigation, we have characterised for the first time the nucleotide se-

quences of cathepsin D-like protease genes from a triatomine, T. infestans. The deduced 

amino acid sequences show a high similarity with cathepsin D sequences of other insects and 

Ixodus ricinus, and are with about 43 kDa also congruent with the molecular mass of these 

enzymes (Terra et al., 1988; Cho et al., 1991; Cho and Raikhel, 1992; Rabossi et al., 2004; 

Gui et al., 2006; Sojka et al., 2008), except for the cathepsin D from Tribolium castaneum in 

which the molecular mass at 22 kDa is apparently smaller. The cathepsin D-like proteases 

from A. aegypti and R. prolixus have first been detected as native enzymes with molecular 

masses of 80 and 88 kDa, respectively, which seem to be homodimers respectively composed 

of two 40 and two 44 kDa subunits (Terra et al., 1988; Cho and Raikhel, 1992). 

The putative signal peptides of the insect cathepsin D-like proteases which have been 

predicted by SignalP 3.0 are similar in length to those of the deduced enzymes of T. infestans. 

The GenBank entries of cathepsin D from A. aegypti, Anopheles gambiae and Drosophila 

melanogaster denote propeptides of 29 to 31 amino acids length predicted by sequence simi-

larity following the signal peptide. Such propeptides are proteolytically cleaved upon arrival 

at the lysosomes to yield the mature active enzymes (Neurath, 1991; Dunn, 2002). The 

cathepsin D-like proteases of T. infestans possess an activation peptide similar in length com-

pared to the other insect protease sequences. Cysteine residues presumably forming disul-

phide bridges are present at conserved positions in the alignment with cathepsin D-like pro-

teases. Like other cathepsin D-like proteases the enzymes from T. infestans contain two con-

served regions, one each in an N- and a C-terminal domain, including the catalytic aspartate 

residues (Davies, 1990). In addition, cathepsin D belongs to the peptidase family A1 (pepsin 

family), whose members all have a conserved tyrosine residue which controls substrate speci-

ficity (Park et al., 1996; Hong and Tang, 2004; James, 2004); this residue is also present in 

the T. infestans enzymes.  

The analysis of 29 individual protein sequences of T. infestans from Argentina revealed 

clustering into two groups presumably representing the different allelic gene loci of TiCatD. 

Exhibiting complete sequence identity, ten sequences belong to allele 1 and fourteen to allele 

2. The sequence divergence between the Argentinean and Bolivian population might reflect 

the different geographical origin of the populations.  
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TiCatD and TiCatD2 are exclusively expressed in the stomach and small intestine, 

TiCatD with a comparable transcript level while the expression level of TiCatD2 is higher in 

the small intestine. Expression of TiCatD is strongly induced after feeding and is still up-

regulated 20 days after feeding, whereas TiCatD2 is only upregulated at 10 and 20 days after 

feeding. In R. prolixus no cathepsin D activity was measured in the stomach and rectum 

(Borges et al., 2006), although analysis of cDNA libraries derived from different tissues of 

R. prolixus have revealed the expression of various aspartate proteases also in the stomach 

and rectum (Ribeiro, et al., unpublished). In T. infestans, only a slight cathepsin D activity 

occurred in the stomach wall after depletion of stomach contents (Gajewski and Schaub, un-

published). It is suggested that only lysis of erythrocytes takes place in the stomach of 

triatomines (Azambuja et al., 1983). A careful analysis of cathepsin D activity of stomach 

contents is necessary to elucidate if the blood proteins are not processed in the stomach of 

triatomines, either by cathepsin D or cathepsins B and L. It is discussed for the gut of the 

cowpea bruchid Callosobruchus maculatus and the tick Ixodes ricinus that peptidases with 

different characteristics form functional networks (Sojka et al., 2008; Ahn & Zhu-Salzman, 

2009). In this regard, the aspartate protease from C. maculatus is believed to act as a digestive 

protease as well as triggering the trans-activation of the major digestive cysteine proteases in 

the gut lumen (Ahn & Zhu-Salzman, 2009). Whether or not such functional networks of pro-

teases also exist in triatomines remains to be elucidated. For TiCatD, the feeding dependent 

induction of gene expression suggests a direct involvement in digestion. In contrast, the ex-

pression of TiCatD2 is only slightly affected by feeding and, thus, this protease might play a 

role in regulating processes.  

The two cathepsin D proteases TiCatD and ASP25 from T. infestans evidently split into 

a separate branch from the sequences of the other insect orders and H. sapiens in the clado-

gram. TiCatD does not contain the entire proline loop but the remaining sequence might result 

in a similar structure. However, this difference is apparently sufficient to branch TiCatD far 

from all protein sequences containing this motif in the cladogram. The proline loop was sug-

gested to be a motif found in lysosomal cathepsin D-like enzymes which are not secreted into 

the lumen of the digestive tract (Padilha et al., 2009). Enzymes which are lacking this motif 

like ppCAD3 from M. domestica are therefore luminal digestive enzymes. However, the pro-

teases TiCatD and TiCatD2 were both purified from the luminal content of the small intestine. 

Therefore, this is the first characterisation of proline loop containing proteases from the lumen 

of the small intestine of a triatomine. Contamination of the samples with traces of tissue of the 

small intestine or cell contents due to cell renewal and cell rupture during dissection cannot be 
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excluded, but processing of the small intestine tissues depleted of the luminal content did not 

yield visible bands on the Coomassie stained SDS gels after affinity chromatography with 

pepstatin agarose. Therefore, despite having the proline loop TiCatD2 is a luminal protease in 

T. infestans indicating a unique adaptation of blood sucking triatomines.  

Using affinity chromatography with pepstatin agarose, a well established technique to 

purify cathepsin D and other aspartate proteases in a single-step procedure (Conner, 1989; 

Geier et al., 1999), distinct forms of TiCatD and TiCatD2 have been identified after reducing 

SDS-PAGE. By using a strong acidic buffer of pH 3.0 in the purification protocol it is ex-

pected to isolate proenzymes as well as mature forms of cathepsin D (Conner, 1989). The 

discrepancy in molecular masses detected by electrophoresis and the molecular masses of the 

deduced mature cathepsins might be explained by processing sites in the T. infestans pro-

teases different from the predicted sites by homology to known mature enzymes. In addition, 

a diverse glycosylation pattern of the isoforms potentially contributed to the appearance of 

double bands in SDS-PAGE since TiCatD is predicted to be N-glycosylated at N74 and O-

glycosylated at T240 while TiCatD2 seemed not be glycosylated as predicted by NetNGlyc 

1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc 3.1 

(http://www.cbs.dtu.dk/services/NetOGlyc/). The appearance of a multiplicity of cathepsin D 

isoforms is well known after enzyme purification from tissue extracts (Conner, 2002). 

Despite its function as protease targeting the ingested blood proteins or for another 

function, cathepsin D might play a role in triatomine/parasite interactions. An infection of 

R. prolixus with Trypanosoma cruzi increased the cathepsin D activity in small intestine con-

tents compared to uninfected insects (Borges et al., 2006). The possibility of another function 

is supported by the conditions in the small intestine. The activity optimum of pH 3.5 in de-

terminations of the proteolysis of hemoglobin (Terra et al., 1988) or pH 3.0 by using fluores-

cence substrates (present investigation) is far away from the pH conditions in the gut of 

triatomines, which range between pH 5.2 and pH 6.7 in T. infestans and pH 7.02 and pH 7.16 

in T. brasiliensis stomach (Barros et al., 2009). In T. brasiliensis only the pH value of the 

stomach in the first 24 hours after blood feeding was measured. The possible involvement in 

intestinal immune reactions is also supported by the synergistic action of lysozymes and 

cathepsin D-like proteases in the digestion of bacteria in the region of the gut of the housefly 

larva with an acidic pH (Espinoza-Fuentes and Terra, 1987; Padilha et al., 2009). In 

triatomines, investigations on the interaction of digestive proteases in the gut with symbionts 

or the pathogen T. cruzi are of high impact for understanding how microorganisms establish 

in this harsh environment, and further efforts to elucidate this interplay are indispensable.
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9.1.7 Supplemental  
                                                                                                   

                                                                            #                      
TiCatD         : AAVGIIPSQCHHHVPLYKMYKTPRPVEELQKELKVYKDGLKMYSMLKKSGREVLRNSFNTQYYGNITLGTPPQEF :  75 
I.1     (10)   : ...........................................................A............... :  75 
V.3     (1)    : ...........................................................V............... :  75 
II.1    (14)   : ........................................................................... :  75 
I.2     (1)    : ....................................N...................................... :  75 
IX.2    (1)    : ........................................................................... :  75 
VIII.1  (1)    : ........................................................................... :  75 
II.3    (1)    : ........................................................................... :  75 
ASP25          : .........SYY.........S..S...P.R...D...S.R..P....I...I....L.......V........L :  75 
                                                                                                   
                                                                                                   
                  a  b cd    #                        #         efg                                
TiCatD         : TVIFDTGSSNLWIPSAVCSSVACRVHNTYDHDRSSTYQPDGRILRLTYGTGSIAGIMSSDVLQIGDLQVKNQLFG : 150 
I.1            : ............V........................K..................................... : 150 
V.3            : ............V........................K..................................... : 150 
II.1           : ........................................................................... : 150 
I.2            : ........................................................................... : 150 
IX.2           : ........................................................................... : 150 
VIII.1         : ........................................................................... : 150 
II.3           : ........................................................................... : 150 
ASP25          : T.V.....A...V.L.N.P.F..II......K.......N.KA..IN......T.E...........Q....... : 150 
                     *                                          *                                  
                                                                                                   
                          h    i  j                                                                
TiCatD         : EALQVSDSPFARAKPDGILGLAFPSIAQDHAVPPFFNMIKQELLDKPVFSVYLNRNPDEEVGGEIIFGGVDEELY : 225 
I.1            : ........................................................................... : 225 
V.3            : ..................................................................S........ : 225 
II.1           : ........................................................................... : 225 
I.2            : ........................................................................... : 225 
IX.2           : ........................................................................... : 225 
VIII.1         : ..........................................................D................ : 225 
II.3           : ........................................................................... : 225 
ASP25          : ..P...N...G.S.A.........P..KGQ.I.......D.G..............................KRF : 225 
                                                                                                   
                                                                                                   
                 #           ##k                           l mno                #                  
TiCatD         : NKESMTTVPLTSTSYWMFQMDGISTSAEDGTSWCQNGCPGIADTGTSFIVGPSSDVDEIMELVGAEVYQGIGFVS : 300 
I.1            : N...........AS.................................................D........... : 300 
V.3            : N...........AS.................................................D........... : 300 
II.1           : ........................................................................... : 300 
I.2            : ........................................................................... : 300 
IX.2           : ..................................................R........................ : 300 
VIII.1         : ........................................................................... : 300 
II.3           : ..................................................R........................ : 300 
ASP25          : N...L......NP.....K..EV...GTN.K.......RAT...........TKE.A....FLD.Q.L..V.Y.P : 300 
                                                           *                               
                                                                                         
                                                                                         
TiCatD         : CDDLDKLPDITFHINGKGYTIKAEDYILKVTQAGETACIVGFTTLPSAPQPFWILGDVFLGKVYTVFNVEDRT : 373 
I.1            : ......................................................................... : 373 
V.3            : ..V...................................................................... : 373 
II.1           : ......................................................................... : 373 
I.2            : ......................................................................... : 373 
IX.2           : ......................................................................... : 373 
VIII.1         : ......................................................................... : 373 
II.3           : ..V...................................................................... : 373 
ASP25          : ..E.H........L......L.....V.EM.E...K......AS..---.............Y..I....... : 370 
                                                                                                 

Figure S1: Multiple sequence alignment of TiCatD from different T. infestans 
specimens.  
Roman numerals indicate the different individuals from the Argentinean strain, the following 
Arabic numerals different sequences from one specific individual. TiCatD (ADK47877.1) 
denotes the sequence from the Bolivian strain and ASP25 (AAS72876.1) is from the database. 
Numbers in brackets indicate the number of clones with identical sequence. The ten identical 
sequences are from: I.1, I.3, II.2, III.1, III.2, III.3, V.1, VIII.2, X.1, X.2 and the fourteen from 
II.1, IV.1, IV.2, IV.3, V.2, VI.1, VI.2, VII.1, VII.2, VII.3, VIII.3, IX.1, IX.3, X.3. Only 
differences in amino acid sequences are displayed. For comparison, full sequence of TiCatD 
is shown. Positions important for sequence grouping are marked (#). Conserved residues that 
form the substrate binding pockets and the catalytic residues are indicated by small letters (a-
o) above the sequence. Catalytic aspartate residues and the tyrosine residue which controls 
substrate specificity are additionally marked with asterisk below the sequence. Two conserved 
regions of aspartic proteases are grey shaded.  
                                                                                      

TiCatD    : MFKFVLLVVAAVG--IIPSQCHHHVPLYKMYKTPRPVEELQKELKVYKDGLKMYSMLKKSGREVLRN :  65 
TiCatD2   : MLAHTLLLISSFCGVLLGSDNLVRVPLTKIQSARRFFQDVGTAVEQLTLKYDTGNGVEGPFPEPLSN :  67 
39kDa_1   : ------------------------------------------------------------------- :     
28kDa_1   : ------------------------------------------------------------------- :     
39kDa_2.u : ------------------------------------------------------------------- :     
39kDa_2.l : ------------------------------------------------------------------- :     
28kDa_2.u : ------------------------------------------------------------------- :     
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28kDa_2.l : ------------------------------------------------------------------- :     
                                                                                      
                                                                                      
TiCatD    : SFNTQYYGNITLGTPPQEFTVIFDTGSSNLWIPSAVCS--SVACRVHNTYDHDRSSTYQPDGRILRL : 130 
TiCatD2   : YLDAQYYGAITLGSPPQSFRVVFDTGSSNLWVPSKKCSRFNIACWVHRKYDSSNSKTYVPNGEKFAI : 134 
39kDa_1   : --------------------VVFDTGSSNLWVPSK-------------------------------L :     
28kDa_1   : ---------------------------------------------VHNTYDHDQSSTYQPDGR---L :     
39kDa_2.u : ---------------------------------------------VHNTYDHDQSSTYQPDGR---L :     
39kDa_2.l : --------------------VVFDTGSSNLWVPSK-------------------------------- :     
28kDa_2.u : ---------------------------------------------VHNTYDHDQSSTYQPDGR---L :     
28kDa_2.l : ---------------------------------------------VHNTYDHDQSSTYKPDGR---L :     
                                                                                      
                                                                                      
TiCatD    : TYGTGSIAGIMSSDVLQIGDLQVKNQLFGEALQVSDSPFARAKPDGILGLAFPSIAQDHAVPPFFNM : 197 
TiCatD2   : QYGSGSLSGFLSQDQLSIGGVTVANQTFAEAVNEPGMVFVAAKFDGILGLGYDTISVDKVTPPFYNM : 201 
39kDa_1   : TYGTGSIAGIMSSDVLQIGDLKVK-------------------FDGILGLGYDTISVDK-------- :     
28kDa_1   : TYGTGSIAGIMSSDVLQIGDLKVKNQLFGEALQVSDSPFAR-------------------------- :     
39kDa_2.u : TYGTGSIAGIMSSDVLQIGDL--KNQLFGEALQVSDSPFAR-------------------------- :     
39kDa_2.l : -------------------------------------------FDGILGLGYDTISVDK-------- :     
28kDa_2.u : TYGTGSIAGIMSSDVLQIGDLK--NQLFGEALQVSDSPFAR-------------------------- :     
28kDa_2.l : TYGTGSIAGIMSSDVLQIGDLKVKNQLFGEALQVSDSPFAR-------------------------- :     
                                                                                      
                                                                                      
TiCatD    : IKQELLDKPVFSVYLNRNPDEEVGGEIIFGGVDEELYNKESMTTVPLTSTSYWMFQMDGISTSAEDG : 264 
TiCatD2   : YQQGAVQNPVFSFYLNRDPAAAVGGEIIFGGSDPEKYVG-DFTYVPVDKQGYWQFNMDKVIVN---G : 264 
39kDa_1   : -----------------DPAAAVGGEIIFGGSDPEKYVG-DFTYVPVDK------------------ :     
28kDa_1   : --QELLDKPVFSVYLNR-------------------------------------------------- :     
39kDa_2.u : -----------------NPDEEVGGEIIFGGVDEELYS----------------------------- :     
39kDa_2.l : -----------------DPAAAVGGEIIFGGSDPEKYVG-DFTYVPVDKQGYWQFNMDK-------- :     
28kDa_2.u : --QELLDKPVFSVYLNRNPDEEVGGEIIFGGVDEELYS----------------------------- :     
28kDa_2.l : --QELLDKPVFSVYLNRNPDEEVGGEIIFGGVDEELYNK---------------------------- :     
                                                                                      
                                                                                      
TiCatD    : TSWCQNGCPGIADTGTSFIVGPSSDVDEIMELVG-AEVYQGIGFVSCDDLDKLPDITFHINGKGYTI : 330 
TiCatD2   : KTFCKGGCQAIADTGTSLIAGPTEDVIALNKLLGGTPIAGGEYMISCDLIPKLPKIDFVIGGNKFSL : 331 
39kDa_1   : -------------------------------------------------------IDFVIGGNK--- :  96 
28kDa_1   : ------------------------------------------------------------------- :     
39kDa_2.u : ------------------------------------------------------------------- :     
39kDa_2.l : -------------------------------------------------------IDFVIGGNKFSL :     
28kDa_2.u : ------------------------------------------------------------------- :     
28kDa_2.l : ------------------------------------------------------------------- :     
                                                                                      
                                                                                      
TiCatD    : KAEDYILKVTQAGETACIVGFTTLPSAP--QPFWILGDVFLGKVYTVFNVEDRTVSFASLKQ----- : 390 
TiCatD2   : EGKDYILRVSAMGKTICLSGFLGLDVPPPHGPLWILGDVFIGRFYTEFDLGNNRVGFALSKE----- : 393 
39kDa_1   : ---DYILR--------------------------IPGSLFLK------------VGFALSK------ :     
28kDa_1   : ------------------------------------------------------------------- :     
39kDa_2.u : ------------------------------------------KVYTVFNVEDR-------------- :     
39kDa_2.l : EGK----------------------------------------FYTEFDLGNNRVGFALSK------ :     
28kDa_2.u : ------------------------------------------KVYTVFNVEDR-------------- :     
28kDa_2.l : ------------------------------------------------------------------- :     
                                                                                      
 

Figure S2: Multiple sequence alignment of T. infestans aspartate proteases 
TiCatD and TiCatD2 and peptide sequences identified by nano liquid 
chromatography-electrospray ionization-MS/MS analyses.  
Sequences of TiCatD and TiCatD2 and the corresponding peptides are differentially 
grey shaded. The peptides were derived from samples of the 39kDa and 28kDa 
protein double bands after pepstatin affinity chromatography. Numbers denote 
samples from independent experiments. Samples derived from upper (u) and lower (l) 
bands of double protein bands are indicated, e.g. 39kDa_2.u indicates the upper 
protein band of the 39kDa double band of the second experiment. 
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