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CHAPTER 1

GENERAL INTRODUCTION

PARTS OF THIS CHAPTER ARE BASED ONPAUSCH JK, BALCZUN C AND SCHAUB GA (IN PRESY:
INTERACTIONS OF TRYPANOSOMA CRUZI THE ETIOLOGIC AGENT OF CHAGAS DISEASE AND
TRIATOMINES (REDUVIIDAE). MITTEILUNGEN DERDEUTSCHENGESELLSCHAFT FUR ALLGEMEINE UND

ANGEWANDTEENTOMOLOGIEBAND 18



CHAPTER1 (GENERAL INTRODUCTION AND OBJECTIVES

1. General introduction

1.1 Chagas disease (American Trypanosomiasis)
1.1.1 History, geographical distribution and epiddogy of Chagas disease

In the early 28 century, Dr. Carlos J. R. Chagas (*1879 11934kriesd the proto-
zoan hemoflagellat&rypanosoma cruzas the etiological agent of a so far unknown disea
(thus later named in his honor)H{&sAs 1909; SHOFIELD & DiAs 1999). During a malaria
expedition in Minas Gerais, a Federal State oftseagt Brazil, Dr. Carlos Chagas first found
the parasite in the posterior intestine of the Bl@ucking bugPanstrongylus megistus
(CHAGAS 1909). Later, he detected the flagellate in theothlof a young girl and her cat
(CHAGAS 1909, 1922). Thus Dr. Carlos Chagas original reporacknowledged unique in
medicine history with regard to his detailed wadkscribing the transmission cycle (vector,
host and a novel infectious organism). Furthermioeeywas the first to describe the course of
disease in a human case. Since 4,000 to 9,000 gkhrsummies from South America con-
tained DNA from the disease’s etiological agenta@ds disease has been a scourge to hu-
mans since antiquity. Chagas disease continued torblevant social and economic problem
in most Latin American countries and is classifiigdthe World Health Organisation (WHO)
as one of the world’s 13 most neglected tropica¢dses (GHL et al. 1999; AUFDERHEIDE et
al. 2004; HbTez et al.2007; MATHERS et al.2007; MONCAYO & SILVEIRA 2009).

Originally, Chagas disease was restricted to pomal areas of South and Central
America, in which vector-borne transmission to no&curs (Rssi et al. 2010). During the
last 20 years, improved vector control programmesh sas the Southern Cone Initiative to
Control/Eliminate Chagas Disease, the Andean Ratiaitive to Control/Eliminate Chagas
Disease and the Central America Initiative to Calffiliminate Chagas Disease as well as
compulsory blood-bank screening have substanti@fuced new infection cases and de-
creased the burden of Chagas disease in the endegions (MONCAYO 2003). In the 1980s,
100 million people (25 % of all habitants of Latkmerica) were estimated to be at risk of
infection, while 17.4 million people were infect&d 18 endemic countries (WHO 2002)
(Table 1.1). In 2005, according to estimationshef Pan American Health Organization, 20 %
of the Latin American population were at the riskndection (109 million people) and about
7.7 million people were infected (PAHO 2006) (Tall&). Most recent reports contain esti-
mations of about 10 million infected people for Q0OWHO 2011). The highest infection
rates in Latin America were documented in ColomBialjvia, Paraguay and Argentina with
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rates ranging from 21 %-30 % (WHO 2002). Since ttienprevalence of. cruziinfections
decreased to values ranging from 1 %-6.8 % in 26{@kvever, 19 %-58 % are currently at
risk of infection (Rssl et al.2010) (Table 1.1). Chagas disease can resulgmfisiant mor-
bidity. In 25-30 % of all infections it may beconshronic and approximately 14,000 death
were reported each year Avirock & PINK 2005). Due to growing population movements,
Chagas disease is becoming an emerging healthepnoiol non endemic areas such as the
USA, Canada and many parts of Europe and the weB&eific. Here an increasing number
of infected immigrants has already been identiftecHMuNIs 2007; GQJERRFGUTTENBERG et

al. 2008; BERN & M ONTGOMERY 2009; G:scoN et al.2010; Rissi et al.2010) (Figure 1.1).

Table 1.1: Prevalence ofTrypanosoma cruz infection in Latin American countries in
1980-1985 (WHO 2002) and 2005 (PAHO 2006), and effeof initiatives to control or
eliminate Chagas disease (#&&si et al. 2010, modified).*

1980-1985 2005

Infected individuals  Individuals at risk Infected individuals  Individuals at risk

[number (%)] of infection (%) [number (%)] 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)F 20

*(- =Data not available“Prevalence of infected individuals was underestahaAGUILAR et all.
1999). tIncludes about 150,000 infected individlialag 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. cruz infection living in non-en-
demic countries (Rassi et al. 2010).

Data are supplied for Canada, Australia and Jap&@906; the USA in 2005; Spain in 2008
and other European countries in 2004-2006H{BUNIS 2007; QUERRFGUTTENBERG et al.
2008; BERN & M ONTGOMERY 2009; G:scoN et al.2010).

1.1.2 The etiological agefirypanosoma cruzi

T. cruzi, a protozoan flagellate, belongs to the familypEnyosomatidae, within the or-
der Kinetoplastida. Recently, six lineagesTofcruzistrains (Tcl-TcVI) have been classified
(ZINGALES et al. 2009). Tcl is the principal agent of Chagas diseasrth of the Amazon.
Tcll, TcV and TcVI are the main agents in the SeathCone region. Tclll and TclV are only
sporadically infectious to humans. TclV has divatggenotypes in South and North America
(Figure 1.2) (LEWELLYN & MILES 2010). During the parasite’s developmental cyEleruzi
changes between a mammalian and an insect hgstsdes through different developmental
stages, which are a-, trypo-, epi- and spheron@sgn line with the respective intermediary
stages (BACK 1968; HAUB & WUNDERLICH 1985; SHAUB 1988c; $HAUB & LOSCH
1988; £HAUB 1989; TaNowITZ et al. 1992; SHAUB & POSPISCHIL1995; TYLER & ENGMAN
2001).

The transmission of. cruzidiffers from that of other major insect-borne dises in
which the parasites invade the salivary gland$efinsect host and are injected into the ver-
tebrate host during a blood meal. In contrésgruziresides in the intestine, especially in the
rectum of the triatomines. Here the metacyclic orpastigotes develop. Sometimes during
but always after engorgement, triatomines defecatd,droplets containing the parasites are
deposited on the host’s skin. The parasite may é@stbost by passing through the bite site or

the mucosal membranesgf8JSTER& ScHAUB 2000).
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(TeIl/II hybuid) (TeIL/IT hybrid)

Figure 1.2: Approximate distributions of T. cruz lineages.

Red labeled regions imply domestic populationsnéinaission cycles within domestic dwell-
ings), blue labeled regions imply sylvatic popuwas (natural transmission cycles outside
domestic dwellings) (LEWELLYN & MILES 2010, modified).

Inside the vertebrate host, the parasite infeataarily cells in the surrounding of the
entrance area, generally macrophages. In the pbagosf a macrophage, the parasite trans-
forms into the amastigote form. After secretionpofe-forming proteins, it evades into the
cytosol before the phagosome and the lysosomes (BSBLEIGH & ANDREWS 1995;
CoNTRERASet al.2002). The amastigotes divide repeatedly withenditosol of the host cell
and cystic nests, also known as pseudocysts, areftbin the tissue (&Ks & SHER 2002).
Once the host cell’'s resources are depleted, thestigote stages develop via pro- and epi-
mastigote forms to trypomastigotes. These are setbaipon the bursting of the host cell.
Blood trypomastigotes can only be detected withshart period of time in the blood. They
are protected against the host’s immune system suyface coat of glycoproteins AH. &
JOINER 1991). Taking advantage of the circulating blooelsin, these trypomastigotes infect
other organs. The flagellate changes again to thasagote form and multiplies. If these
blood trypomastigotes are ingested by a triatorbung, they develop within the stomach, the
main region of the anterior midgut, to epi- andespmastigote forms. These developmental

stages attach to the perimicrovillar membraneshefdmall intestine, the posterior midgut,
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and multiply. Once the flagellates are passed éoréttum of the bug, they multiply and
transform into the non-replicative metacyclic trygpastigote. This will be excreted with the
feces of the bug.

Besides vectorial transmission, transmission bytamomated blood transfusion is
another important transmission pathway. In contreahsmission caused by contaminated
food, organ transplants or perinatal transmissiom® 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 twegshalhe initial, acute phase of
T. cruziinfection lasts for 4-8 weeks and is usually asympatic (DAs et al. 1956; DAs
1984; WHO 2002). In some cases, a focal oedemdajeat the site of inoculation due to
the parasites entering the host cells. An unilaterbital oedema is named Romafa sign
(CAROD-ARTAL & GAscoN 2010). Clinical acute Chagas disease can invodeilé syn-
drome, headache, myalgia, facial oedema, abdomaial exanthema, lymphadenopathy and
hepatosplenomegaly IO et al. 2008). Severe myocarditis and acute encephaétisatso
occur (MeDEIROS et al.2008). Due to severe myocarditis or meningoendéha5-10 % of
symptomatic cases die in the acute phagesg¢Ret al.2010). Most patients (60-70 %) seem to
recover a healthy state and enter into the chrohnase. This phase is sometimes regarded to
comprise two phases which are referred to as teenmediate and the determinate form. Both
forms persist for the whole lifespanif® et al. 1956; DAs 1984; WHO 2002). In the inter-
mediate phase, infected individuals develop noiadity apparent symptoms ARsi et al.
2010). While the patients are positive for antiesdiagainstl. cruziin serum, they are
asymptomatic, and no organ damage can be detewbeohdl electrocardiogram, normal in
radiological examination of the chest, oesophagusclon) (Das 1989; Rssi et al. 2010).
The determinate chronic form of Chagas diseaselaleveén 30-40 % of the casesA$sI et
al. 2010). Usually 10-30 years after initial infectiohcan manifest as cardiac (extension of
the heart), digestive (megaoesophagus and megacolorcardiodigestive (s 1995;
ARMAGANIJAN & MORILLO 2010; Russi et al. 2010). A direct progression from the initial,
acute phase to a clinical form of Chagas diseasepisrted in 5-10 % of casesA$s! et al.
2010). Cardiomyopathy and its complications havenbessociated with death in 52 % of the
cases (RMAGANIJAN & MORILLO 2010). Autopsies of chagasic patiens with cardiopayhy
indicate cerebral damages in 17.5 % of the casrRBABANIJAN & M ORILLO 2010).
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Human Chagas disease infections are treated byatherapy with two antiparasitic
drugs, NifurtimoxX and Benznidazofe Both are primarily disposed in the acute phagectt
the blood stages @f. cruzi These therapeutic agents do not have a signifiocgract on par-
asites in the tissues. Patients treated in theeggbise are cured in 50-80 % of all cases
(Rassi et al.2010). Apart from this nonsatisfying therapeuticeess, these therapeutics have
strong side effects ($1AuB & WUNDERLICH 1985; DocAmPO 2007).

1.2 Triatominae
1.2.1 Systematic classification and distributiormaatominae

The order Hemiptera is a very diverse order charaetd by piercing sucking mouth
parts. The majority of these species feed on placeés or predates other insects. In the sub-
order Heteroptera, which is characterized by bhaadened forewings (hemielytra), all spe-
cies of the families Cimicidae (bedbugs) and Pelyictae (bat bugs) are bloodsuckers,
whereas in the family Reduviidae (assassin bugly) species of the subfamily Triatominae
are obligate haematophagous. Only @4 ®f the approximately 80,000 hemipteran species
are triatomines, i.e. 140 species classified inkotgbes (Alberproseniini, Cavernicolini,
Bolboderini, Linshcosteusinii, Rhodniini and Triatmi) and 18 genera (®IOFIELD &
GALVAO 2009). The tribes Alberproseniini and Caverniddiiath contain only 1 genus, each
with 2 species. The tribe Bolboderini consists ofgénera with 14 species, while
Linshcosteusinii possesses 1 genus with 6 spediesspecies-richest tribes are the Rhodniini
with the gener&hodniusand Psammolesteén total 19 species) and the Triatomini with 9
genera and nearly 100 species; the g@mizgomaitself consists of 67 speciesAvAO et al.
2003; SHOFIELD & GALVAO 2009).

Triatomines are mainly occurring on the Americantgwent from latitude 42° N to 46°
S, a region between the Great Lakes of North Amaerand Argentina (ENT &
WYGODZINSKY 1979; SHOFIELD 1994; ®RLA et al. 1997). Species of the genus
Linshcosteusre confined to the Indian subcontinent{gus 2009).Triatoma rubrofasciata
originating from the New World, has been distriltute many ports in tropical and subtropi-
cal regions by sailing ships ARIDASS & ANANTHAKRISHNAN 1980; GRLA et al. 1997).
Latin American triatomines mainly settle in syleahiabitats, usually closely associated with
their specific hosts, e.g. burrows of rodents, sasebats and nests of birdsc{@us 2009).
Nests are often colonized by species of Rhodniiiich prefer palm trees. Species of the

genusPanstrongylugrefer tree cavities and burrowlsiatomaspecies often colonize rocky
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habitats and rodent burrows AGNT & MILES 2000; $HOFIELD & GALVAO 2009). In the
course of colonization of forests and use of foneaterial to build human dwellings, individ-
ual species successfully adapted to peridomeshitats, mainly using farm animals near the
houses as host, and domestic habitats sucking lmbbdmans and animals inside the house
(ScHAuB 2009). All triatomine species are potential vestaf T. cruzi, but Triatoma
infestans P. megistusand Rhodnius prolixusare representing the most important vectors in
South America. Presumably due to the high adagbomuman dwellings but also the wide
distribution, T. infestanss the most important domestic species, mostylikeiginating from
sylvatic populations in the Andean valleys of B@i{NoIREAU et al. 2005). Although the
appearance of. infestanswas seriously minimized by insecticide spraying paigns, this

speciess still of big relevance in many regions of Lafimerica.

1.2.2 Developmental cycle of triatomines

Triatomines are temporary ectoparasites with a makisize of 4.5 cm. They pass
through a hemimetabolous development with 5 nymgkeges (first to fifth instar) to the
adult stage within 3 to 24 months. The duratiomyhphal developmental stages depends on
species and environmental conditions like tempeeatand food supply #NT &
WYGODzINSKY 1979; £HAuB 2008). About 20 to 30 days after copulation, tdalafemale
starts to lay up to 600 eggs, mainly on the groBmkcies inhabiting trees or nests glue the
eggs to the leaves or feathers of birdsNt & WyYGoDzINSKY 1979; SHAUB 2008). The 3-

12 months life span of adults depends on spechesti@factors and availability of blood.
First instars hatch 10 to 40 days after egg depositiepending on species and environmental
temperature (§HOFIELD 1994). Already 3 days later, they are disposedngesting the first
blood. If a food source is lacking, nymphal stagédriatomines can starve several weeks
(ScHAuB & L©scH1988). The starvation resistanceloinfestansafter feeding in the second
nymphal stage averages up to 275 days, in the tipitd 432 days and in the fourth up to 322
days (8HAUB & LOsScH1989). To reach the next nymphal stage, a fulbthioeal is essential.
The abdominal extension activates stretching recepihese induce moulting hormone se-
cretion via the nervous systeme@KEL & FRIEND 1964). Secondary, ecdysone initiates the
development of the new cuticle (@GLESWORTH 1940; ANwyL 1972; GHIANG & DAVEY
1988). This process may take 1.5 to 4 weeks. Uongémal conditions,T. infestansand

R. prolixus require for the first, second, third, fourth arithf nymphal stage 10, 10, 12, 17
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and 28 and 9, 9, 10, 13 and 14 days between thteféeding and the moulting to the next
nymphal stage, respectivelyq$aus 1988b).

1.2.3 Host finding and feeding

Predominantly, triatomines are nocturnally actimsects (EZLEDON & RABINOVICH
1981; LORENZzO et al. 1991; lazzari 1992). They are classified as obligate bloodsisgker
although some species liKeiatoma klugiingest haemolymph of other insectsAR@ALHO-
PINTO et al. 2000). In contrast to mosquitos’ males, male dri@hes exclusively feed on
blood. Triatomine bugs are vessel feeders, obtgithieir blood meals directly from venules
or arterioles of their vertebrate hostsgW & RENz 2003; EREIRA et al. 2006). The local-
ization of a putative host is driven by differeattors like carbon dioxide as part of the hosts’
respiration, body heat and sweat componentsi@d 1982; lazzARI & NUKNEZ 1989; FEORES
& LAzzaARrRlI 1996). These factors are recognized by differeneptors in the antennae and
mouthparts of the reduviid buggSorFieLD 1994). Furthermore, ammonia derived from fresh
conspecifics’ feces is attractingqi®AuB & POSPISCHIL1995; QUERENSTEIN& GUERIN 2001;
VITTA et al.2002).

The insect's mouthparts consist of labrum, labiumandibles and maxillae. In
triatomines, the labrum and labium are forming ¥igble part of the biting apparatus, the
proboscis, which is folded under the body at rest protects the internal mandibles and
maxillae. The maxillae are modified as needle-Bk@ets and joined to a maxillary bundle,
which is placed between the mandibles. The leftragitt maxilla are moveable against each
other in the longitudinal axis. Between them, tloesdlly located food tube (38.6 um diame-
ter) and the ventral salivary tube (4.8 um diametee formed (WRTz 1987; QILLAN &
CRANSTON 1994).

After the bug has pierced the host skin, a blooskekis searched by rapid whip-like
intradermal movements of the maxillaea{loIPIERRE et al. 1959). A direct movement in-
duced by the slightly higher temperature of thesekalso occurs @RREIRA et al. 2007). If a
vessel is found the right maxilla penetrates i@ vessel while the left maxilla attaches on
the vessel wall (hvoIPIERRE et al. 1959; WRTz 1987). Then the bugs inject saliva and probe
whether or not the vessel is suitable. The duratiaihis probing phase differs between a few
seconds and several minuteabIPIERRE et al. 1959; 3INT'ANNA et al.2001). If no suitable
vessel is found or the bug is disturbed, ingest®omterrupted, and the bug starts new at-

tempts elsewhere AvOIPIERRE et al. 1959; S\NT'ANNA et al. 2001). The blood is ingested
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by the action of the pharyngeal and cibarial puiipe pumping is achieved by a complex of
strong muscles occupying most of the insects hBBRINETT-CLARK 1963).

Triatomines ingest large amounts of blood, compaoedther blood-sucking ectopara-
sites. The volumes vary — depending on speciesngmphal stage — for nymphs between 3
and 23 times and for adults 1 and 3 times of tbein body weight (summarized byEMER
2009).Dipetalogaster maximé&males ingest a volume of up to 38 of blood in only a sin-
gle meal (8HAUB & PospPiscHIL 1995). During the whole blood meal, which takes5R0
minutes, saliva is released into the capillary loé host (ENT & WYGODzINSKY 1979;
SCHAUB & POSPISCHIL1995; ®ARESet al.2000).

The salivary glands of triatomines are locateddeeghe pharynx in the anterior part of
the thorax. The number of salivary glands diffemstween Rhodniini and Triatomini.
Rhodniini possess two paired salivary glands, #éngdr reddish main gland, which shows a
weak division into an anterior and a posterior |adoed the uncolored smaller gland with sup-
plemental function (BPTIST 1941; MEIRELLES et al. 2003). Triatomini possess 3 paired sali-
vary glands, a circular main gland (D1), a kidnagysed supplemental gland (D2) and a res-
ervoir gland (D3), which is the biggest one. Wisdivary gland D1 is slightly yellow, D2 is
milky-white and D3 is transparent. All glands passa single epithelial layer, covered by
muscles and tracheae. The luminal contents offtte tsalivary glands are mixed during the
release of saliva (BRTH 1954; lacomBE 1999).

According to the proteome and transcriptome ofvaaji glands of different triatomines,
the saliva contains a multitude of components. &hiegilitate the different steps of the
feeding-process @iTos et al. 2007; AssumpcAoet al. 2008). Several salivary substances
inhibit host pain enabling the bugs to feed withiotérruption by the host. A so far unspeci-
fied molecule fronT. infestangnhibits sodium channel activity in nervesafDet al. 1999).
Nitric oxide has a vasodilatatory effect, andRnprolixusit is carried along with the saliva
into the host skin by nitrophorines YSISENzVEIG et al. 1995). Coagulation of the hosts’
blood is inhibited by a multitude of factors actiagainst different steps of hemostasis.
Apyrase activity inhibits platelet aggregation aadeported for the saliva of more than 25
species of triatomines (BEIRO et al. 1998). Serine protease inhibitors of the Kazaktyp
inhibit thrombin, the most important factor of thieod coagulation cascade in vertebrates.

Components of the saliva of triatomines which auigested during blood meal have to
be considered for affecting. cruzj especially the pore-forming molecule trialysimigmat-

ing from the saliva of . infestangsummarized by RUSCH et al.in press).
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1.2.4 Digestion

The digestive tract of triatomines is a simple tubt#hout any diverticula (Figure 1.3).
Ingested blood passes through the foregut to tligumi which can be divided into the ante-
rior region, subdivided into cardia and the antemdgut (stomach), and the posterior region,
the small intestine. The hindgut mainly consistehe# rectum (KOLLIEN & ScHAuB 2000).
The cardia is short and can hardly be separated fhe adjacent, strongly distensible stom-
ach (®HAuB 2009). Morphologically, the small intestine candeided into three parts of
similar length: a thick anterior section, followeg a significantly narrowed middle section
and a dilated posterior part (Figure 1.3). The putdegins with a very short pylorus region,
in which the Malpighian tubules end, followed b ttectal sac (Figure 1.3)¢S8AuB 2009).

Figure 1.3: Digestive tract of fifth instar nymphsof T. infestans at 5 days after feeding.
A: cardia and stomach; B: small intestine with aote(l), middle (II) and posterior region
(1l1); C: Malpighian tubules and rectum.

After a blood meal, the ultrastructure of stomaotl amall intestine changes. The basal
membranes in the epithelial cells of the stomaehuwafolded to increase the surface area.
This enables a rapid transport of aqueous compomtolthe haemolymph (BLINGSLEY &
DowNE 1989). The perimicrovillar membranes (syn. extilatas membrane layers; ecml) are
formed in the midgut 12-24 h after blood ingestibticrovilli of epithelial cells are covered
by a staple of these apical membranes, which campatize the small intestine and thereby
spatially separate primary and secondary digegiionesses (BLINGSLEY & DOWNE 1985,
1986; ERREIRA €t al. 1988).

The ingested blood is stored mainly undigestechendtomach. Here the erythrocytes
are lysed (ZAmMBUJA et al. 1983). The ions are pumped through the stomachintal the
haemolymph. This drives water out of the stomadb the haemolymph and consequently,
into the Malpighian tubules. Small portions of thleod meal are passed into the small intes-

tine, where the blood is digested by cathepsin @ laifike cysteine proteases RRA et al.
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1988; LoPEZORDONEZ et al.2001; KOLLIEN et al.2004). Activities of cathepsin B and L-like
proteases seem to be controlled on a transcriptlenal while those of the aminopeptidase
translationally or posttranslationally ldSEMAN & DOWNE 1983a). In the small intestine an
additional cathepsin D-like aspartic protease tvaqHOUSEMAN & DOWNE 1982, 1983a;
TERRA et al. 1988; BorGESet al. 2006; BaLczun et al.2012). Blood contains many proteins,
lipids and carbohydrates. Peptides are degradedutinpxy- and aminopeptidasesA&IA &
GUIMARAES 1979; FbusSEMAN & DOWNE 1981, 1983a; WNIEK et al. 2005). This aminopep-
tidase activity is associated with the outer permowillar membranes (BLINGSLEY &
DowNE 1985; FERREIRA et al. 1988).

The proteolytic activity is positively correlated the degree of saturation gHSEMAN
& DOWNE 1983b). The increase is proportional to the amafningested blood and the
corresponding protein concentration in the smatkestine (BRcCIA & GARcCIA 1977,
HOUSEMAN et al. 1985). For enzyme production or secretion, medaractors, such as the
distension of the stomach due to the ingestionaddy were excluded as inducersaigiA &
GARCIA 1977). The secretion of proteolytic enzymes i@ lumen of the small intestine is
managed by “membranous” lysosomes, while digesdtéevity in the rectum was excluded
(GARCIA 1987; BLLINGSLEY & DOwWNE 1988). Residuals of blood meal are stored in #te r
tum for further absorption processes, like the segttion of water or possibly amino acids by
the rectal pads, before they are defecatediA8s 2009).

1.2.5 Microorganisms in the digestive tract oftoraines

Communities of naturally occurring microorganismghe digestive tract of insects are
a widespread phenomenon in many taxa. Besides sjimbacteria, a wide variety of non-
symbiotic microorganisms occurs in the digestiaetiof triatomines (Table 1.2). During co-
prophagy, symbionts and these air-borne microosgasiget access to the intestinal tract. The
contact of the mouthparts with the host's skin befpenetration also bears a potential
contamination risk (&4Aaus 2009). Furthermore, like all terrestrial insectatomines swal-
low air before moulting (KLLIEN et al. 2003). The digestive tract & prolixus hosts few
bacterial species, the intestinesfoimegistusandT. infestangpossess up to 13 and 16 differ-
ent bacteria, respectively IS€HER 1989; REINTIES 1993). In addition to bacteria, also other
microorganisms, e.g. fungi, flagellates and virusesre found. FronP. megistus 37 fungi
from 13 genera were isolated, among otlggicillium corylophilum Aspergillus fumigates

andA. awamori(MORAES et al. 2001). Triatoma sordidapossessed also a slime mold of the

12



CHAPTER1 (GENERAL INTRODUCTION AND OBJECTIVES

genusDictyostelium On agar plates of homogenates of the intestirtki®hymph no bacteria
developed (EEHLER 1998).

Another interaction is known for the hemolytic Eaim Serratia marcescensThis
bacterium was isolated from the stomachRofprolixusand seems to be apathogenic for this
triatomine, but is pathogenic for other insectsy( et al. 1980; O'@LLAGHAN et al. 1996;
AzAMBUJA et al. 2004). Prodigiosin producin§. marcescengvariant SM365) strains kil
promastigotes ofeishmaniaand epimastigotes of the cruziY strain, but not those of the
clone Dm28c (&AMBUJA et al. 2004). However, after inhibition of the productiari
prodigiosin Leishmaniaare also killed (&sTroO et al. 2007b). D-mannose, an inhibitor of
specific lectins, protects the flagellates agalgsis (CASTRO et al. 2007a). However, this
carbohydrate is not able to interfere with hemalydProbably, mannose receptors are
involved in the attachment of bacteria and alsdilling the flagellates (summarized by
PAUSCH et al.in press).

Intestine homogenates of field-derived bugs alsatained Gram actinomycetes, on
which the development of triatomines depends, stheefood source blood is not sufficient
for a suitable growth and reproduction of the tmaines (WGGLESWORTH 1929; ASCHNER
1931) (Table 1.3). An absence of symbionts (aposysi) induces various pathological ef-
fects in the bug. Typical aposymbiosis symptoméuthe disorders of digestion, excretion and
moulting in line with a weakly melanised cuticledditionally, disturbance of nymphal de-
velopment (>L3) results in a higher nymphal motyatate (BRECHER & WIGGLESWORTH
1944; GIGY et al. 1953; BEWIG & SCHWARTZ 1954; HARINGTON 1960; GUMPERT 1962;
GUMPERT & SCHWARTZ 1962; BEN-Y AKIR 1987).

Classification of symbiotic microorganisms alwagsgjuires the proof of a noticeable
positive host effect. All thus far identified syrohbis of triatomines are actinomycetes, fila-
mentous bacteria with a GC-rich genome, which dgvel contrast to other bacteria not only
as solitary cells but rather as filamentary my¢@lgksmaN 1940). Each triatomine species
possesses its own typical symbiont, but some bacéee semi-symbiotic, i.e. they slightly
support the development of triatomines. Horinfestans Rhodococcus triatomais totally
symbiotic (Table 1.3) (summarized byU3cH et al. in press). Up to now the function of
these symbionts remains elusive. A symbiotic ineolent in digestive process was ruled out.
Vitamin B supply through actinomycetes, known frather haematophagous insects, was
furthermore excluded as auxotrophic mutant symbicstow normal bug development

(BRECHER& WIGGLESWORTH1944; BEWIG & SCHWARTZ 1954; HLL et al.1976).
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Table 1.2: Genera of microorganisms isolated fromhe intestine of triatomine bugs in
different investigations”

bacterial
genus/triatomine
Species

. P. T. T. T. T. T. T.
prolixus  megistus protracta vitticeps brasiliensis sordida infestans 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
1,4,5,6, 8 8 17 1, 4,8,
Rhodococcus* 7 9, 16
11, 12
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/ 15 15
Emptobacter

*summarized from HFFMANN (1992) and EEHLER (1998); actinomycetes are marked by an asterisktbers
refer to the following respective investigation:BRECHER & WIGGLESWORTH (1944); 2: WEURMAN (1946); 3:
BEWIG & SCHWARTZ (1954); 4: ®ODCHILD (1955); 5: BUNES (1956); 6: MUHLPFORDT (1959); 7: HARINGTON
(1960); 8: WMPERT & SCHWARTZ (1962); 9: IaAKE & FRIEND (1967); 10: GVANAGH & MARSDEN (1969); 11:
HiLL et al. (1976); 12: BEN-YAKIR (1987); 13: FSCHER (1989); 14: KSUEIREDO et al. (1990); 15: KbFFMANN
(1992); 16: RINTIES(1993); 17: ECHLER (1998); 18: BGL (2001); 19: AAMBUJA et al.(2004)
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Table 1.3: Interaction of actinomycetes and the redviid bug T. infestans.*
(JUNG 1995, modified)

Actinomycett Establisl- Develoy- Reprc- Hatching  Classificatiol
ment ment duction  rate [%]

Nocardia asteroide + - - - nor-symbiotic
Nocardia farcinici + + + 5¢ partially symbiotit
Rhodococcus ec + + + 67 partially symbiotit
Rhodococcus rhodi - + + 17 nor-symbiotic
Dietzia marit + + + 61 partially symbioti
Rhodococct triatomae + + + 8C totally symbiotic

*Establishment: Actinomycete is able (+)/not able to establish within the intestine of
T. infestansDevelopment: Actinomycete has positive (+) orimtuence (-) on the develop-
ment of T. infestansReproduction: Actinomycete has positive (+) orinfhuence (-) on the

reproduction off. infestansHatching rate: Percentage of eggs, of which nysripiched

Symbionts develop extracellularly in the lumenlod intestinal tract of triatomines and
not — like in other insects — in special organs ¢etgmes), which are protecting the sym-
bionts against immune defense mechanisms of thie(BeRESCHER & WIGGLESWORTH 1944;
BROOKS 1963; HNDE 1971; DouGLAS 1989). Within a bug population symbionts are trans
mitted via coprophagy immediately after feedingcH{SuB 1988c; $HAUB 1989). First
nymphal stages can also obtain their symbionts fe@s contaminations on eggshells
(BRECHER& WIGGLESWORTH1944; BAINES 1956). Transovarial transfer via the cytoplasm of
the oocytes does not occur in triatomines. Aftgestion of a mixture of complement-inacti-
vated blood an®Rhodococcus rhodnar R. triatomae the respective symbionts Bf prolixus
andT. infestansonly R. triatomaeestablishes in the intestine ©f infestansindicating re-
fractory mechanisms (EHLER 1998). Feedingd . infestansa mixture ofCandidasp.,Dietzia
maris, Escherichia colior Gordonia rubropertinctusCandidasp. is killed immediately after
ingestion. Numbers oD. maris E. coli and G. rubropertinctusare substantially reduced
within the first week inl. infestansHowever, inR. prolixusonly Candidasp. ancE. coliare
killed likewise, whereas the actinomycef@s maris and G. rubropertinctusestablish in the
stomach and small intestinei¢ELER 1998).

In the stomach of fifth instars &. prolixus the number of symbiotic and non-symbi-
otic bacteria increases approximately 10,000-faldhie first two days after blood ingestion.
This number is stable for 5 days after feeding. Mmber decreases with starvation but in-
creases again after the next feedingAMBuJA et al. 2004). InR. prolixusas well as

T. infestansthe population of the respective symbi@ntriatomae(Table 1.3) is strongly di-
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luted by the ingested blood and increases onlizgenstomach within the first week. The small
intestine of both species show a®Yeduced number of symbionts, compared to theatbm
of the unfed nymphs (EHLER & ScHAUB 2002).

1.3 Interactions of Trypanosoma cruz and triatomines
1.3.1 Subpathogenicity dirypanosoma cruzn triatomines

In a comparison of the development and mortalitphfected andl. cruztinfected
regularly fed nymphs, there are no effects evigemtnmarized by &aus 2009). Under op-
timal conditions, the amount of ingested blood se&rbe adequate to compensate the loss of
metabolites due to the parasite’s presence. Howavaér. cruztinfected bugs starvation ca-
pacity is reduced. Established infections of thfayrth and fifth instar nymphs that are fed
and thereby molt into the next instar, reduce thevation capacity by %, 14% and 32,
respectively (8HAUB & LOscH 1989). Since many parasites die in starved bugscaumu-
lation of T. cruziderived toxins seems to be unlikelyqIEN & ScHAUB 1998a). Since the
intestine of dead bugs contains remnants of diddsl®od, it is not the competition for the
nutrients but rather essential metabolites whidkrd@nes the starvation capacity.

An effect on the intestinal immune homeostasis vglent in long-term infected
T. infestangsummarized by &HAauB et al.2011). A supplementation of blood with fungi and
bacteria and the experimental infection of nympmsults in a development of these microor-
ganisms, whereas in uninfected bugs the developmenhibited. 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, hemalysind agglutinins of the vector

The parasite is capable of establishing in the $ggt. Here, a diversity of digestive
enzymes is constantly present. Different compasstiof digestive factors have been reported
to characterize the different gut regions (sumneariby £HAUB 2009).T. cruzipopulation
size in the rectum is significantly higher compatedhe population size of the small intes-
tine, where the proteolysis takes place via caihep3hus, the function of digestive enzymes
as possible population controlling factors seemsside. Therefore, the question arose,
whether these enzymes act as a barrier to infecticaffect the development. Nevertheless,
the rectal cuticle offers better attachment faesitfor the flagellates in contrast to the small
intestine, where the perimicrovillar membranes tigvafter blood ingestion. Feeding exper-
iments using blood supplemented with pepstatinHgp®teinase acting as a cathepsin D in-
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hibitor, show no effect on the population densityrocruziin the vectoR. prolixus(GARCIA

& Gilliam 1980). In the small intestine, levels cdthepsin B encoding mRNA are similar in
T. cruziinfected and uninfected insectsR&IC-BEDOYA & LOWENBERGER2007). However,
cathepsin D activity in the small intestine is iE&@sed at one and three days after ingestion of
T. cruziinfectious blood (BRGESet al.2006).

Hemolytic factors are responsible for the lysisesfthrocytes in the stomach of
triatomines. After the release of the hemoglobiotgolytic enzymes can digest this protein
in the small intestine. In the stomachRf prolixus hemolytic factors lyse epimastigotes of
T. cruzi strain Y, which are not agglutinated. Epimastigoté T. cruzi clone Dm28c and
strain Cl are agglutinated and not lyse@4A®MBUJA et al. 1989). A possible explanation is the
different genotype of the strains, since straineYohgs to lineage Tcll, whilelone Dm28c is
classified into Tcl and the strain Cl into TcIVIGALES et al.2009).

1.3.3 Interactions with the mammalian complemestesw in the vector

Relating to the complement system of the mammadii@sts, only metacyclic trypo-
mastigotes possess the capacity to survive in masnfBpimastigotes are lysed by the com-
plement system (MKERMAN 1985). After complete genome sequencing a vanésurface
encoding genes is known. These numerous geneshbyaidbow the evasion of the vertebrate
host immune response LHESAYED et al. 2005). Differentiation of trypomastigotes into
epimastigotes is initiated shortly after ingesti@enes encoding for surface molecules, such
as the members of the mucin and mucin-associatef&csu proteins are concurrently
expressed in the epimastigote phasd .o€ruzi (EL-SAYED et al. 2005). The corresponding
gene products may prevent lysis of the intermeditdges by factors present in the intestine
of the vector, e.g. the vertebrate complement syskeR. prolixus the complement system is
not inhibited immediately, but within two hourseaftblood ingestion a significantly reduced
activity can be detected, which persists up to tags afterwards (Garcia, unpublished). In
addition, the saliva and the stomach of triatomir@sain inhibitors, which are able to inhibit
the complement system ABRoOs et al. 2009). The sensitivity of . cruziis demonstrated by
the fate of the population in the stomach. In dstabd T. cruziinfections, epimastigotes in
the stomach are killed after ingestion of bloodrfrohickens or rats. Mouse blood possesses
only a weak complement system. Thus, the epimassgsurvive after blood ingestion (sum-
marized by 8HAuB 2009). If the complement system of ingested bldalls the

trypanosomes, the stomach is not re-colonized ¥yyatrosomes from the small intestine
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before all blood has passed to the small intestihe. 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 innatauimmty. Herein, activation
cascades are quite similar. In insects, the hemgtyacts as an open circulation system in
which both cellular and humoral reactions occurll@® immune response involves e.g.
haemocytes. In contrast, the intestinal immuneesyss suggested to possess only humoral

components (summarized byUM.ER et al.2008).

1.4.1 Cellular immune response

The cellular immune response is controlled andvattd by circulating haemocytes in
the abdominal cavity (MTovA & ANDERSON2006). The classification of haemocytes varies
according to species and authorsU(MER et al. 2008). Therein often five types of
haemocytes have been classified in insects: theaproocytes, plasmatocytes, granular cells,
oenocytoides and spherulocyteRpJo et al. 2008). The defense mechanism against patho-
gens and therefore the interaction of haemocyteslapted to the cruelty of the infection. A
slight infection with only few bacteria induces pbaytosis (RIGGS & ROCKSTEIN 1964;
LACKIE 1988a). After phagocytosis, haemocytes use lysakanmdic enzymes such as phos-
phatases, peroxidases and esterases to kill apdtdite ingested bacteria. Higher numbers of
bacteria and bigger particles induce cellular esckgtions (&Tz 1988; lackie 1988b).
Mostly, encapsulation is accompanied by the foromatf melanin. Therefore, the proteolyt-
ically activated phenoloxidase oxidizes mono- anghehols, such as tyrosine, and the re-
sulting quinines polymerize to melanin RANCZEK 1992). In cellular encapsulations,
plasmatocytes change to a fibroblast-like shapeatath to the foreign surface. After at-
tachment, the granular cells are releasing comgsranthe humoral immune response and
mediators that attract other haemocytes. Nodul@dton is a combination of the described
mechanisms. Therein, masses of bacteria are ngtptalgocytised, but haemocytes aggre-

gate to prevent the spread of pathogens in the de@eh(3\L.T 1970; TRENCZEK 1992).

1.4.2 Humoral immune response

Different soluble proteins of the haemolymph, degtins, which agglutinate foreign
cells, are involved in the humoral immune respanfsmsects. Although insects do not pos-
18
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sess an immune response controlled by specifibadhgs, the activation of genes for the
production of the humoral components is comparatte vertebrates’ immune response
(MULLER et al.2008). In some dipteran larvae, such an encapsulahd melanisation occurs
without an involvement of haemocytes, which is atbetl humoral encapsulation ¢& &
VEY 1974).

Other components of the humoral immune responsmangly antibacterial peptides or
proteins, which can be classified into five grougsresponding to their biochemical proper-
ties (Table 1.4). Due to the lack of cysteine nesgja-helical peptides are linear. Cecropins,
belonging to this group, were the first induciblgimnicrobial peptides isolated from insects
(HULTMARK et al.1982). Acting against Graras well as Graibacteria and fungi, cecropins
are small peptides of 31-39 amino acid residuesl€Td.4). So far, 21 cecropins were
isolated from the haemolymph and the digestivetdra€ insects (MRISHIMA et al. 1995;
BREY & HULTMARK 1998; EKENGREN & HULTMARK 1999; 370 et al. 2005; WANG et al.
2007). Produced by transformed symbionts in theo§thie reduviid budr. prolixus cecropin
kills all T. cruzistages. In contrast, bugs containing non-mod#igdbionts remain infected
(BEARD et al. 2002). Other antimicrobial peptides are actingirajal. cruzionly in vitro
(summarized by RuscH et al.in press).

Defensins belong to the cysteine-rich peptidesradtarized by a high number of
cysteine residues. Based on the arrangement alishide bridge-forming cysteine residues
four types of defensins can be classified: classieBensinsp-defensins, cyclic defensins and
insect defensins (Table 1.4) A&z & LEHRER 1995). Insect defensins possess six cysteine
residues, forming three disulfide bridges. They @essified as pore-forming peptides with
activity against Grarn bacteria and fungi as well as some Gramacteria (Table 1.4).
Defensins are synthesized by Diptera, Coleopteymethoptera and Heteropteral{&T et
al. 1993; ARAuJO et al.2006).

Proline-rich peptides are characterized by a P+ sequence as well as by O-gly-
cosylated substitutions (€CIANCICH et al. 1994). Within this group, there is no consistent
classification related to the area of action. Alimend apidaecin are known from honey bees.
While abaecin is active against Graand Grarmbacteria, apidaecin is only slightly effective
against Grambacteria (Table 1.4) (STEeLS et al.1989; 1990).

Glycine-rich peptides are representing the mostkbe group of the antibacterial pep-
tides and proteins and are characterized by a ¢ogkent of glycine residues in their amino
acid sequence (Table 1.4). Attacins are the bediest members in this group with a molecu-
lar mass of 20-28Da. They were first isolated from the haemolymghtle silk moth
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Hyalophora cecropigd ENGSTROM et al. 1984a). In this insect, different isoforms of el
occur, characterized by different isoelectric pei(HHULTMARK et al. 1983; ENGSTROM et al.
1984b). Recently, sequences of antimicrobial peptiffom triatomines, related to the
diptericin/attacin family were included in the dadse (GenBank accessions ACC68686.1,
ACB06753.1 and ACG50017.1). However, the interactiath flagellates and bacteria re-
mains to be investigated (summarized by$cH et al.in press).

Lysozymes are ubiquitous in all multicellular anlsnand plants and are classified into
four groups, corresponding to the position of tibéva centre: chicken (c)-type, goose (g)-
type, the invertebrate (i)-type and the T4-typemfrdacteriophages (HMTMARK 1996;
GRUNCLOVA et al.2003). C-type lysozymes were so far found in hirdammals, fishes, rep-
tiles and invertebratesdULES et al. 1979; GRINDE et al. 1988). They are characterized by
their ability to hydrolyze th@-(1,4)-glycosidic linkages between the C1 of N-gltetiramic
acid and the C4 of N-acetylglucosamine in the pigfiycan layer of bacterial cell walls. In-
sect lysozymes mostly belong to c-type lysozymesF(BE et al. 1994; LEe & BREY 1995;
HULTMARK 1996; DMARCQ et al. 1998). Some, like a lysozyme frodmopheles gambiaare
members of the group of i-type lysozymeagRewITz et al. 2008). Despite their different
origin, the biochemical characteristics of the eliént lysozymes are comparable. The prefer-
ential basic proteins with a molecular mass betwkand 1&Da are heat stable in acidic
milieus whereas they are instable in basic miliGNBRAHAM 1939; KINOSHITA & INOUE
1977). Mostly, the pH-optimum is between ptand pH7, in the case of the rainbow trout
Salmo gairdneriand the scallojChlamys islandicaat pH5.5 or rather pHl (GRINDE et al.
1988; NLSEN et al.1999).

At the beginning of the 2bcentury, bacteriolytic activity in the gut of triamines was
first described (DNCAN 1926). The expression of genes encoding for |ys®@zsy were
detected in the digestive tract and the fat bodRR.gprolixus T. infestansaandT. brasiliensis
(KOLLIEN et al.2003; ARAUJO et al. 2006; BaLczuN et al. 2008; LRsIC-BEDOYA et al. 2008).

In contrast to other antimicrobial peptides, geaasoding lysozymes are often expressed
constitutively, e.g. in the fatbody Bombyx mor(MoRISHIMA et al. 1995). Subsequent to the
synthesis in the fatbody, lysozyme is transportethe haemolymph. There, it acts as part of
the unspecific immune defenseNBERSON & Cook 1979). Defensin encoding genes were
expressed in the digestive tract and fat bodRoprolixus the salivary glands and the fat
body of T. brasiliensigLoPEzet al.2003; ARAUJO et al.2006; WANIEK et al.2009a).

In addition to their antibacterial activity, somemtriatomine peptides like mellitin,
magainin, dermaseptin and tachyplesin also pogskesability to Kill trypanosomem vitro
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(GARCIA et al.2010). However, this occurs using higher thannikeirally occurring concen-
trations. More relevant for an understanding of ititeraction ofT. cruzi and antibacterial
compounds are investigations considering nitricdex{WHITTEN et al. 2007). The gene en-
coding for nitric oxide synthase is up-regulatedhe stomach after infection. In the small
intestine and rectum, more nitrite can be detedtedhe rectum even before the parasite is
present. The expression of a lysozyme encoding meRe prolixusis induced after infection
with T. cruzj a different one is only expressed in the hemolynfigrsic-BEDOYA et al.
2008).

Table 1.4: Groups and representatives of antibacteal peptides and proteins in insects.

Insect group Mass [kDa]  Spectrum References*
a-helical peptides
Cecropins Lepidoptera, 4-7 Grani, Gram, 4, 11,12, 13,

Diptera fungi, viruses 22
Cysteine-rich peptides
Defensins Diptera, Hemiptera 4-5 Grarungi, 8, 10, 14, 15,

protozoa 16
Drosomycin Diptera 5 fungi 17
Proline-rich peptides
Thanatin Hemiptera 2.4 GrdnGram, 18
fungi

Drosocin Diptera 2.5 Gram 15, 20
Abaecin Hymenoptera 4 GranGram 9,15
Apidaecin Hymenoptera 2 Gram 15, 20
Metalnikowins Hemiptera 3 Gram 20
Pyrrhocoricin Hemiptera 4 GrdimGram 20, 21
Glycine-rich peptides
Attacins Lepidoptera, 20-23 Gram 5,6,7,15

Diptera
Sarcotoxins Il 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 Granfungi 17
Hemiptericin Hemiptera 15 Gram 15, 20
Lysozymes ubiquitary 13-17 Grain 1,2,3,19

*The references corresponding to the respectivebeurare the following:

1: MALKE (1965); 2: MOHRIG & MESSNER (1968); 3: OLLES et al. (1979); 4: HILTMARK et al. (1982); 5:
HULTMARK et al.(1983); 6: RNGSTROM et al. (1984a); 7: EGSTROMet al. (1984b); 8: MTSUYAMA & NATORI
(1988); 9: @sTEELS et al.(1989); 10: IaMBERT et al. (1989); 11: KLSTEN et al.(1990); 12: MRISHIMA et al.
(1990); 13: BNIAI et al. (1992); 14: GALK et al. (1994); 15: ©CIANCICH et al. (1994); 16: DMARCQ et al.
(1994); 17: EHLBAUM et al. (1994); 18: EHLBAUM et al. (1996); 19: RES et al. (1997); 20: BLET et al.
(1999); 21: SHNEIDER & DORN (2001); 22: IAVINE & STRAND (2002)
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1.5 Objectives

The development of. cruziin the invertebrate host has been intensivelystigated
throughout the past decadesHiGAS 1909; BRACK 1968; ZELEDON et al 1984; SCHAUB
1988c; AVARENGA & BRONFEN 1997; KOLLIEN & ScHAUB 2000; $HOFIELD 2000). Pre-
vious studies focused on the population density tarddevelopmental stages Tf cruziin
the digestive tract and the effect of the bug’sitiahal stage, i.e. of feeding and starvation
(summarized by KLLIEN & ScHAUB 2000; £HAuB 2009). However, in the interactions be-
tweenT. infestansaandT. cruzj a parasite induced intestinal immune responsedrak/ been
considered (summarized byaRciA et al 2010). Pathogen detection and identification pre-
cede the development of an immune response andrac&él for an organism’s survival
(MULLER et al.2008). Therefore, new investigations need to famushe physiological reac-
tions following parasite identification.

The present thesis aimed to investigate the parasduced immune response to
T. cruziinfection in T. infestansapplying molecular and protein biochemical todtuci-
dation of the intestinal immune responsive backgio active compounds will provide a
more detailed understanding of host parasite iotenas. The thesis is divided into 2 chapters
addressing the parasite induced humoral immunensspinT. infestansand characterizing
bacteriolytically active compounds. Lysozymes weiahemically characterized as antimi-
crobial compounds of the insects’ humoral immurgesy using am vivo approach. Taking
advantage of their charge, lysozymes were sepalatddgh-performance liquid chromato-
graphy. Bacteriolytic activity of separated fraasowvas determined, including determinations
of the optimal pH-conditions of this activity. Seogiently, peptidergic components were
identified through mass spectrometry. The bactgimlactivities in the posterior digestive
tract were examined using a qualitative approach amrelated to the concentration of so-
luble proteins in the digestive tract. The majort jacused on investigations of the intestinal
bacteriolytic activity of non-infected and long-dashort-termT. cruztinfectedT. infestans
Factors inducing the intestinal immune responsesveducidated by the feeding of mixtures
of blood with blood trypomastigotes, surface codt ldood trypomastigotes, blood
trypomastigotes without surface coat and epimatsfgoAt different days after feeding, the
level of bacteriolytic compounds was determinedtphmtrically at different pH-values and
the composition of these compounds in zymogramss Was correlated to genes encoding
different lysozymes, of which the expression lewgs determined in quantitative reverse
transcriptase PCR (qRT-PCR).
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CHAPTERZ2 GENERAL MATERIALS AND METHODS

2. General Materials and Methods

In the following, the material and methods usedhapters 3 and 4 are described in de-
tail.

2.1 Materials: Insect source and maintenance

Triatoma infestanstrain “Chile” originates from Cachiyuyo, Chileoh+-infected bugs
were fed on chickens every 3-4 weeks and rear2d at1°C, 70-80% relative humidity and
a 16h/8h light/dark rhythm (&LLIEN & ScHAUB 1998a). The bugs were maintained in groups
of about 150 specimens in two-liter beakereH&B 1989). Anin vitro culture of the
T. infestanssymbiontRhodococcus triatomagy ASsIN 2005, YASSIN & ScHAAL 2005) was
cultured in Standard | medium (Merck, Darmstadtyn@y), harvested in the exponential
growth phase and added to the triatomines aftdr fgaling (ECHLER & ScHAUB 2002).

2.2 Methods
2.2.1 Measurement of protein concentrations anidacterial activity

The concentration of soluble protein was determimed commercial Bradford assay
(BRADFORD 1976) modified according toGR & SELINGER (1996). For each measurement,
15 pl high-purity water were mixed with |5 sample and 8l reagent (Rofi-Nanoquant,
Roth). Duplicates of 4Ql were aliquoted. The readings of the 96-wellgdatvere done in a
Model 680 ELISA-reader (Biorad, Minchen, Germarijfferent concentrations of BSA
ranging from 1Qug/ml up to 175ug/ml were used as protein standards. Protein obtrat®n
of individual samples was calculated by determirting slope of a standard optical density
curve.

Bacteriolytic activity of small intestine conteraad homogenates and rectum homoge-
nates againdtlicrococcus lysodeikticusas measured as change in optical density of a mix
ture of 30ul Britton-Robinson-Buffer (0.1%6 (w/v) boric acid, 0.186 (v/v) acetic acid,
0.19% (v/v) phosphoric acid) (RTTON & RoBINSON 1931) with the respective pH (p30
to pH8.0), 50ul substrate (final concentration 0.0%b(w/v) lyophilizedM. lysodeikticu¥
12 pl high-purity water and fl of the respective sample. A similar mixture waed to de-
termine the bacteriolytic activity after chromatagiic separation. Here, a Britton-Robinson

buffer pH6.0 and no water was used, but|d0of the respective sample. Blanks were per-
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formed without sample but high-purity water. Theicgd density was measured at 415 for
30 min in a Model 680 ELISA-reader (Biorad, Muncherer@any). The resulting differences
of optical density AOD) were used tealculate the activity/pg protein. Three independen
biological samples were used in duplicate measunendll statistics were done usitgests

in pairwise comparisons @EN-CONSULT 2011).

2.2.2 SDS-polyacrylamide gel electrophoresis amdagraphy

Protein separation was performed using SDS-polyatrgde gel electrophoresis ac-
cording to laemmLI (1970) under non-reducing conditions using43 separating gels. Gels
of 75 x 80 x 0.5mm were run in a Hoefer SE 260 (GE Healthcare biarg, Germany) with a
maximum voltage of 30¥. After electrophoresis, proteins were stained &min in
Coomassie solution (0.008 (w/v) Coomassie Brilliant Blue G250, 426 (v/v) methanol,
10 % (v/v) acetic acid) and destained in%0(v/v) acetic acid until the background was clear
(MEISER2009).

Zymography was performed using @@ M. lysodeikticus in separating gels
(CYTRYNSKA et al.2001; FARDT et al. 2003). After electrophoresis, proteins were rerséa
twice in Britton-Robinson buffer (pid.0) (BRITTON & ROBINSON 1931) supplemented with
0.1% (v/v) Triton X-100 (Sigma, Steinheim, Germany)itek pH verification, buffer was
changed and zymograms were incubated &C3@ver night. Staining was performed for 1-
2 min in freshly prepared 0% (w/v) methylene blue in 0.00% (w/v) NaOH. Zymograms
were destained in water until the stacking gel elaar. Gels and zymograms were analyzed
and molecular masses were calculated in refereneestandard protein mix (Fermentas, St.
Leon-Roth, Germany) using ImageMasterlD Version 4.0 (GE Healthcare, Miinchen,
Germany).

2.2.3 Enzymatic digestion of proteins for mass spetetry

Supernatants of small intestine contents from mbdecied andT. cruztinfected
T. infestans(see 3.2.4) and protein samples of small intestiomogenates separated via
anion exchange chromatography (see 4.2.2) were. l&®deins were separated by SDS-
PAGE (see 2.2.2) to determine the bacteriolyticalllive compounds of small intestine con-
tents and proteins of about 13 and 25 kDa wereidered. In order to distinguish patterns of
bacteriolytic compounds from small intestine homges after anion exchange chromato-
graphy, flow-through and fractions of bacteriolyactivity were concentrated at 4 °C and
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13,000g in ultra filtration tubes with a 4 kDa exclusiomlt (Interstep, Witten, Germany)
and mixed with reducing sample buffer B0(v/v) glycerol, 150nM Tris-HCI, pH7, 12 %
(w/iv) SDS, 60 mM DTT supplemented with bromphenbaleh and loaded on a 4-22
Anamed™ gel (Anamed, GroR-Bieberau, Germany). Electropdisreras carried out in run-
ning buffer (25 mM Tris, 192 mM glycine, 35 mM SD8)y 15min in a XCell surelock appa-
ratus (Invitrogen, Karlsruhe, Germany) using\b@nd 3,000V as limits. After fixation in
50 % (v/v) methanol and %o (v/v) phosphoric acid, gels were washed threegifor 10min
in high-purity water, then equilibrated in 34 (v/v) methanol, 26 (v/v) phosphoric acid and
17% (w/v) ammonium sulfate for 3@in and stained over night in equilibration solatio
supplemented with 0.0% (w/v) Coomassie G250.

Subsequently, protein bands obtained from homogenamd small intestine contents
were excised and destained by alternating incubsitiio 10mM ammonium bicarbonate and
5mM ammonium bicarbonate in 36 (v/v) acetonitrile for 10nin, respectively, until the
bands were transparent. In-gel digestion and saprplearation for LC/MS analysis was per-

formed according to MISER (2010).

2.2.4 Nano-HPLC and Electrospray ionization tandeass spectrometry

Online reversed-phase nano HPLC separations werermed using the Dionex
U3000nano HPLC system (Dionex, ldstein, Germanyh &iC18 precolumn and a C18 sepa-
ration column. Peptides were loaded on-line andcqreentrated with 0.% (v/v)
trifluoroacetic acid with a flow rate of [Zl//min for 10min on the precolumn (0.04&m I.D.

x 20mm length, 3um particle size, 108 pore size, 60C column temperature, Acclaim
PepMapl100, Dionex) using the loading pump. Separatias performed using a separation
column (75um 1.D. x 250mm length, um particle size, 108 pore size, 60C column
temperature, Acclaim PepMap100, Dionex) and a namppwith a flow rate of 40@l/min.
Solvent A (0.1% (v/v) formic acid) was used for equilibration, tehsolvent B (0.1% (v/v)
formic acid, 84% (v/v) acetonitrile) was used to generate a gradad 5% to 30% in

95 min. Solvent B was increased to @b within a 2min time frame. Both columns were
washed with 984 solvent B for 7min. The columns were reequilibrated witbsolvent B
for at least 20min.

Electrospray ionization tandem mass spectromet8l-{lES/MS) was performed on a
LTQ Velos Orbitrap equipped with a nanoelectrospragy source (Thermo Scientific,

Bremen, Germany). The mass spectrometer was elyecaibrated with standard com-
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pounds. General parameters for mass spectrometrg ag follows: spray voltage: 1.4-
1.5kV; capillary temperature: 278C; minimum signal threshold: 1,5@@unts; maximum
fill-time: 100 ms. For MS/MS peptide analysis the 20 most intense with an assigned
charge of z 2+ were chosen for fragmentation by low energyisiolh-induced dissociation
(low energy CID). Dynamic exclusion was automaticalaced on previously selected m/z
for 30s. MS-Scan was performed in the Orbitrap-mass aaalyith a resolution of 30,000 at
m/z=400 and fragment ions have been scanned itirthar ion trap with a resolution of
~1,000.

2.2.5 Mass spectrometric data analysis

MS/MS spectra have been processed using the seftResteome Discoverer v1.2
(Thermo Scientific, Bremen). For peptide and proteientification, fragment spectra were
searched with Mascot v2.3.2 (www.matrixscience.cam) an in house installed server
(PERKINS et al. 1999) against TrEMBL protein entries for infestans(257 protein entries)
and Swiss-Prot protein entries 8allus gallusandRattus rattusMascot searching parame-
ters were set to a tolerance ofdfim for protein precursor ions and @4 for fragment ions.
Oxidation of methionine and propionamidation ofteyse was considered as variable mod-
ification and a maximum of four missed cleavagessivere allowed in case of incomplete
trypsin digestion. For positive protein identificat, at least two unique peptides and a mini-

mum protein score of 40 were required.

27



CHAPTER 3

| NFLUENCE OF TRYPANOSOMA CRUZI
ON TRIATOMA INFESTANS
INTESTINAL BACTERIOLYTIC ACTIVITY

AND EXPRESSION PATTERN OF LYSOZYMES



CHAPTER3 INTESTINAL IMMUNE RESPONSE AND EXPRESSION PATTERN

3. Influence of Trypanosoma cruz on Triatoma infestans: intestinal
bacteriolytic activity and expression pattern 6lysozymes

3.1 Introduction

Chagas disease is caused by the protozoan pafagganosoma cruzifirst found in
the digestive tract of the triatomirféanstrongylus megistu€CHAGAS 1909). Principally,
T. cruziis transmitted to humans by the infectious fedeBaematophagous triatomine spe-
cies such a3riatoma infestansA successful insecticide spraying campaign, degahby the
Southern Cone Initiative in the 199Celiminated the domestic populationsTofinfestansn
many of the affected countries qiOFIELD & Dias 1999). Although the incidence of
T. infestanswas seriously minimized by the efforts of the Seuth Cone Initiative,
T. infestangs still relevant in many regions of Latin Ameri(see 1.1).

Triatomines possess an intestinal innate immune&syscting against air-borne mi-
crobes or pathogens and presumably regulating ¢leladbment of symbionts. The bacteri-
olytic activity in the gut oRhodnius prolixuandT. infestanss feeding dependent @&IRO
& PEREIRA 1984; MEISER 2009). This inducible antimicrobial activity is stgorobably based
on multiple factors and some of them are suggesiealffect parasite development in the
vector (summarized by R$ICG-BEDOYA et al. 2008; GRRcCIA et al 2010). Also digestive en-
zymes like cathepsins were described as putatoteriathat interact witlt. cruziin the small
intestine (see 1.3.2 and 1.4.2). Focusing on aatohial peptides, the only doubtless effect is
stated for the lepidopteran cecropin. If it is proeld by genetically modified symbionts of
triatomines,T. cruziis killed in the vector.

Several triatomine-produced antimicrobial compouasinduced by an infection with
T. cruzi Nitric oxide (NO) is known as widespread immuifie@or and signaling molecule
in many organisms. In studies that assessed NOay@tlOS gene expression as well as
NO production inRhodnius prolixusthe tissues of the digestive tract react pathapecifi-
cally to infections withT. cruziandTrypanosoma rangelbut the levels of mMRNA encoding
NO synthase does not always reflect the conceatraif NO in the gut (WITTEN et al.
2007). The gene of prolixicin, an attacin-like pdptis expressed after an infection, but the
peptide does not affect the parasitevitro (URSIC-BEDOYA et al 2011). According to mo-
lecular biological data in different triatomine sps, genes encoding the antimicrobial pep-
tide defensin are expressed together with genesdery 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 peptiof about 4«Da (BULET et al. 1999).
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After feeding ofT. infestansand Triatoma brasiliensisthe levels of mMRNA encoding for
lysozyme and defensin are higher in the stomach ithdhe small intestine BLLIEN et al.
2003; ARAUJO et al. 2006; WANIEK et al. 2009a). AfterT. cruziinfection inR. prolixus the
transcript level ofRpLys-Ais increased, whild&RpLys-Bremains to be unaffected RSIC-
BEDOYA et al 2008).

Considering the molecular basis of these interastioas become a major field of re-
search within the last years KBIc-BEDOYA et al. 2008; WANIEK et al. 2011). However, the
organization and physiological role of these intBoms are not clearly understood. Therein,
understanding lysozyme expression pattern togetitarthe respective bacteriolytic activity
after T. cruziinfection poses an initial step. The present stiadyises on the time course of
the bacteriolytic activity in small intestine anectum samples of non-infected ahdcruzi
infected T. infestansfifth instar nymphs after blood ingestion as wedl the corresponding
expression pattern of the lysozyme genes. Thetinédacteriolytic activity of triatomines
was analyzed using a liquid assay and the zymogeahmique to indicate the presence and
changes of concentration of bacteriolytic compoundlee relative expression of two
lysozyme genes was determined using qRT-PCR. Aeibatiderstanding of such complex
molecular interactions between the insects andspasacould help to develop new strategies
to fight the transmission of Chagas disease.

3.2 Methods
3.2.1 Mammal maintenance, parasites and exposUnmg/p@anosoma cruzi

Nude mice and rats (RNU/rnand Ztm/NZNU) of both genders were obtained from th
Zentralinstitut flr Versuchstierzucht, Hannoveryi@any. They were maintained in filter cap
cages and were supplied with sterile water and smbdbitum (HOLSCHER et al 2000). All
procedures with rats were conducted under deephasés including carefully monitoring
during recovery.T. cruzi strain “Chile 5” belongs to the zymodeme 1BEET & SCHAUB
1983). Isolated fronT. infestandrom the same village, it is cyclically maintainbdtween
this vector and mice or stored as aliquots at°@Q(ScHAuB 1988b). For passaging of
trypanosomes, female immunocompetent Balb/c micee waraperitoneally (i.p.) infected
with trypanosomes and the resulting parasitemia ewsrsrolled daily according to BENER
(1973). About three weeks post infection (p.i.)the peak of parasitemia in the Balb/c mice,
nude mice were infected with 1Q0 sterile heart blood, containing about @8lion

trypanosomes/ml blood for a subsequent passager A& days at high parasitemia in the
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nude mice four male nude rats (RNU/)nwere infected i.p. with 1501 sterile heart blood of
the nude mice, containing about 0.12 million try@@tigotes. After 21 days the nude rats
were used to infect fifth instar nymphs ©f infestans In addition, blood trypomastigotes
were isolated at the peak of parasitemia.

For the isolation of surface coats from blood tryastigotes, the blood was obtained by
cardiac puncture in 0.1% (w/v) heparin-sodium @dtiffmann-La Roche, Grenzach Wyhlen,
Germany) using about 1 ml/rat. After differentiaintrifugation (10 min, 350, 4 °C), resus-
pension in rat serum and a second differentialrfagation, the parasite-containing super-
natants were pooled and centrifuged for 10 minG&gand 4 °C according to ¢t SCHER et
al. (2003) with the following slight modifications.h& trypanosomes were resuspended in
2 ml phosphate buffered saline solution supplententéh 5 % (w/v) glucose (@HAUB
1991). After centrifugation (20 min, 4@Q 4 °C), supernatant was additionally centrifuged f
10 min at 10,00@ and 4 °C. An induction of surface coat shedding wehieved by resus-
pending all pelleted blood trypomastigotes in prefece buffer followed by a strong centri-
fugation for 5 min at 10,009 and 4 °C (MLscHERet al 2003). Resulting supernatant and
pellet were mixed using an injection needle (0.525xmm, BD, Heidelberg, Germany) to
increase the shedding of the surface coats andifaged for 5 min at 10,009 and 4 °C.
This procedure was repeated. After additional deig@tion (10 min, 10.009, 4 °C), the
supernatant contained shed surface coats and lie¢ the trypomastigotes with less surface
coat, termed “naked” trypomastigotes. For artifiéeeeding, heparinized rat blood was centri-
fuged (10 min, 35@, 4 °C) and the complement system inactivated bybating the serum
for 30 min at 50 °C. Subsequently, the serum wasdwith the cellular blood components

and either surface coats or naked trypomastigotes.

3.2.2In vitro cultivation of Trypanosoma cruzpimastigotes

For cultivation ofT. cruzi epimastigotes, a cryopreserved stabilaté€.afruzi“Chile 5”
was thawed rapidly and inoculated into 2 ml LIT mued (CAMARGO 1964) supplemented
with fetal bovine serum (final concentratior?® (v/v)). Epimastigotes were cultivated at
28 °C and passaged four times in intervals of tagsd Thereby, the cultures contained only
epimastigotes. These were harvested by centrifugdtir 10min at 400g and room temper-
ature and washed twice in LIT medium. Epimastigotese resuspended inmdl LIT me-
dium, counted (BENER1973)and mixed with complement-inactivated rat blood ddificial
feeding (Table 3.1).
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3.2.3 Establishment of experimental groups

First (N1) and fifth (N5) instar nymphs were usediwo approaches (Table 3.1). For
the long-trypo group and the corresponding longtmdrgroup, first instar nymphs were fed
2 weeks after hatching on uninfected Balb/c mice miTocruziinfected Balb/c mice at the
peak of parasitaemia with about Orb@lion trypomastigotes/ml blood (Table 3.1). Subse
guently, both groups were fed on chicken in theosdg¢ third and fourth instar about four
weeks after the previous feeding. 40 days aftetifge(daf) of the fourth instar nymphs, the
resultant fifth instars were dissected either withprevious feeding as unfed or fed on
chicken. The high number of fifth instar nymphs dat enable a feeding on rats. Only fully
engorged fed nymphs were considered and dissecB@ab, 10 and 15 daf.

In the short-term groups, the feeding schedulehef first to fourth instars and the
feeding and dissection schedule of fifth instarsl ndaf were identical with those of the
long-control group. The fifth instars of the shoantrol group were fed on uninfected anes-
thesized rats, the short-trypo group on infecteglstresized nude rats at the peak of parasi-
taemia with about 0.8 million trypomastigotes/mbdudl (Table 3.1). The other fifth instar
nymphs were fed through silicone membranesif&s 1990) with a mixture of complement-
inactivated blood of uninfected rats and eitherdskerface coats (short-surface group), de-
rived from the corresponding number of parasite8 (Qillion trypomastigotes/ml blood) or
these trypomastigotes without surface coats (shaked-trypo group). The short-epi group
received complement-inactivated rat blood contgnabout 0.9 million epimastigotes/ml
blood (Table 3.1), and the nymphs were dissect@daat 5 daf.

Table 3.1: Characteristics of experimental groups.

name established feeding on (instar) approach
as

long-control N1 uninfected mice (L1); chicken (L) 1

long-trypo N1 infected mice (L1) (blood trypomasties); chicken (L2-L5) 1

short-control N5 uninfected mice (L1); chicken (L2); uninfected rats (L5) 1,2

short-trypo N5 uninfected mice (L1); chicken (L2)Lihfected rats (L5) 1,2
(blood trypomastigotes)

short-surface N5 uninfected mice (L1); chicken (L2-L4); rat bloodntaining 1,2
shed surface coats (L5) (membrane feeding)

short-naked-trypo N5 uninfected mice (L1); chickeB-L4); rat blood containing 2
trypanosomes without surface coats (L5) (mentdbfaading)

short-epi N5 uninfected mice (L1); chicken (L2-L4); rat bloodntaining 2

in vitro cultured epimastigotes (L5) (membrane feeding)
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3.2.4 Sample preparation

For measurements of the bacteriolytic activity, @& nineT. infestanswvere dissected
in physiological saline (0.9 (w/v) NaCl) to obtain 3 independent biologicaimgdes of 3
bugs each at each time point. Small intestines waaenerged with forceps in 210 ice cold
0.9% (w/v) NaCl and slightly agitated to support th&tflow of the contents. Recta were
pestled 21Qul 0.9% (w/v) NaCl. At 2, 3 and 8af, trypanosomes in small intestine contents
and rectum homogenates of short-trypo group andt-slaed-trypo group were counted
(BRENER 1973). Contents of small intestine as well as hgenates of recta were centrifuged
for 20min at 400g and room temperature to remove trypanosomes. Tlheseentrifugation
forces were used to strongly reduce the sheddinghefsurface coat of trypanosomes
(HOLscHER et al. 2003). Supernatants were then centrifuged at 0§§G0r 45min at 4°C.
The resulting supernatants were used for activigasarements, SDS-PAGE, zymography
and subsequent mass spectrometry (see 2.2.1-F25EDS-PAGE and zymography, 15 pl
of each sample were used. Since we focused orattteriplytic activity, identical volumes of
the independent samples rather than identical ataairproteins were used, because protein
content is strongly affected by the feeding status.

For quantitative expression analysis, small inbestiwere immediately transferred into
liquid nitrogen. Always two small intestines wereofed to obtain four independent biologi-
cal samples for each time point and stored at°€@0Total RNA was isolated using the
RNeasy Kit (Qiagen, Hilden, Germany) following méaaiurer’s instructions. Quality of
RNA was controlled and the concentration determimgdapillary electrophoresis using the
Experion system (Biorad, Minchen, Germany). RNA @aswere not heat denatured before
electrophoresis because of the endogenous “hidaak’boccurring in the 28S rRNA of most
insects (WNNEBECK et al. 2010), resulting in a misinterpretation of the RIgfofile. Since
degradation pattern recognition of an RNA sampldéhgyExperion system software is auto-
matically generated using saved pherograms of hdmanRNA of different quality as de-
gradation standards @Risov et al. 2008), the slightly divergent pattern of inse®ARoften
leads to an inaccurate low RNA quality index valR&I). Therefore, pherograms of all RNA
samples were additionally analyzed by eye. In gdneamples with an RQI value 86.8
were used for quantitative PCR except for three @mel sample at 3 and 5 daf, respectively,
of the non-infected control group and one sampl@ aind 3 daf of the short-trypo group
(Tables S8.1.17-S8.1.19, Suppl.). These RNA sampiee also used in gPCR because the
respective pherograms indicated a better qualday #pecified by the RQI value. To remove
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traces of genomic DNA, RNA samples were incubatedohe hour at 37C with two units
DNase | (Fermentas, St. Leon-Roth, Germany) acegrtti the manufacturer’'s recommenda-

tions. Finally, RNA concentrations of 2.5 ng/ul eedjusted using RNase free water.

3.2.5 gRT-PCR and data analysis

Expression analysis was performed using the iIS&IpPCR Kit (Biorad) according to
the manufacturer's recommendations in an Opticot®ec (MJ Research, Quebec, Canada)
with  oligonucleotides 268 (5-GGGGTGGACCAAACCATGAT®) and 269 (5'-
CCAACCTTGACGACTCTTGATTAG-3") for TiLysl 267 (5-TAACTGGATCAGAC
TTTGATGGCGT-3) and 468 (5'-ACCATGAATTCCAGCCTTGTTGR3') for TiLys2 or
469 (5'-GTATGTAGCGATCCAAGCTGTTCT-3") and 470 (5-CPAACCTTCATAG
ATGGGGACTG-3) for 3-actin. Real time PCR experirteewere carried out with three in-
dependent samples for each time point and in ¢ap#s according toAczuN et al (2012).

As a control for successful DNase | treatment, easterse transcription was carried out
twice, with or without reverse transcriptase. Saaph which the control without reverse
transcriptase yielded a PCR product were treatathagontrolled and then used. Presence of
PCR inhibitors was ruled out by determining thrégdhaycle (Ct) values of different dilutions
of three representative RNAs as template for riez¢ PCR reaction and subsequent calcula-
tion of the respective PCR efficiency. Primer efficy was calculated with LinRegPCR
(RAMAKERS et al. 2003). Mean Ct were calculated from the triplisaééd used for calcula-
tions of expression ratios according tPrFL (2001) with primer specific efficiencies. The Ct
values for the amplicons derived from the 3-actRNA were used as reference for normali-
zation. PCR conditions were as follows: %D for 10min, 95°C for 5min, followed by 40
cycles at 95C for 10s and at 60C for 30s. After melting curve analysis, statistical anelys
was carried out using the Relative Expression So#w ool (REST) (PAFFL 2001).

3.3 Results

3.3.1 Concentration of soluble proteins

In the first approach (see Table 3.1), most proteincentrations in the small intestine
samples of fed bugs seemed to be higher than tifodee respective unfed control (Figure
3.1). In some groups, these feeding-induced ineseasere only statistically different in two
out of five comparisons, in the short-control groap 2 and Saf (p<0.001 and 0.002,
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respectively), in the short-surface group at 5 Addaf (p=0.004 and 0.046, respectively) and
in the long-trypo group also at these dates (bath.gD1). However, in the small intestine
samples of the short-trypo group, these conceatrsitivere significantly higher over the
whole period of dissections (p<0.001 to 0.011) anthe long-control at 2, 3, 5 and daf
(p<0.001 to 0.037).

Also in the rectum, protein concentration of fedypuvas mainly higher than in the re-
spective unfed nymphs (Figure 3.1). In the shontwd group they were statistically signifi-
cantly increased at 2,d&hd 15daf (p=0.012 and twice <0.001, respectively), ia short-sur-
face group at 5, 10 and taf (p<0.001, <0.001 and 0.016, respectively) anthe short-
trypo group at 3, 5, 10 and #af (p<0.001 to 0.044). In comparison to the respeanfed
nymphs, the protein concentration of the long-adngroup was statistically significantly
higher at 2, 3, 5 and Idaf (p<0.001 to 0.008) and in the long-trypo gr@iB and 15daf
(p=0.023 and 0.047, respectively).

In the second approach (see Table 3.1), the oyan@tkin concentration was lower than
in the first approach, but a feeding-induced inseeaf the protein concentration in the small
intestine and rectum samples was also observedr@§2, consider other scaling). For the
small intestine samples, protein concentratiorhefg¢hort-surface group bugs was statistically
significantly increased at 2 and 3 daf (p<0.001 @rD4, respectively). In the short-control
group (p<0.001 to 0.002), the short-naked-trypougrdalways p<0.001) and the short-epi
group (p=0.004, 0.013) concentrations were siganfily higher at all dissections, i.e. 2, 3 and
5 daf.

For rectum samples, protein concentrations of kimetscontrol group (always p<0.001)
and short-naked-trypo group (p<0.001 to 0.011) veadistically significantly higher at all
three dissections (Figure 3.2). In comparison ®réspective unfed control nymphs (short-
control group), short-surface group nymphs possesséeding-induced increased protein
concentration at 3 anddaf (p=0.006 and <0.001, respectively), short-epug nymphs only
at 5daf (p=0.03) and short-trypo group nymphs only daf(p<0.001).
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Figure 3.1: Protein concentrations in small intestie and rectum of the different groups

in the first approach.

Mean and standard deviation from 3 independent EEmpMeasurements were done with
samples of unfed (uf) fifth instar nymphs as wella 3, 5, 10 and 15 days after feeding.
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Figure 3.2: Protein concentrations in small intestie and rectum of the different groups

in the second approach.

Mean and standard deviation from 3 independent EEnpMeasurements were done with
samples of unfed (uf) fifth instar nymphs as wslPa 3 and 5 days after feeding.

3.3.2pH-dependence of bacteriolytic activity

To control whether or not the bacteriolytic actgtof the samples were positively cor-
related with the protein concentration, activiyOD) was plotted against the respective pro-
tein concentration for each pH between 3.0 andBigures S8.1.1 and S8.1.2, Suppl.). The
activity (AOD) for each pH-condition was uniformly distributedthe graphs. Therefore, no

correlation between the protein concentration d&dlével of bacteriolytic activity was evi-

dent. However, the protein concentration was userbbust reference for the determination

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

3.3.3).

In the characterization of the pH-optimum of thetbaolytic activity againsiicro-

coccus lysodeikticugf small intestine and the rectum samples, agtivitthe rectum samples

was generally lower than in the small intestine @as (Figures 3.3 and 3.4). In the first ap-
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proach (see Table 3.1), the following comparisoith ¥he activities at pH 6.0 were statisti-
cally significantly different. In the small intes& sample of the short-control the activity was
statistically significantly higher than at pH 5.03&daf and at pH 7.0 at 5 daf (p=0.022 and
<0.001, respectively) (Figure 3.3). In the shoyptr group, this was evident for pH 7.0 in the
small intestine samples over the whole post-feegiegod (p<0.001 to 0.017) and in the
rectum samples not only at pH 5.0 but also at @Ha7 3, 5, 10 and 15 daf (p<0.001 to 0.007).
The short-surface group nymphs also possessedisagniy higher post-feeding activities at
pH 6.0 than at pH 7.0 in the small intestine sasfpe=0.002 to 0.044) and at 5, 10 and 15
daf (p<0.001 to 0.027) in the rectum samples alguHe5.0. Only in the long-control group,
the bacteriolytic activity of small intestine samplof unfed bugs was significantly lower at
pH 5.0 in comparison to pH 6.0 (p=0.019) at 3, 8 4@ daf (p<0.001 to 0.019). In the rectum
samples, the same result was observed for unfesl (pag.003) in comparison to pH 5.0 and
at 10 daf (p=0.034) in comparison to pH 7.0. Inltrey-trypo group nymphs, lysis of bacteria
by samples of the small intestine was significamilyher than at pH 5.0 at 3, 5 and 10 daf
(p=0.001 to 0.005). In rectum samples, signifiadifferences were calculated for unfed bugs
(p=0.005) as well as 5, 10 and 15 daf (p=0.002@4.1) in comparison to pH 5.0 and pH 7.0,
respectively.

In the second approach (see Table 3.1), the fatigwbacteriolytic activities were
always statistically significantly higher at pH @ltan at pH 5.0, not at pH 7.0. In short-con-
trol nymphs, samples of small intestines of unfag$(p<0.001) and rectum samples at 2 daf
(p<0.001) showed this difference (Figure 3.4) amdshort-trypo group nymphs also small
intestine samples of unfed bugs and at 5 daf (X0ald 0.04). These comparisons were also
statistically significantly different in nymphs tfie short-surface group (p<0.001 and 0.009,
respectively). In the rectum samples of nymphshef group, this occurred at 2, 3 and 5 daf
(p<0.001 to 0.045). For the short-naked-trypo gragdivities in small intestine samples of
unfed bugs (p<0.001) as well as 2 and 5 daf (p=0d8] 0.034) and in rectum samples at 3
daf (p=0.008) were significantly higher. The shepi- group bugs possessed an increased
activity at pH 6.0 in the small intestine samplésiofed bugs (p<0.001) as well as at 5 daf
(p=0.026) compared to the activities at pH 5.0. fwther characterization of bacteriolytic
activity, measurements at @0 were used for comparison of the respectiveviies of the

different groups according to the feeding state.
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Figure 3.3: Activities/pg protein at different pH in the first approach.

pH-dependant activities/pg protein of short-contsiiort-trypo, short-surface, long-control
and long-trypo groups. Mean of duplicates from 8ejpendent samples, to which material
from always 3 bugs was pooled. Measurements ware deer a 3@nin period with samples
of unfed (uf) fifth instar nymphs as well as 2,53,10 and 1%lays after feeding. Significant
differences to pH 6.0 are indicated by * for p<Q.®5for p<0.01 and *** for p<0.001.
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Figure 3.4: Activities/ug protein at different pH in the second approach.
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3.3.3 Bacteriolytic activities in the small intestiand rectum at the optimal pH

For the comparison of the bacteriolytic activit@sthe individual samples at the op-
timal pH, activities were also calculated as attiyig protein (Figure 3.5). Focusing on the
samples of the small intestine of the first apphodbe bacteriolytic activity of unfed short-
control nymphs was significantly lower in comparnsio unfed nymphs of the long-control
group (p<0.001). In the comparison of the actigitsgter feeding of the two control groups,
chicken blood fed fifth instar nymphs of the longatrol group possessed a significantly
higher activity than rat blood fed nymphs of theorsftontrol group (p<0.001 to 0.008).
Short-surface group as well as short-trypo groumptys showed a higher lysis of bacteria at
3, 5 and 1%af compared to the respective control group (@B®. 0.003 and <0.001 to
0.042, respectively). In long-control and long-toygroup nymphs the activity in the small
intestine samples was statistically significantlgher at 5, 10 and 1&af in comparison to
unfed nymphs (p=0.003 to 0.049 and 0.003 to 0.0d&pectively). In nymphs of the long-
trypo group, the activity at 5 and #@f was significantly higher than in the respectivatrol
(p=0.012 and 0.008, respectively).

Considering the activities of the rectum samplgmphs of the short-surface group as
well as the short-trypo group possessed a high@ritgcat 5 and 15daf (p=0.002, <0.001,
0.011 and 0.003, respectively) in comparison tedrfugs of the short-control group (Figure
3.5). In the comparison of the bacteriolytic ad¢ies of the two control groups, a significantly
less bacteriolysis occurred in samples of rat blieadnymphs of the short-control group than
of chicken blood fed nymphs of the long-controlgraat 5 and 18af (p=0.008 and <0.001,
respectively). Chicken blood fed long-control bigiowed a significantly feeding-induced
increased lysis of bacteria at 10 (p=0.009) anddf5p=0.006). In nymphs of the long-trypo
group, activities at 2, 5, 10 and d&f were statistically significantly higher than non-in-
fected unfed bugs of the long-control group (p=6,020.001, <0.001 and 0.001, respec-
tively). The bacteriolytic activity in samples aing-trypo group nymphs was significantly
increased at 5 and Taf (p=0.008 and 0.007) compared to non-infectedphs at these days
after feeding.

In the second approach (see Table 3.1), the aeskitg protein in the small intestine
samples of unfed fifth instars were significantigher than at 2 and @af for the short-
control group (always p<0.001), short-surface grGug0.002 and 0.018), short-naked-trypo
group (p=0.002 and <0.001) and short-trypo grosi® (@01 and 0.001) (Figure 3.6). Nymphs

infected with blood trypomastigotes (short-trypooup) possessed a significantly higher
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activity at 5 daf than unfed nymphs (p<0.001). Adritl 5 daf of surface coats (short-surface
group), the lysis of bacteria by samples of thelsmgestine was significantly higher than in
the short-control group (p=0.002 and <0.001, retypalg). It was significantly lower in
nymphs of the short-trypo group than in the shorttwl group (p<0.001). Beginning at
3 daf, short-trypo group nymphs showed an increaséditg in the small intestine samples
(p=0.004) compared to the non-infected control isbontrol group) with a maximum at
5 daf (p<0.001). In comparisdo short-trypo group nymphs, atdaf the bacteriolytic activity

in all other groups was significantly lower (p<010©@ 0.003).

In the rectum of short-control group nymphs, alaB the activity was significantly
higher than in unfed nymphs (p=0.005) (Figure 3/ )the same day, in short-surface group
nymphs (p=0.022), short-naked-trypo group nympk®@01) and short-trypo group nymphs
(p=0.034), the activities were significantly lowan in nymphs of the non-infected control
(short-control group). In rectum samples of therskpi group, the activity was significantly
lower at 2 daf than in unfed nymphs (p=0.012). Ata5, it was significantly higher in short-
epi group nymphs than in nymphs of the short-comgroup (p=0.018). At 2laf, significantly
less bacteria were lysed in the assay by samplehat-trypo group nymphs than of the

short-control group (p<0.001).
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Figure 3.5: Activities/pg protein in small intestire and rectum of the different groups in
the first approach.

Mean and standard deviation from 3 independent EEmpMeasurements were done with
samples of unfed (uf) fifth instar nymphs as well2a 3, 5, 10 and 15 days after feeding. Sig-
nificant differences are indicated by * for p<0.65for p<0.01 and *** for p<0.001.
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Mean and standard deviation from 3 independent EEnpMeasurements were done with
samples of unfed (uf) fifth instar nymphs as wall2za 3 and 5 days after feeding. Significant
differences are indicated by * for p<0.05, ** for@O01 and *** for p<0.001.

3.3.4 Protein pattern and bacteriolytic activitysafall intestine contents after SDS-PAGE

The pattern of bacteriolytic compounds of smaléstine contents was investigated by
SDS-PAGE and zymography. Electrophoretic separati@amples from both control groups
representing chicken blood fed (long-control groapyl rat blood fed (short-control group)
bugs at different times after feeding showed a dermpanding pattern under non-reducing
conditions (Figure 3.7). The majority of proteinasMocated at about 13 kDa. According to
the ImageMastéM 1D analysis, about 42 % and 49 % of total proteincentrations, respec-
tively, were detected there in samples of unfedstfgshort- and long-control groups. At 2, 3
and 5 daf, these abundant protein bands represédtéa 50 %, 39 % and 39 % and about
65 % and 68 % of all detected proteins of chicked eat fed nymphs, respectively. For
chicken blood fed bugs at 2 daf, an abundant prdbaind was detected at about 25 kDa
representing 20 % of the total protein concentratio

After zymogram incubation at pH 6.0, lysis bandpesyed corresponding to the most
abundant protein bands at 13 kDa. For chicken bleddbugs 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 contentshef short-trypo group, short-surface
group and the corresponding control samples (startrol group) at different time points
after feeding by SDS-PAGE and zymography, the nitgjorf proteins were located at about
13 kDa in all groups (Figure 3.8). Unfed bugs comgd less protein than the other groups,
but this band represented about 56 % of the totatem concentration. In control samples
from 2, 3 and 5 daf, about 56 %, 37 % and 53 Ypeesvely, of the total protein concentra-
tion were present there. In short-trypo group sasflom 2, 3 and 5 daf, about 42 %, 52 %
and 57 % of the proteins concentrated at aboutDkB kespectively. For short-surface group
samples, the abundance was 37 % at 2 daf and 38&%ad (Figure 3.8). After zymography
at pH 6.0 using\. lysodeikticusas substrate, lysis bands appeared at about 13rka&

groups and at all time points (Figure 3.8).
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3.3.5 Protein identification by mass spectrometry

Small intestine proteins of the different groupsraveeparated by non-reducing SDS-
PAGE and bands at about 13 kDa and one band at abdiDa, showing bacteriolytic activ-
ity (see 3.3.4), were subjected to mass spectraragtalysis.

In the bacteriolytically activ&é3 kDa bands of long-control group samples, TiLy&sbk
identified. For the unfed long-control group, Tillysvas identified with 2 peptides and se-
guence coverage of 20.1 % (Table 3.2). In longtobrsamples of the 25 kDa band at 2 daf,
cathepsin D1 (2 peptides, 8.2 % sequence coveragtjepsin Bl (3 peptides, 12.7 % se-
guence coverage), cathepsin B2 (2 peptides, 7.Bdence coverage) and cathepsin L-like
protease (2 peptides, 8.5 % sequence coverage) id@réfied in line with histone H3 (3
peptides, 19.9 % sequence coverage) (Table 3.2)loRg-control group nymphs at 3 daf, 2

peptides for TiLys1 covered 20.1 % of the deduamtha acid sequence (Table 3.2). Beside
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TiLys1, cathepsin D1 and a salivary lipocalin wédentified asT. infestansproteins. At

5 daf, TiLys1l was identified with 2 peptides andjisence coverage of 20.1 % in line with
cathepsin D1, cathepsin L-like protease, ribosopmatein P1, ribosomal protein P2 and a
salivary lipocalin (Table 3.2).

In addition, many chicken proteins were identifieddamples from all long-term groups
(Tables S8.1.10 to S8.1.16, Suppl.). In both sasfrlem the long-control group at 3 and
5 daf, chicken lysozyme C was identified with 4 fi#gs 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 goup at 3 and 5 days after feeding
and for 25 kDa SDS-gel band of long-control at 2 de after feeding.

Experimenta Feeding Accessiol Amino- MW > ¥ Cov Score¢ Proteir

group state acids  [kDa] peptidest [%]
long-contro  unfec  Q7YZSE 13¢ 15.¢ 2 20.1 530.¢ TiLysl
long-contro 2dal E2D6N¢ 39C 43.C 2 8.2 1111.. Cathepsin Il
long-contro 2dal QG67EP! 332 36.2 3 12.7 263.t Cathepsin 11
long-contro 2dal A6YPDA4 13€ 15.2 3 19.¢ 137.C Histone H3
long-contro 2dal QG67EP’ 32¢ 36.5 2 8.5 107.€ Cathepsin -like proteas
long-contro  2dal A2SZV7 332 36.4 2 7.t 70.2 Cathepsin 2
long-contro 3dal Q7YZSE 13¢ 15.€ 2 20.1 362.7 TiLysl
long-contro 3 dal E2D6N¢ 39C 43.C 4 11.C  305.2 Cathepsin 11
long-contro 3dal AB6YPEE 17¢ 20.C 4 21.¢ 238.¢ Salivary lipocalin
long-contro 5dal Q7YZSE 13¢ 15.¢ 2 20.1  272.C TiLysl
long-contro 5dal  ABYPRC 114 11.5 3 25.4 232.1 Ribosomal protein F
long-contro 5dal ABYPEE 17¢ 20.C 3 21.8 185.¢ Salivary lipocalin
long-contro 5dal A6YPPZ 11€ 11.¢ 3 45.7 176.2 Ribosomal protein F
long-contro 5dal Q67EP 32¢ 36.5 2 6.4 126.¢ Cathepsin -like proteas
long-contro 5dal E2D6N¢ 39C 43.C 3 8.7 99.¢ Cathepsin I1

Accession numbers were derived from Uniprot Profeaiabase (2011). TNot redundant peptides. Sequence
coverage of the identified peptides is giverta3ov [%]. Significance of the search result is givas score.

In the 13 kDa bands of short-term groups, TiLysXks ugentified. In samples derived
from unfed short-control, 2 peptides covered 204.df the deduced amino acid sequence of
the mature TiLys1 (Table 3.3). In the analysistadrs-control group at 2 daf one TiLys1 pep-
tide was also identified at the same molecular nj@das not shown). Analysis of the 13 kDa
band of short-surface group at 2 daf resulted enitientification of TiLys1l by 3 peptides,
covering 20.9 % of the sequence and a cathepskelplotease, cathepsin D1 and ribosomal

protein P2 (Table 3.3). In small intestine contesftshort-trypo group at 2 daf TiLys1l was
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identified by the same 3 peptides. Beside TiLyskaBvary lipocalins, a salivary secreted
protein and cathepsin D1 were identified (Tablg.3.3

In addition to proteins fronT. infestansmany rat proteins were identified in samples
from the short-control group, short-surface gromga ahort-trypo group (Tables S8.1.1 to
S8.1.9, Suppl.). In particular, from this SDS-PAGE lysozyme C-1 was identified with 2
peptides and sequence coverage of 17.6 % (TablésASthd 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 shorsurface group and short-trypo
group at 2 days after feeding.

Experimental Feeding Accession Amino- MW z ¥ Cov Score Protein

group state acids [kDa] peptidest [%]
short-control unfed Q7YZS5 139 15.6 2 20.1 100.3BLys1
short-surface 2 daf  A6YPRO 114 11.7 3 25.4 245.0 Ribosomal proRg
short-surface 2 daf Q7YZS5 139 15.6 3 209 136.9 TiLysl
short-surface 2 daf Q67EP7 328 36.5 2 6.4 78.9 Cathepsin L-likeégase
short-surface 2 daf  E2D6N9 390 43.0 2 4.4 72.2 Cathepsin D1
short-trypo 2daf Q7YZS5 139 15.6 3 20.9 356.I8ysl
short-trypo 2 daf A6YPI9 129 14.6 3 37.2 124.&livary secreted protein
short-trypo 2daf  A6YPES 179 19.9 2 14.0 104.Salivary lipocalin
short-trypo 2daf E2D6N9 390 43.0 5 13.9 103.@&thepsin D1
short-trypo 2daf  A6YPE6 179 20.0 2 14.0 77.48 \&ali lipocalin
short-trypo 2daf  A6YPE9 179 20.0 2 14.0 66.53 &ali lipocalin

Accession numbers were derived from Uniprot Profeaiabase (2011). TNot redundant peptides. Sequence
coverage of the identified peptides is givertdSov [%)]. Significance of the search result is gives score.

3.3.6 Temporal expression profile BilLyslandTiLys2in the small intestine of non-infected
and short-term. cruztinfectedT. infestans

Real-time gPCR was used to analyze the expressudites of TiLyslandTiLys2in the
small intestine of non-infected and short-teFrrcruziinfected fifth instars off. infestansin
addition, relative expression levels of both lysoeygenes were quantified after feeding of
nymphs on chickens or rats. Threshold cycle (CijesofTiLys2were always lower than of
TiLys1 (data not shown), i.e. the expression leveliafys2was generally higher than those of
TiLys1in all groups. In comparison to unfed bugs the eggion ofTiLys1lwas 32-fold higher
at 15 daf on chicken (p=0.036) (Figure 3.9). Atar@ 15 daf on chicken, the transcription
level of TiLys2was significantly up-regulated by the factor 8.8({®38) and 68.6 (p=0.001),
respectively, in comparison to unfed bugs. Thesttapt level ofTiLyslin rat blood fed bugs
was significantly increased at 3 daf by the fadot (p=0.036), while the expression of
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TiLys2was not affected by feeding on rats (Figure 3.1@9mparison of transcript levels of
rat blood fed and chicken blood fed bugs for eacte tpoint showed a reduction ®fLys2
expression by 25 % (p=0.034) in rat blood fed batgs daf (Figure 3.10B).

After short-termT. cruztinfection, transcription ofiLys1was not significantly up-re-
gulated referring to unfed bugs, but thafTafys2was increased 5.8-fold at 5 daf (p=0.001)
(Figure 3.11A). Comparison of the transcript levefsTiLys1l and TiLys2 of short-term
T. cruziinfected bugs with the respective expression ewelnymphs of the non-infected
control group for each time point showed a redunctdTiLys1expression by 99 %t 3 daf
compared to the non-infected control group (p=04¥s) a 13-fold increasédLys2transcript
level at 5 daf in the short-terin cruztinfected group (p=0.05) (Figure 3.11B).
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Figure 3.9: Temporal expression offiLysl and TiLys2 in the small intestine of chicken
blood fedT. infestans referring to the amount of transcripts of unfed bugs.

Differences of expression levels ®iLys1 (black bars) andiLys2 (white bars) at different
days after feeding are given as mean ratios amdiatd errorsr( = 3). Significance of tran-
script increase after feeding is indicated abows bg * (p< 0.05) and *** (p< 0.001).
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Figure 3.10: Temporal expression ofTiLysl 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 ®iLysl (black bars) andiLys2 (white bars) at different
days after feeding are given as mean ratios amdiatd errorsr( = 3). Significance of tran-
script increase after feeding is indicated abovs bg * (p< 0.05).
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Figure 3.11: Temporal expression offiLysl and TiLys2 in the small intestine of short-
term T. cruz-infected T. infestans referring to the amount of transcripts of A) unfed
bugs and B) the non-infected control group

Differences of expression levels ®iLys1 (black bars) andiLys2 (white bars) at different
days after infection are given as mean ratios #aadsrd errorsn(= 3). Significance of tran-
script increase after feeding is indicated abows bg * (p< 0.05) and *** (p< 0.001).

3.4 Discussion

3.4.1 Concentration of soluble proteins and baahtgrc activity in the small intestine and
rectum of non-infected and cruztinfectedT. infestans

Fifth instar nymphs of thd. infestansstrain “Chile” ingest on average 400 mg blood
and excrete about 8% of the weight of this bloodmeal within 24 hi¢ELER 1998). Since no
proteolysis occurs in the stomach IGBLESWORTH 1977; AZAMBUJA et al. 1983; G\RCIA
1987), the ingested blood increases the proteiasaration in the stomach about 20-fold
after feeding. Protein concentration decreaseslglontil 6 daf and then rapidly until 3af
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(EICHLER 1998). Since the bloodmeal is passed in smalligwtto the small intestine
(KoLLIEN & ScHAuB 2000), the protein concentration increases 3.@4mlreach a maximum
at 23daf. This maximum decreases until &&. Here, the concentration is still 2-fold higher
compared to unfeR. prolixus(EICHLER 1998; RBEIRO & PEREIRA 1984).

The present investigation covered also these fgddoiuced changes, but focused on
the analysis of protein concentrations in the simédistine and rectum of short- and long-term
T. cruztinfected bugs, considering also the ingestiomgdanosomal surface coats. An initial
increase of the protein concentration in smallgtite at 2daf, ranging from 1.4 to 3.5-fold,
in non-infected nymphs reflects the already knowermmenon, and was also evident in the
nymphs of the other groups. The concentration ddiilbde proteins in short-surface group
nymphs was not higher as the concentration in ngngbhhe short-naked-trypo group. There-
fore, the protein concentration was not remarkaiffected by the additional ingestion of
T. cruziproteins.

The first detailed investigation of bacteriolytictiaity in different regions of the gut of
R. prolixus indicated a pH-dependency of immune responsiveoifdRBEIRO & PEREIRA
1984). Using the GraivbacteriumM. lysodeikticusas substrate and a sodium acetate buffered
system (pHb.0-7.5), the highest activity in stomach and snmadistine homogenates occurred
between pHb.0 and pH5.0. In the present investigation, a universal &uffystem enabled
measurements between BHD and pHB.0 with a constant ionic strength. Small intestine
contents and recta showed the maximal activityHh6®. Thus, the bacteriolytic activity was
similar in both species of triatomines. In micr@ttede measurements, the pH-values in the
anterior, middle and posterior part of the smakstine of unfed bugs were 6.3, 6.7 and 6.6,
respectively (Figure S9.1.6, Suppl.). After feeditige pH-values ranged between 6.7 and 5.3.
Therefore, the determined optimal pH-conditionbadteriolytic activity are similar to the pH
milieu in sity, and the comparisons of the bacteriolytic actegitin the small intestine and
rectum samples df. infestangocused on pH.0.

The bacteriolytic activity in small intestine andctum samples did not correlate to
protein concentrations (Figures S8.1.1 and S83uPpl.). Thus, the bacteriolytic compounds
are present at similar amounts, or different am®umdy potentially not be determined with
the applied methodology. The high concentrationprofeins at about 13 kDa (see 3.3.4 and
3.4.3) seemed to be mainly caused by hemoglobimadagjon products derived from the
bugs’ blood meal.

A so far unknown phenomenon appeared in the cospiof activities in nymphs of
the two control groups. In nymphs fed on chickeooll| the small intestine contents pos-
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sessed a significantly higher bacteriolytic acyiitan in nymphs fed on rat blood (Figure
3.4). Some major constituents of the bleodarbohydrates, lipids are similar in most host
animals of triatomines. Proteins are the most abonhdutrients in the blood and dissimilar
distributed in whole blood, erythrocytes or plasalane. Mammalian blood, e.g. human
blood, contains 36.8 g protein/100 ml erythrocydes 7.41 g protein/100 ml plasma. How-
ever, chicken blood contains only 29 g protein/fdCerythrocytes and 3.6 g protein/100 ml
plasma (summarized byeHANE 2005). Much stronger is the difference in the levef
nucleic acids, since birds possess nucleated eyttes. Total phosphorus as well as certain
organic and inorganic fractions in cells and seamn affected by the age of the hen, espe-
cially at the moulting season and at the time @ pgpduction (HLLER & PAUL 1934). In
future investigations mammalian blood should beptemented with nuclei or nucleic acids
to recognize whether or not this specific differemauses the increased activity after feeding
of the blood of chicken.

Not only such host-blood derived effects but alseding-induced changes affect the
bacteriolytic activity (MEISER 2009). Since small intestine samples of chickevodbl fed
nymphs (long-control group) as well as nymphs & kbng-trypo group showed a signifi-
cantly increased lysis d¥l. lysodeikticusat the same time points (5, 10 and 15 daf) in com-
parison to unfed nymphs, increased activity of nygo group nymphs is most probably
caused by the ingested blood. However, the staiktisignificantly increased bacteriolytic
activity of long-trypo group nymphs in comparisantbhe respective control at the same time
points indicates an effect of the infection, peshéy the increased trypanosome population
after blood ingestion (BLLIEN & ScHAUB 1997, 1998D).

An effect of T. cruzion the bacteriolytic activity is also indicated e short-term in-
fections. In our attempts to analyze the inducteenpound of blood trypomastigotes we fo-
cused on the surface coat. The surfac&.afruziis covered by mucins, which contribute to
parasite protection and to the establishment adraigtent infection in mammals (BCAGLIA
et al. 2006). Mucin-encoding genes comprise abo@t df the parasite genome and about
6 % of all predictedT. cruzigenes, indicating the high relevance of mucinscruzimucins
can be divided into two major types: those presanthe surface of epimastigotes in the vec-
tor and those present on the surface of blood mgstigotes in the mammalian host. The
structural difference between the mucins extrabteoh epimastigotes and blood trypomasti-
gotes resides in the lipid portion of the glycosypphatidylinositol-(GPI) anchor. In blood
trypomastigotes, it partially switches from an dd#laylglycerol to a ceramide €BRANO et al.
1995). The biological role of this modificationusknown, but it might modulate the rate of
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mucin shedding (§HENKMAN et al. 1993). In particular in the epimastigote stage, 3%-

50 kDa mucins have a protective role against proteagsbhgh are present in the intestinal

tract of the insect vector (MRTARA et al. 1992). In metacyclic trypomastigotes, mucins have
additional roles in the attachment to and invasibmammalian host cells, and mucins puri-
fied from metacyclic trypomastigotes, but not frapimastigotes, bind to these host cells
(YOSHIDA et al.1989; Ruiz et al. 1993).

In the present investigation, the bacteriolytichaigt of small intestine contents of
short-term infected bugs (short-trypo group) anduds fed with blood containing purified
surface coats (short-surface group) were highan tifauninfected controls and of nymphs
after ingestion of epimastigotes. Therefore, theawé surface glycoproteins of intatt cruzi
bloodstream trypomastigotes, which were ingestedhuyt-term infected bugs, and the puri-
fied surface coats caused an increased immunenesphlymphs fed with blood containing
blood trypomastigotes after shedding of the surfa@ showed no immune response in the
small intestine until 3 daf. This fact underlinbs importance of the surface coat for the acti-
vation of an early immune response in the intestihthe vector. A feeding of bugs on rats
infected with African salivarian trypanosomes, d.g/panosoma brucei brugemight eluci-
date a species-specific induction bycruzi

Intestinal immunity response in triatomines is ooty present in the midgut, but also
induced in the rectum (WTTEN et al. 2007). In the present investigation, ald§ a statisti-
cally significantly increased bacteriolytic activibccurred in nymphs of the short-trypo group
and short-naked-trypo group. Since no trypanosomege detectable atdaf in the rectum of
short-term infected and short-naked-trypo groupsbigata not shown), the induction might
be caused by bacteria swept out of the Malpighidniles (8HAUB & SCHNITKER 1988) or
due to a systemic immune response, which is nticesl to one section of the gut.

3.4.2 Pattern of bacteriolytic activity in the simatestine and identification of responsible
proteins by mass spectrometry

The bacteriolytic activity irR. prolixusintestinal tract was attributed to be lysozyme
activity (RBEIRO & PEREIRA 1984). Using a recombinant lysozyme ©f brasiliensis
(TbLys1), lysis occurred at 14 kDa and optimallyp&t 5.5 in zymograms (MNIEK et al.
2009b). In the present investigation, in zymogragiteymajor bacteriolytic activity for short-
control, long-control as well as for short-trypodashort-surface groups occurred at about
13 kDa. This molecular mass is corresponding tosihe of maturel. infestandysozymes
(Table 3.4).
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Table 3.4: Physico-chemical characteristics of thpro-form and the mature protein of
T. infestans lysozymes.

Pro-protein Mature protein
MW  pl Asp+Glu* Arg+Lys* MW  pl Asp+Glu* Arg+Lys*
[kDa] [kDa]
TiLysl 1565 9.07 14 21 13.81 9.16 13 20
TiLys2 1568 5.61 15 13 13.86 5.59 14 12
TiLys3 1557 6.79 16 16 13.70 6.96 15 15

*Quantity of respective amino acids.

ForT. infestansall so far described lysozymes were characterdsed-type lysozymes,
attacking cell wall peptidoglycans of especiallya@f bacteria (OLLIEN et al. 2003;
BALCzUN et al. 2008; KLENNER 2008). In future investigations, the expressiomihfys3in
the small intestine should be verified and the amanid sequence of TiLys3 should be in-
cluded in mass spectrometric data analysis. Thayt&t mechanism of these lysozymes in-
volves two steps. In the first step, a covalentgbyl-enzyme intermediate results via the
catalytic Asp residue. This intermediate is hydzeky in the second step, while the carboxylic
groups on the side chain of Glu act as a catabtid/base (6cAbLO et al. 2001). These
functionally important residues Glu and Asp arespra at positions 50 and 68 in TiLys1 and
TiLys3 mature proteins, respectively. Both lysozgnpessess an exchange of Asn65 to Asp
as well as exchanges of the polar Ser106 and Thid@7polar Tyr and a non-polar Gly, re-
spectively. The lysozyme OF. brasiliensispossesses the same characteristics indicating a
similar pH-optimum (A&RAuJo et al.2006).

According to mass spectrometric data analysis, il was present in bacteriolytic
active bands at about 13 kDa (Tables 3.2 and 3m)groups fed on chicken or rats,
corresponding lysozymes of these hosts were idedt#dditionally to TiLysl (Tables S8.1.1-
S8.1.16, Suppl.). The relevance of host blood @eriysozymes in total bacteriolytic activity
in zymograms of small intestine contents is ratiegligible, since in zymograms of chicken
blood serum no lysis about 13 kDa occured (datashotvn). Moreover, unfed bugs showed a
bacteriolytic activity againsk. lysodeikticusand hence the activity in fed bugs is presum-
ably not caused by chicken lysozyme, but mostyiksl TiLys1.

Beside the lysozymes, peptides of differéninfestansathepsins were identified in the
13 kDa SDS-gel band (Figures S8.1.3 and S8.1.4plJuplowever, the molecular mass of
mature triatomine cathepsins is about 23-29 kDathnd considerably higher than the mo-
lecular mass of lysozymes. Therefore, only proteagments of these cathepsins were identi-
fied, and a functional synergism in zymogram attiwvith TiLys1 is unlikely. These

cathepsin fragments most likely seemed to be nitwecurring remnants of cathepsin turn-
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over. Mature cathepsins D (TiCatD and TiCatD2) wisidated from an SDS-gel band at
about 28 kDa (Figure 9.1.3). Mature proteins ofhepsin B (TiCatB1l) and cathepsin L
(TiCatL1) possess molecular masses of about 27&qa23 kDa, respectively @{LIEN et
al. 2004). In the zymogram of small intestines of lthreg-control group at 2 daf, a slight lysis
zone at about 25 kDa occurred, and TiCatB, TiCatD &CatL were identified (Table 3.2).
After T. cruztinfection of R. prolixus cathepsin D activity was increased in the costerft
the small intestine (BRGESet al 2006). Since lysozymes and cathepsin D-like s#s
seem to act synergistically in the digestion oftbaa in the gut of larvae of the housefly
(ESPINOZA-FUENTES& TERRA 1987; REGEL et al 1998; RADILHA et al 2009), a possible in-
volvement of cathepsin D in intestinal immune rews®s toT. cruziinfection should be in-
vestigated by qRT-PCR in future studies.

Analysis of the 13 kDa SDS-gel bands of small itmescontents of the short-surface
group at 2 daf and of the long-control group ain@ & daf also identified the ribosomal
proteins P1 and P2 and histone H3 frominfestansrespectively. These proteins are intra-
cellular proteins, whose presence in the smallstime contents was surprising. However,
their presence was probably caused by destructioalls while extracting the contents of the
small intestines or by the cell renewal of the $nmaéstine epithelium in which old cells are
passed into the lumen of the small intestine.

Although both intestinal lysozymes oF. infestanswere described as digestive
lysozymes (&SIG-BEDOYA et al. 2008), TiLysl seems to possess mainly an immulagece
function, which is induced after feeding and sigraiftly higher after ingestion df. cruzi It
should be emphasized that especially the ingestidiiood trypomastigotes induces an im-
munological response. Therefore, the presence ridcgicoat possessing parasite stages or
the presence of shed surface coats seem to umtegile humoral immune response in
T. infestanssmall intestine after feeding. In comparison te tion-infected control group,
long-term infected bugs showed a statistically icemtly higher bacteriolytic activity at 5
and 10 daf. Since &. cruztinfection supports the development of non-symbiggrms in
T. infestangEICHLER 1998), an immune suppressive effect of long-tdrntruztinfections

seems to be possible.

3.4.3 Transcriptional profile dfiLyslandTiLys2

According to the changes of bacteriolytic actigfiblood ingestion and. cruzimight

regulate the expression of genes encoding lysozyfites inducing effect of feeding on the
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expression level was evident in the anterior midggtons, cardia and stomach of fifth instar
nymphs ofT. infestansdissected unfed and at 5, 10 and 15 daf, butnnibte small intestine
(KoLLIEN et al 2003). These differences were also evident th fifstar nymphs ofriatoma
brasiliensisdissected additionally at 1 and 3 daR@Jo et al. 2006). Considering only the
whole intestinal tract of unfed aduft prolixusand at 2, 7 and 14 daf, the feeding did not in-
duce significant changes of expression levels efttho lysozyme encoding gené¥pLys-A
andRpLys-B(URsIC-BEDOYA et al. 2008).

In the present investigations fifth instarsTofinfestansvere fed on rats (short-control
group) and dissected unfed and 2, 3 and 5 dafdoorechicken (long-control group) and dis-
sected additionally at 10, 15 and 20 daf. Focusingthe small intestine and the two
lysozymes, the expression level TiLysl was significantly higher in nymphs 3 daf on rats
and 15 daf on chicken than in unfed nymphs, witisg of TiLys2was significantly higher at
10 and 15 daf on chicken and 5 daf on rats. Thuslagion of TiLys1and TiLys2 might be
part of the response of the intestinal tissue tweiasing populations of symbiotic or other
bacteria, activated by stimuli received elsewhaerghie insects’ body or as shown in the
present study due to feeding.

Effects of T. cruzion the expression of genes encoding lysozymes tialyebe consi-
dered previously ifR. prolixus(URsIC-BEDOYA et al. 2008). WhildRpLys-Aexpression was
up-regulated 7 and 14 days after ingestion of bloggbmastigotes, the transcriptional profile
of RpLys-Bremained similar after feeding non-infected orectéd blood. In addition, the
transcriptional level ofRpLys-Awas alsoup-regulated in the midgut of non-infected
R. prolixusafter inoculation of bacteria into the haemolymRrsic-BEDOYA et al. 2008).
The amino acid sequence of RpLys-A is more sinmiafliLysl (79 %) and less similar to
TiLys2 (61 %). RpLys-B is more divergent and has¥b3imilarity to TiLys2 and only 49 %
similarity to TiLys1 (Figure 3.12). The high sequersimilarity of RpLysA and TiLys1 sug-
gests a similar function in parasite interactiontlre small intestine oR. prolixus and
T. infestansHowever, in the present study, thgys2 transcript level was significantly in-
creased at 5 daf in short-term infected nymphs|eafiLys1 expression was down-regulated
and not up-regulated at 3 days affercruztingestion. Since the expressionTatLys2 was
induced followingT. cruzi challenge, this lysozyme might be the functionalirderpart of
RpLys-A inT. infestansdespite of the higher sequence identity of TiLgatl RpLys-A
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Tilysl : [WAVNEECEVARNel EENVRIZCCIIKEIVAHE REREFANMVEENIIEEING © 55
Tilys2 : [MAVNEECEVARNE\EENVRICEMIREN el FRGREP\ CHNETVEERON © 55
RpLys- A : mF-AI Fe | LONIeARVF TRCEL AREL KO CRPREDINVIVCL L EAE SCRN TR
RoLys-B : [l ANSVIETSLL|EFTViESAKURIDCEWANVEENACHEKDQEKDY! [@BAKA=SSLNI @ 55

TiLysl : AiReezi HyesN(oNERZoF BRAYLTYeK eHDOHYRO=BERTDORI RASVKCALL : 110
TiLys2 : AR TESDFEEVYYYEREeISBRYIBVHeEeHASSYKE=BAL SOBI TASVKCALL : 110

RoLys- A : RAREEZNYEESNENENFOY BRI IMNEREEHASHYRO=RER- TBDI RASVRCAV : 109
RpLys- B : TEViEezIKNEsNP Yienge i BH [L8DPEKREGHONYKESBEVL EBDI GPSMNCAK : 110

Ti Lys1 Ti Lys2
TiLysl : [IKSREGAKAWYGAONKCRGRELPNVDVCE- : 139 70 %
TiLys2 : [EKNJEGANSWYLWRNQCKGJZLPNVDVCE- : 139 70 %
RpLys- A : Q K8QGNSAWYGAQYHCRGRPLPDI NVCF @ 139 79 % 61 %
RpLys- B : [BVYKVQGFKAVWNGN KKCKGEKLPPL- VC- : 138 49 % 53 %

Figure 3.12: Multiple sequence alignment of lysozyes of different triatomines.

Identical amino acid residues conserved in all eages are black shaded; amino acid resi-
dues conserved in two or three of four sequenaegray shaded. Percentages display identi-
ties to TiLys1 and TiLys2. The following GenBankgsences were used for comparisBn:
prolixus Lys-A (ABX11553; R. prolixus Lys-B (ABX11554); T. infestans Lysl
(AY253830; T. infestand.ys2 (AB194387.1).

In the analysis of the expression levels of theghndependent biological samples, high
standard errors were evident (Figures 3.9-3.1I)ceSthe presence of PCR inhibitors was
excluded and the robustness of the gRT-PCR setgpewauated by using different combi-
nations of concentration of template RNA and oligdeotides (data not shown), the strong
variations most probably reflect biological diffaces. One reason might be the number of
symbionts which colonize the intestinal tract oattmmines. These are essential for a proper
development of the nymphal stages and fertilitythed adults (summarized bydeLER &
ScHAUB 2002; VALLEJO et al. 2009). After feedind . infestandN2 with an appropriate num-
ber of symbionts, symbiotic populations in the drnrdestine can be detected at 2 daf for the
first time (HECHLER 1998). Afterwards, symbiont population continugusses up until 7 daf.
Up to 20 daf, no additional increase of the popoiasize is detectable. These symbionts de-
velop up to high densities in the cardia and tlensich, but are killed in the small intestine,
most probably due to the action of antimicrobiaitdéas — like lysozymes — or digestive con-
ditions. Since the symbiont density is variablenssin different individuals (EHLER 1998),
differences in expression levels DLys1andTiLys2 within the different biological replicas
might be explained by variable intensities of immuesponses and/or partly by interaction
with symbionts.

Most recently, up-regulation afefensinltranscription level infriatoma brasiliensisat
20 days after ingestion ah vitro culturedT. cruzi suggested defensinl to have a role in
T. cruzicontrol (WANIEK et al 2011). A synergistic function of lysozymes andedsins in

T. infestansafter short-ternmT. cruziinfection should be considered. Th infestansacteri-
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olytic activity of short-term infected and surfaoeat fed nymphs was significantly increased
up to 5 daf. Thus, the immune responsé .toruztinfection seems not to be regulated by the
transcription level of neithefiLysl nor TiLys2 but rather by the activity of low abundant
TiLys1, whose presence was verified by mass spaetiric analysis. However, former stu-
dies focused on the long-term effectTofcruztinfection of R. prolixusor T. brasiliensison
either lysozymes or defensin RBIC-BEDOYA et al. 2008; WANIEK et al 2011), whereas the
present study considered the initial effect of arstermT. cruziinfection. Therefore, further
investigations have to include the effectsTohyslandTiLys2relative expression levels up
to 20 days after. cruztinfection.

The increase of the bacteriolytic activity by theface coats offers the possibility for a
molecular biologic identification of the intracdbm pathway related to the immune response.
So far, this has been considered iDrosophila after artificial infection with
Crithidia fasciculataor C. bombi These insect trypanosomatids which naturallyangeed
sucking Hemiptera or bumblebees, respectively,daduhe production of eight antimicrobial
peptides including defensin, cecropin, attacinsdoin, metchnikovin, drosomycin, diptericin
and a matured prodomain of attacin ®{BANGER et al. 2001). These peptides indicate in-
ductions of the immune deficiency (IMD) and Tolltipaay. Usually lipopolysaccharide
(LPS), a cell wall compound of Gratacteria, is recognized by the receptors in thaume
deficiency (IMD) pathway and leads to the inductadrantimicrobial peptides like cecropin,
drosocin and diptericin. The presence of fungi @ndm’ bacteria activates the Toll pathway
in Drosophilg resulting in the synthesis of drosomycin (sumeetiby BDULANGER et al.
2006). So far, genes encoding the IMD and Toll wath were detected in the triatomine
R. prolixus (URSIC-BEDOYA & LOWENBERGER 2007), but the inducing pathogen-associated
molecular patterns have not been investigated. llysulaese molecules are conserved struc-
tures or motifs (MLLER et al 2008). InBrugia malayiinfectedArmigeres subalbatusios-
guitoes, a peptidoglycan recognition protein, Cetygctins and calreticulin were detected in
the immune response of the mosquitoes againstildralf infection suggesting that lectins
play a role in the detection of nematode infectromosquitoes (summarized by€riLLO et
al. 2011). Since the surface coatlofcruzidoes not possess the uniformly composition as in
African trypanosomes (summarized byt¢HINSON et al 2007), different molecules can
induce the immune response in the vector. Howevieich pathway regulates the expression
of TiLys2 after short-termT. cruziinfection inT. infestanshas to be investigated in future

studies.
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4. Pattern of bacteriolytic compounds in the small inéstine of the
haematophagous Hemipterdl riatoma infestans

4.1 Introduction

Triatomines are vectors dirypanosoma cruzthe etiologic agent of Chagas disease in
Latin America (8HAuUB 2008). Triatoma infestands one of the most important vectors
(ScHOFIELD 1994). Sylvatic populations of this triatomine &tesely associated with wild
rodents, e.g. guinea pigs. Thereby, bugs presuntalibypized houses during domestication of
these mammals, and infestansvas dispersed passively over the South Americatirent,
starting with pre-Incan and Incan tribes to thenpoif economic migration in the last century
(BARGUES et al. 2006). In the last decade of the™6entury, domestic populations of
T. infestanswere strongly reduced by intensive spraying cagmmi(DAS & SCHOFIELD
1999; QRTLER et al.2007)(see 1.1)

Triatomines are obligate bloodsuckers. They inge amounts of blood, e.g nymphs
can take up 12 times of their own body weight dndhfestandifth instar nymphs engorge
about 360 mg blood within a single blood meahgRovicH 1972). Ingested blood passes
through the foregut to the midgut. It is storedhe strongly distensible stomachaomBE
1957; KOLLIEN & ScHAuUB 2000). There, the blood is concentrated and esgittes are lysed
(WIGGLESWORTH1977; AZAMBUJA et al. 1983). Subsequently, small portions are transgdorte
into the small intestine, where digestion takes@I@KoLLIEN & ScHAUB 2000). Complete
digestion is a time consuming process, e.g. digesif twice their own body weight requires
about 340 h ifT. infestandemales (EHANE 1991).

Like many other haematophagous insects, triatompusess symbionts, supplying
them with essential nutritional compounds. Whil@gpmbiosis causes strong pathological
effects, bugs possessing symbionts show a normalajanent to the adult stage (summa-
rized by HCHLER & ScHAUB 2002; VALLEJO et al. 2009). To date, mainly Granactinomy-
cetes were classified as acting totally symbiosienfmarized by DRVASULA et al. 2008;
VALLEJO et al. 2009) (see 1.2.5). Symbionts are circulating withi population via co-
prophagy (8HAUB 1988c; $HAUB 1989). The number of symbionts in the stomacheiases
up to 18-fold after feeding (EHLER & ScHAuUB 2002). After passage of the stomach content
to the small intestine, 99% of the symbiont population is killed i(HiLER & ScHAUB 2002).
Therefore, symbiont density in the intestine seémbe regulated by antimicrobial com-
pounds (KOLLIEN et al.2003; ARAUJO et al.2006).
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In addition to symbionts, air-borne microorganisame taken up by coprophagy, but
also during the moulting process in which amouritaioare ingested to increase body vol-
ume (KOLLIEN et al.2003; MJLLER et al.2008). Thereby, co-infections with different miero
organisms occur (BUEIREDO et al. 1990; HCHLER et al. 1996; MORAES et al. 2001,
AzAMBUJA et al. 2004; VALLEJO et al. 2009). After ingestion of blood artificially enhed
with high densities of air-borne bacteria, many pis die within 3 days ($1AuB, unpub-
lished). This might point to an antimicrobial cantof bacteria growth.

Bacteriolytic activity in homogenates of the inteat tract of the triatomin®. prolixus
was suggested to be lysozyme-like activitysRRO & PEREIRA 1984). The expression rates
of genes encoding lysozymes and defensin in thmasth are increased after feeding up to
15-fold and 12-fold, respectively @{LIEN et al. 2003; ARAUJO et al.2006). In the small in-
testine, the expression levels of lysozyme andrafiedetermined bin situ hybridization are
much lower than in the stomachKAuUJO et al. 2006). So far, ifT. infestanghree lysozyme
encoding genes have been identified by sequen&ogL(EN et al. 2003; BALCZUN et al.
2008; KLENNER 2008). TiLys1 and TiLys2 are expressed in the gtige tract and possess an
amino acid sequence identity of #®(KOLLIEN et al.2003; BrLCczuN et al.2008). These two
lysozymes belong to c-type lysozymes, and eachkpeessed as a pro-lysozyme, consisting of
a hydrophobic signal peptide and a mature proteitontrast to TiLys1, TiLys2 has a low
theoretical isoelectric point, and the two typigadlccurring glutamate and aspartate residues
of the catalytic site are replaced by valine andgine, respectively (B.czuN et al. 2008).
The mRNA encoding the third lysozyme was isolateomf the salivary gland D3 of
T. infestangKLENNER 2008) and the expression in the gut remains elbermined.

Whereas the mRNA encoding these lysozymes has tlesmacterized in detail, the
presence of these proteins in the intestine habewt proven up to date. In the present study,
we separated intestinal proteinsTofinfestansszia anion exchange chromatography to enrich
low abundant proteins in small intestine homogenafainfed fifth instar nymphs. The bacte-
riolytic activity of the fractions was determineddarespective proteins were identified via
subsequent mass spectrometry. Furthermore, therpatt 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 intaes of 320 starved N5 were dissected.
Eight times, fourty intestines were pooled and lpdsin 150ul buffer A (20mM Tris,
pH 7.0). The samples were centrifuged form at 13,00Q (4 °C). Remaining perturbing
particles in the supernatants were removed by ditiadal centrifugation through a Ogm

filter (Pall Life Sciences, Port Washington, NY, A)Qusing the same conditions.

4.2.2 Enrichment of intestinal proteins, zymography mass spectrometry

An anion exchange column SOURCE 15Q 4.6/100 PE t&&lthcare, Freiburg,
Germany) was equilibrated with buffer A and samplese loaded on the column. Within
30 min, bound protein was eluted by a continuoustyeasing linear gradient of buffer B
(20mM Tris, pH7.0, 1M NacCl) from 0% to 75% resulting in a gradient of 0-750 mM NaCl
and finally 1 M NaCl and a flow rate of 500 pl/mkractions of 25| were collected. Anti-
bacterial activity of each fraction was determinesth a liquid assay (see 2.2.1). Subsequent
fractions at the peak of bacteriolytic activity wgrooled to three independent samples (I-111).
To exclude an overload of the column with protemthe first separation, the flow-through of
five replica was concentrated at@ and 13,00@ in ultra filtration tubes with a kDa exclu-
sion limit (Intersep, Witten, Germany), and thefbufvas exchanged by buffer A.

Flow-through was loaded again on the column antéélunder the same conditions in
a second separation including the determinatiothefprotein content of the elution. The
three samples |-l were concentrated, buffer weshanged as described above and loaded
again on the column in a third separation. To enbaeparation of proteins, they were eluted
by a salt gradient increasing continuously from50-8:M NaCl within 30min and finally
1 M NacCl. To increase the protein concentrationdaubsequent separation, fractions with
bacteriolytic activity of five replica were pooléa one sample. After concentration and buffer
exchange (see above), separation was performed t@rsame salt gradient to elute the pro-
teins.

The flow-through and the pooled fractions of baotgtic activity from the fourth sepa-
ration were used to determine bacteriolytic actiait 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 compuls

Bacteriolytic activity was determined by measuretraithe change in optical density
at 415nm of 0.3% Micrococcus lysodeikticugjuid assays. The flow-through induced a lysis
of the cells within 3Gmin at pH4.0. At other pH-values no cell lysis occurred (de&2).
Bacteriolytic activity at pH 4.0 accounted for 23@h the highest activities of the pooled
sample of bacteriolytic fractions at pH 6.0 and pB (see 4.3.2). Samples of bacteriolytic
fractions showed a pH-dependant activity. No lysisurred at pH 3.0, but about 18 %, 60 %
and 58 % of the highest lysis at pH 6.0 and pH(Z@ %) occurred at pH 4.0, pH 5.0 and
pH 8.0, respectively. In a zymogram incubated abgh lysis ofM. lysodeikticusoccurred at
about 13 kDa for flow-through and fractions withctaiolytic activity (data not shown) sim-

ilar to the zymogram of samples of non-infectedd(see 3.3.3).

4.3.2 Proteins in the small intestine homogenates

Proteins in the flow-through eluted from the fiemtion exchange chromatographies
possessed bacteriolytic activity (Figure 4.1). Arerdoad of the column could be excluded
(see 4.2.2), as no further proteins were elutedrbincreasing salt gradient after a concentra-
tion of the flow-through of five replica, buffer elxange and subsequent chromatography
(Figure S8.2.1, Suppl.).

In the first separations, proteins possessing babtec activity mainly eluted between
137mM NaCl and 325nM NaCl (Figure 4.1). Fractions eluting at abou? 1@ NaCl (50-
225 mM NacCl), 250 mM NaCl (225-275 mM NaCl) and 3861 NaCl (275-375 mM NacCl)
were also pooled and processed for a third chrognapby, and the proteins were eluted
using a salt gradient of 0-3%50OM NaCl within 30min (Figure S8.2.2, Suppl.). The protein
profile of these separations differed and showaghty increased concentrations at different
peaks between 137-3286M NaCl and at M NaCl (Figure S8.2.2, Suppl.). However, in re-
lation to the first separations none of the latactions possessed a bacteriolytic activity.
Therefore, all fractions of bacteriolytic activityere pooled and concentrated for a fourth
chromatography, but even with the higher proteincemtration, no bacteriolytic activity was
detectable (Figure S8.2.3, Suppl.).
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Figure 4.1: First chromatographic separations of bateriolytic compounds from small
intestine homogenates of . infestans.

In the anion exchange chromatography, supernaftasrhall intestine homogenate was sepa-
rated on a SOURCE 15Q column equilibrated with®@ Tris, pH7.0. Proteins (grey line)
were eluted by a linear gradient of 0-#M NaCl and finally 1 M NaCl (dotted line). Lysis
of Micrococcus lysodeikticuby the respective fraction is presented as pemgendf the
maximal activity (black line). Standard deviatiomere calculated from activity of three inde-
pendent separations. Red lines border the subseffaetions used for the next separation
(samples I-llI).

4.3.3 Identified peptides after mass spectrometry

After tandem mass spectrometric analysis of the-tlarough protein and fractions with
bacteriolytic activity againd¥l. lysodeikticus26 proteins of the flow-through were identified
(Tables S8.2.1-S8.2.3, Suppl.), 17 of them as proticom T. infestangTable 4.1) the others
from Gallus gallus(Tables S8.2.4-S8.2.6, Suppl.). Almost 90 % of Thenfestangproteins
were salivary proteins, about two third salivanyokalins and in addition a NAD-binding
glycerol-3-phosphate dehydrogenase and%-Kiading protein.

In the eluted fractions, 7 of 17 proteins were gisgsent in the flow-through; 58% of
all identified proteins originated frofh. infestangTable 4.2), and 70.5 % of them were sali-
vary proteins. For the digestive carboxypeptidaseathepsin B and L, six, three and three
peptides (covered 14.6 %, 120and 10.7 %) of the respective enzyme were idedtifTwo
specific peptides covered 122 of the deduced amino acid sequence of the mailes1

protein (Figure 4.2). Additionally, trialysin as tdracterial pore-forming compound of the
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bugs’ saliva was identified with two peptides congrl6.1% of its amino acid sequence
(Figure 4.3).

Table 4.1: Mascot identification data forT. infestans proteins in the flow-through of the
chromatographic separation.

Accession Amino- MW X |dentified X Coverage Score  Protein
acids [kDa] peptidest [%0]

A6YPU2 175 19.9 9 41.7 3308.4  Putative salivargrsted protein
B4XU24 355 39.0 17 43.4 3113.7  Glycerol-3-phospldaieydrogenase
A6YPE6 179 20.0 6 29.6 625.9  Salivary lipocalin

A6YPP6 193 22.3 6 32.1 412.2  Salivary lipocalin

Q18NS6 178 195 4 28.7 399.5 Platelet inhititiptatin-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 5i6

A6YPG6 182 20.4 3 13.7 136.6  Salivary lipocalin

A6YPH4 175 19.2 2 17.7 318.4  Salivary lipocalin

A6YPES 179 19.9 5 25.1 309.1 Salivary lipocalin

A6YPH2 202 22.7 3 13.4 304.4  Salivary lipocalin

AGYPT7 154 15.9 2 18.2 137.8  Superoxide dissaf€u-Zn]
ABYPNG6 202 22.4 2 9.4 98.0 Salivary lipacal

A6YPG4 184 20.3 2 13.1 95.5 Calponin

AB6YPK2 178 20.5 2 14.1 85.0 Tdinding protein

A6YPHO 185 20.5 2 12.4 75.2  Salivary liponali

Accession numbers were derived from Uniprot Profe#tabase (2011). Sequence coverage of the idmhtifi
peptides is given a5 Coverage. Significance of the search result ismias score. TNot redundant peptides.

Table 4.2: Mascot identification data forT. infestans proteins in bacteriolytic active frac-
tions of the chromatographic separation.
Accession Amino- MW X Identified X Coverage Score  Protein

acids [kDa] peptidest [%]

Q101N9 474 53.9 6 14.6 656.5  Serine carboxypepidas
A6YPH1 169 18.6 9 61.0 586.7  Thymosin beta

ABYPG8 193 20.3 8 33.7 4493 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 pisde
B4XU24* 355 39.0 6 18.3 419.7  Glycerol-3-phosphate dehyetrage
ABYPK2* 178 20.5 5 28.1 302.6  €avinding protein

ABYPG4* 184 20.3 5 32.6 279.9  Calponin

A6YPI9 129 14.6 4 457 276.7  Salivary secretedginot
A6YPU2* 175 19.9 2 16.6 209.4  Putative salivary secretetepr
A6YPR1 214 24.3 3 15.9 166.8  Putative rabll

ABYPR4* 197 21.6 3 17.8 152.1 Lipocalin-like Ti65

A6YPL3* 199 22.3 2 10.6 126.5  Salivary lipocalin

A6YPUO 178 20.4 3 28.7 115.5  Actin-related prot&ip2/3*
Q8T0z4 205 22.2 2 16.1 113.1  Trialysin

A2SzZV7 333 36.4 3 12.9 107.7  Cathepsin B-like paiete
Q7YZS5 139 15.6 2 12.2 85.3  TiLysl

Accession numbers were derived from Uniprot Profe#tabase (2011). Sequence coverage of the idmhtifi
peptides is given a Coverage. Significance of the search result ismgi@s score. *Identical peptides were also
identified in the flow-through. tNot redundant deps."Complex subunit ARPC3.
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| # #
SRR R KAV L L CL VAL L G SEARVFTRAEL AK SDEANVWCL | L
AR BB V<AV LLCLVIIL LG SEARVF T ROELAKELVAHG PREDVANVIWCL | EREE:
ARV YR V<AV L L CLVALL QYSEARVF T ROELARELIRTSG PREDLENVIICL | EREE:

A A # # #
LN SN SHAE SGRNTAAREGPNR DGSYDNGL FQ NDREWOTY GKPGHDCHVRCEDL EHEEEETS
R I AE SCRDT AAL CCPNE DCS YDNGL P NI UVOTYCKPGEDORVKCEDL IR
TiLys2 : TVERPIENNITESOEREWY Y YERSORSpE YIloVHeEReiCeSY[®=pll : 96

# # #
R MEIRT DDi [RASVKCAL LI KERQGWX /(€18 AR GRKL PNVDVCHFIEEEKE
LSRR OO 1ASVKCAL LT KNROGANAVY GVINK K GRKT PNVDVCH T
LRV AR DD TASVKCAL LT KNSQOWNEVWIRVIZNSOK KL PNVDVCF JEEKL

Figure 4.2: Multiple sequence alignment of TiLys1TiLys2 and T|Ly53

The predicted signal peptide cleavage site is nohike an arrow. The conserved cysteine
residues presumably forming disulphide bridgesnaagked (#). Functionally important resi-
dues of glutamate (E) and aspartate (D) are inglichyA. Identical amino acid residues con-
served in all or two of three sequences are blackey shaded, respectively. Peptides identi-
fied for TiLys1 by mass spectrometry are underliaad printed red.

MSKFWLL L LLVAAFQFAHSYPAAEYEL DETTNDEVRQFI GDGYFEDEGDDGED 52
EERFKI KPGKVLDKFGKI VSKVL KQLKKVSAVAKVAMKKGAALLKKMGVKI S 104
PLKCEENTCKSCVI FKI PTENSFCLTI RFMKTNI ATYLVVAGEI NRKSKFEE 156
KLKLGNVPRCVNVEGH GKVCMWKGE EGHAKSSSGQANVNFCL AL VAEKFGVG 208
AKLCG YANKKVRVKI SPOLFPGATSLDGDI VKLDDNGEDATTLDVDEVEI D 260

Figure 4.3: Putative amino acid sequence of trialys.
The sequence was derived from GenBank qudf$27487 (AMINO et al. 2002). Peptides
identified for trialysin by mass spectrometry arelerlined and printed red.

4.4 Discussion

Whereas proteins in the saliva of different triaito@s have been identified IR0 et

al. 1998; AvINO et al 2002; AssumpcAoet al 2008; Meiseret al 2010), the digestive tract
has not been considered before. Results obtainedtfie separation of small intestine homo-
genates via anion exchange chromatography allohedl¢termination of bacteriolytic com-
pounds in the eluted fractions. Subsequently, thetdiolytic compounds were identified
using mass spectrometry. In both, flow-through badteriolytically active fractions, salivary
lipocalins were detected (Tables 4.1 and 4.2). d@rsadivary lipocalins were described on
transcript level and suggested to act as a factoev¥asion or tolerance of the host defense
response (BsuMpPcCAO et al. 2008). The mass spectrometric identification afsth proteins
indicates a stable presence of proteins of theasalithe small intestine even at 40 daf or a so

far unknown expression of the responsive genesialfite intestine, as indicated by the ge-
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nome project irR. prolixus(RIBEIRO et al unpublished). Compared to other proteins, salivar
lipocalins were present in both samples. Besidga#llipocalins, superoxide dismutase [Cu-
Zn], glycerol-3-phosphate dehydrogenase and'-Biading protein were identified in both
samples (Table 4.2). The presence of these prateite flow-through as well as in the bac-
teriolytically active fractions can possibly be &iped by different isoforms or degradation
products, interactions with other proteins or déf& posttranslational modifications.

In chromatography, the flow-through initially possed a bacteriolytic activity against
M. lysodeikticusat pH 6.0. After further chromatographic separatibe bacteriolytic activity
faded (Figure S8.2.1, Suppl.). The loss of actigiéyn be explained by the presence of he-
moglobin degradation products. Bovine hemoglobiagments in the tickBoophilus
microplus are antibacterially active again®. lysodeikticus(FOGACA et al 1999). In
T. infestansdegradation products of chicken hemoglobin werteaded in the flow-through
(Table S8.2.1, Suppl.), which further supports guggestion. In fractions of the first separa-
tions the bacteriolytic activity remained stable these fractions, highest activity occurred at
pH 6.0. This pH is typical for the small intestioeT. infestangsee Chapter 9), and enables
the highest bacteriolytic activity.

The present study also identified trialysin in beeteriolytically active fractions (Table
4.1). The presence of trialysin was shown in tHevag glands (MINO et al. 2002). The
protein was characterized as pore-forming antibbett@rotein with a molecular mass of
22.2 kDa. Trialysin was able to lyse bacteria a#i a&trypanosomes. A protective function
against trypanosome infection of the salivary gtangs already suggested bydo et al.
(2002). The absent lysis in the zymograms at tlspaetive molecular mass suggests that
trialysin in the bacteriolytic active fractionsnst present in its active form. Whether trialysin
origins from the salivary glands or small intestimeeeds to be considered in future investiga-
tions. Elucidating also a function in the digestiraet is furthermore essential.

Other known antibacterial compounds in the intesthtriatomines — including the 4-
5 kDa defensins and attacin-like proteins of 2(kRa& (BULET et al 1993; ARAUJO et al
2006; WRsIC-BEDOYA et al. 2011) — were not identified via mass spectrométhgse proteins
were not detected in the flow-through or in the Ipddfractions. In contrast to attacin-like
proteins, the predicted amino acid sequence ofndefg GenBank accessigkBD61004) is
rich in cysteinesTheoretic tryptic digestion results in seven peidach possessing one or
more cysteine residues. Unfortunately, the ides@tfon of cysteine containing peptides is
almost impossible in mass spectrometry without cédo and alkylation during sample prep-
aration. Therefore, defensin could not be iderdifie the here investigated samples. The
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presence of defensin in small intestine homogenatds infestanseeds to be validated in
future studies using reduced and alkylated samples.

Bacteriolytic activity is usually suggested to degen lysozymes (BLTMARK 1996).

In Diptera, the c-type lysozymes have been diviohdd immunity-related lysozymes, pro-
tecting the intestinal tract against bacterial a¢tiftns, and digestive lysozymesHEEL et al.
1998). The latter share common features with thgeslive lysozymes of vertebrate
ruminants, e.g. activity optima at low pH-valued at physiological ionic strength and a
resistance to proteolytic digestive enzymeBAGER 1996). For triatomines, the lysozymes
TiLys1 and TiLys2 (KOLLIEN et al 2003; B\LczuN et al 2008) were suggested to act mainly
as digestive enzymes due to sequence homologibsthgtrespective lysozymes of Diptera
(UrRsIc-BEDOYA et al. 2008). TiLys1l was the first lysozyme describedhat transcript level
from the intestinal tract of. infestangKOLLIEN et al. 2003). Later, molecular biological in-
vestigations identified another intestinal lysozyieLys2) of this haematophagous insect
(BALczuN et al. 2008). A third one was found to be expressed éninlsects’ salivary glands
D3 (KLENNER 2008). InTriatoma brasiliensisa lysozyme genelpLys), expressed in the
intestinal tract and fat body was describe@ABJo et al. 2006). The expression dbLyslin
the small intestine was 60-300 times higher thathenstomach, rectum and fat body. In im-
mune-stimulatedR. prolixus fat body and intestine contained mRNA encoding ty&o-
zymes RpLys-AandRpLys-B (URSIC-BEDOYA et al. 2008). WhileRpLys-Bis predominantly
expressed in the fat bodpLys-Ais mainly expressed in the midgut affercruztingestion.

In RpLys-A, 79 % of the deduced amino acid sequereeidentical with TiLys1l and only
49 % with RpLys-B (Figure 3.12Y.. infestandysozymes have so far only been investigated
once in zymograms of small intestine homogenatesgik 2009), while mass spectrometry
analysis focused onf. infestanscathepsins (see Chapter 9). In zymograms of tesept in-
vestigation, lysis occurred at about 13 kDa forhbdtow-through and bacteriolytic active
fractions after incubation at pH 6.0. This molecuteass corresponds to the size of TiLys1
mature protein (13.81 kDa), but no lysozyme wastified in the flow-through by mass
spectrometry.

So far, transcripts ofiLys3were only identified in the salivary glands and mothe
small intestine off. infestangKLENNER 2008). Thus, TiLys3 was excluded in the classifica
tion of the mass spectrometric data. Theoretiggltic digestion of TiLys1 and TiLys3 leads
to several specific peptides, six identical anee¢hpeptides with one or two replacements of
amino acids for the both lysozymes (data not sho®ng of these six identical peptides was
identified by mass spectrometry. To generate tlvers® identified peptide by tryptic diges-
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tion of TiLys3, exchange of two amino acids woule tecessary — one within the peptide
sequence and another one amino acid directly béferdl-terminus of the peptide — to gener-
ate a cleavage site for trypsin. Thus, the secdedtified peptide seemed to be specific for
TiLys1 and enabled the identification of TiLys1tive bacteriolytic active fractions.

Due to the different theoretical isoelectric poi(gd of TiLys1 (pl 9.1), TiLys2 (pl 5.6)
and TiLys3 (pl 6.8) calculated by expasy pl tod)12), a separation of the three lysozymes
via anion exchange chromatography seemed to bebpms3iLysl was predicted to be
present in the flow-through. However, mass speattdamdata analysis proved the presence
of TiLysl in the bacteriolytic active fractions &hg between 5nM NaCl and 375nM
NaCl (Figure 4.1 and Table 4.1). This differencglmibe caused by posttranslational modifi-
cations. Information on N-terminal acetylation drogphorylation of the three lysozymes is
lacking. Both modifications affect the surface g®of proteins and therefore the binding
capacities to the anion exchange column. Usudill/ N-terminus possesses a pk8. Using
an anion exchange chromatographic approach arothd.(y the N-terminus is predomi-
nantly charged positive. Each N-terminal acetylatiesults in reducing the protein net charge
by 1, and a phosphorylation is causing more negatharges, depending on the pH. A highly
negative charged protein is eluted later from thleron than a protein charged positive.

In the present study, the intestinal lysozyme TiLy&s identified by mass spectrome-
try (see 3.4.3) after tryptic digestion and chrargaaphic separation of small intestine homo-
genates in the bacteriolytic active fractions (Eadll). Since the evidence of lysozyme was
so far only proved on transcript level, this stwayifies its presence for the first tintevivo.
The protein is present in the small intestind oinfestanseven at 40 daf of N4, suggesting a
permanent lysozyme titer, despite the inducibleresgion after feeding (see 3.3.6). For the
other intestinall. infestandysozyme, TiLys2, only one peptide was found aftexrss spec-
trometry. Thus, TiLys2 could not be definitely idigéied 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 a$ tinesis are discussed comparatively,
material as well as methodological problems willdoelressed. For the present investigations
simultaneous rearing of high numbers of nymphs wagiired to obtain large amounts of
small intestine contents or small intestine andurachomogenates. Especially the infection
of large numbers of bugs for short-trypo group #relfeeding of nymphs with high numbers
of surface coats or either naked trypomastigotes eeemplicated. Therefore nude rats were
included, which develop high parasitaemias, butrible is high that this rat strain, charac-
terized by an absent spleen, dies before the maiofyparasitism is reachedd®auB et al.
2001). Therefore, even more batches of standardigegbhs were required.

Changes of protein pattern in digestive tract sesimlere problematic. After feeding,
the concentrations of proteins from the ingesteabd especially hemoglobin degradation
products, were predominantly present in the snraktstine (see Chapter 3). These high
amounts of hemoglobin degradation products bindh&o precolumn and consequently are
eluted, which results in high amounts of hemogldhithe samples. Thereby, the identifica-
tion accuracy of low abundant peptides is decreased

A chromatographic separation of small intestine bgemates of pooled fractions with
bacteriolytic activity was used to obtain suffidie@mounts of low abundant proteins, which
were required for the further identification andadcterization. To avoid hemoglobin cover-
ing, bugs at 40 daf were used for this experimeaparoach (see Chapter 4). However, mass
spectrometric identifications of individual triatome proteins using fragment spectra were
difficult. The main problem was the small numbetratomine database references compared
to e.g. the human genome. Since the proteone affestands not completely known, the
identification of the proteins was performed by gamsons with 257 entries fdr. infestans
in the TrTEMBL Database (2011). For the identifioatiof chicken and rat proteins the Swiss-
Prot Database (2010) was used. However, unequivadeatification of TiLysl was success-
ful after mass spectrometry (see Chapter 3 and 4).

A further methodological problem had to be consdein the characterization of the
bacteriolytic activity in the photometric measureitse(see Chapters 3 and 4). The bacteri-
olytic activity of lysozymes can be affected byiacrease of the ionic strength resulting in a
shift of the pH-optimum to a more acidic pH (sumized by Q\NCADO et al. 2008). Since
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we had chosen a buffer system with a constant istnength, pH-optima found for bacteri-
olytic activity in the small intestine and rectufiToiatoma infestansvere comparable to pH-

optima of other bacteriolytic proteins.

5.2 Pattern of bacteriolytic activities of unfed, Bort-term and long-term T. cruz-infected
T. infestans

Insects produce a wide range of antimicrobial pkgstiindicating the importance of
humoral immunity (see 1.4.2). These compoundseseeted not only into the haemocoel but
also into the intestinal tract @tIRO & PEREIRA 1984; RGEL et al. 1998). Parasites, which
are transmitted by insect vectors, occupy a spenifihe in the insect. In order to be trans-
mitted to the vertebrate host, they have to edaldirelationship in which neither the insect
nor the parasite dies (BLANGER et al. 2006), i.e. they have to interact specificallyhnibe
immune system. In th€rypanosoma cruriatomine interaction, the flagellate cannot siynp
suppress the immunity, since ingested blood h&e forotected from microorganisms and the
growth of the essential symbionts has to be enaBlikdough 99.9 % of the symbiont popu-
lation is killed after the passage to the sma#stinhe, some symbionts must survive to enable
an infection of other individuals of the populatiaia coprophagy (EHLER 1998). Investiga-
tions of the interactions of symbiotic and non-syatib bacteria, fungi and. cruzirequire
different methodologies. In the present study, hémical approaches (reverse-phase high-
performance liquid chromatography and mass speetrgmanalysis) in combination with
bacteriolysidgn vitro assays have been used to characterize the ctmstiéimd inducible im-
mune response after feeding and the interactiotis wicruziin the small intestine and rec-
tum of T. infestans

Comparing bacteriolytic activities in small intestisamples of unfed. infestangsee
Chapter 4) and of short-term and long-tefincruztinfected bugs (see Chapter 3), in both
investigations the main bacteriolytic activity oomd at pH 6.0. According to mass
spectrometry TiLysl seems to be the important faébo this activity. The theoretical
isoelectric point for TiLys1 (pl 9.07) indicatesetlenvironment in which this protein operates.
In recent investigations of the small intestineTofinfestansafter feeding, the pH ranged
between pH 5.3 and pH 6.7 (see Chapter 9). Thearetbe pH-environment in the small
intestine ofT. infestanseems to be optimal for bacteriolytic activitiésId_ys1.

Beside TiLys1, lysozymes from chicken or rat wetentified in bacteriolytic active
SDS-gel bands of fed. infestandifth instar nymphs (see Chapter 3). Since TiLys&ds also
identified in unfed bugs (see Chapter 3), the badygic activity in fed bugs is probably
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caused by this protein and may only be supportechgnmalian or bird lysozymes. Mass
spectrometry of samples obtained at different tiaiésr feeding proved for the first time a
permanent presence of TiLysl. This correlates wétbults of previous investigations de-
scribingTiLyslas a constitutively expressed gene((KEN et al.2003).

For further characterization of lysozyme activitythe small intestine after short-term
T. cruztinfection, heat stability of bacteriolytic actiyihas to be evaluated. Establishment of
a heterologous expression system for TiLys1l andyS2Lwill help to characterize the two
intestinal lysozymes in detail. Especially inveatign of their direct interaction with
trypanosomes will provide a more detailed undeditanof their role in the small intestine of
T. infestansIn addition, the unequivocal localization and wfity of the different lysozymes
could be determined by generating specific anté®dising heterologous synthesized pro-
teins. However, although heterologous synthesiysafzymes of different animals has been
done by different groups, the synthesisTofinfestanslysozymes is complicated and own
investigations with different expression systemsensot successful. Former studies focused
in the establishment dfiLys1 gene knock-down through injection of double steth@RNA
into the haemocoel dF. infestansiymphs (B/scH 2008; ABRING 2009). After gene knock-
down of TiLys], the population size of the symbioRhodococcus triatomagcreased
(ALBRING 2009). To evaluate the relevance of lysozymesairagite control, future studies
should focus on differences i 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 inseatsmni#ting Trypanosoma cruzithe
etiological agent of Chagas disease in Latin Anaeriche present investigations focused on
the parasite-induced humoral immune responsg. toruztinfection in Triatoma infestans
Molecular biological and protein biochemical toalere applied to characterize bacteri-
olytically active compounds of the immune respaiosachieve a more detailed understanding
of host parasite interactions. Addressing the lexdy#ic activity of either small intestine
contents or recta or of separated fractions of lsnmaéstine homogenates after high-
performance liquid chromatography, the optimal pidition for the activity was
determined. In addition, factors inducing the itited immune response were elucidated by
the feeding of mixtures of blood with trypomastigmt surface coat, blood trypomastigotes
without surface coat and epimastigotes. Peptiddrgateriolytic components were identified
through mass spectrometry and transcript levelstestinal lysozymediLys1 and TiLys2

were determined by gRT-PCR.

* Investigating small intestine contents, homogenafesmall intestines and recta of
unfed fifth instars and fed bugs up to 15 daysrdéeding via photometric assays, the
bacteriolytic activity againd¥licrococcus lysodeikticusas highest at pH 6.0.

* The concentration of soluble protein in the smakstine and rectum samples was not
positively correlated with the bacteriolytic activi

» The bacteriolytic activity at pH 6.0 was highetl® small intestine samples compared
to the rectum samples.

* In the small intestine samples of short-tefmcruztinfected bugs and bugs fed shed
surface coats, bacteriolytic activities were sigaifitly increased up to 5 days after
feeding. After ingestion of blood trypomastigotesithout surface coat and
epimastigotes, the bacteriolytic activity in theashintestine and rectum samples was
not changed significantly.

* In the small intestine samples of long-tefimcruztinfected bugs, the bacteriolytic
activity was significantly increased 5 and 10 day®r feeding compared to non-
infected bugs.

* In zymograms, the activity against. lysodeikticuswas correlated with proteins of
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about 13 kDa. Mass spectrometry identified TiLysIpassible agent for this activity.
After protein separation via high-performance lajwhromatography even 40 days
after feeding, TiLys1 was present in small intestimmogenates, suggesting a perma-
nent presence.

Transcription levels ofTiLys2 in the small intestine after feeding of fifth iast
nymphs ofT. infestansvere generally higher than oiLys1

After ingestion of chicken or rat bloodjLys1lwas up-regulated 32-fold at 15 days
after feeding or 8.4-fold at 3 days after feedimggpectivelyTiLys2was up-regulated
8.8 and 68.6-fold at 10 and 15 days after feedimglucken, respectively, and 5.8-
fold at 5 days after feeding on rats. This indisatespecific action of the intestinal
immune response to blood of different hosts.

In short-termT. cruztinfectedT. infestanstranscription level offiLys2in the small
intestinewas 13-fold increased at 5 days after feeding coeth# unfed nymphs,
while that of TiLyslwas down-regulated at 3 days after feeding, contprenon-in-

fected nymphs.

Both, bacteriolytic activity and expression levelslysozymes in the small intestine

samples of short-terri. cruztinfected fifth instar nymphs showed a significantrease

between 3 and 10 days after infection. Therefdre, flagellate induces an early intestinal

immune response in. infestansafter the passage into the small intestine.
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6.2 Zusammenfassung

Triatominen sind obligat hamatophage Insekten irdieateinamerikal. cruzitbertra-
gen, den Erreger der Chagas Krankheit. Die vorlidga Untersuchungen erfassten die Para-
siten-induzierte Immunantwort nach einer Infektiwn T. infestanamit T. cruzi Zur Cha-
rakterisierung von bakteriolytisch aktiven Kompotander Immunantwort und zum besseren
Verstandnis der Wirt-Parasit-Interaktionen wurdeolakularbiologische und proteinbioche-
mische Verfahren eingesetzt. Bei Untersuchungerbdkteriolytischen Aktivitat von entwe-
der DUnndarminhalten und Rekta oder aufgetrenntaktienen von Dinndarmhomogenaten
nach Hochleistungsflissigkeitschromatographie wuhks pH-Optimum der Aktivitat
bestimmt. Zusatzlich wurden die auslésenden Faktder intestinalen Immunantwort durch
Verfutterung von Blut mit Trypomastigoten, Surfammat, Bluttrypomastigoten ohne Surface
coat und Epimastigoten erfasst. Peptiderge bakggsohe Komponenten wurden mittels
Massenspektrometrie identifiziert und Transkriptgam der intestinalen LysozymELys1
undTiLys2uber die gRT-PCR verglichen.

 Bei photometrischen Untersuchungen der baktergdign Aktivitait gegen
M. lysodeikticusan Dunndarminhalten und an Homogenaten des Dunsdamd
Homogenaten des Rektums hungriger Wanzen des fiNyenphenstadiums sowie
bei Wanzen bis zu 15 Tagen nach der Fitterung vwearA#tivitat bei pH 6,0 am
hochsten.

» Die Konzentration von I6éslichen Proteinen war nipbsitiv mit der bakteriolytischen
Aktivitat korreliert.

» Die bakteriolytische Aktivitat bei pH 6,0 war in Diidarmproben starker als in
Rektumproben.

* In Dinndarmproben von friscl. cruztinfizierten und mit Surface coat gefitterten
Wanzen war die bakteriolytische Aktivitat bis zu Tage nach der Ftterung
signifikant erhéht. Nach der Verflitterung von Biyptiomastigoten ohne Surface coat
und Epimastigoten war die bakteriolytische Aktivitd Dinndarm und Rektum nicht
signifikant erhoht.

* In Dinndarmproben von Nymphen mit etabliert€n cruziinfektionen war die
bakteriolytische Aktivitat im Vergleich zu nichtfinmierten Wanzen 5 und 10 Tage
nach der Futterung signifikant erhoht.

* In Zymogrammen wurden die starksten bakteriolygschAktivitaten gegen

M. lysodeikticusProteinen mit einem Molekulargewicht von 13 kDg@eordnet. Mit-
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tels Massenspektrometrie wurde TiLys1 als mdglicle¥antwortlicher Faktor identi-
fiziert. Auch 40 Tage nach der Futterung wurde BilLyn Dinndarmhomogenaten
nach der Auftrennung mittels Hochleistungsflissitgalromatographie nachgewie-
sen. Dies belegt die permanente Prasenz des Rrotein

» Die Transkriptmenge vomiLys2lag im Dinndarm des fuinften Nymphenstadiums von
T. infestansach der Futterung generell Uber der ¥drysl

e 15 bzw. 3 Tage nach Verfutterung von Huhner- bzwattéhblut war die
Transkriptmenge voiliLys1 32- bzw. 8,4-mal hoher als die von ungefltterteanw
zen. Die Transkriptmenge voriLys2war 10 und 15 Tage nach der Aufnahme von
Huhnerblut 8,8- bzw. 68,6-mal héher, 5 Tage nachAdgnahme von Rattenblut 5,8-
mal. Dies deutet auf eine Wirtsblut-spezifische mmantwort des intestinalen Gewe-
bes hin.

e Im Dinndarm der frisch infizierten Wanzen war 5 dagach der Fitterung die
Transkriptmenge vorTiLys2 13-mal hoher als bei ungefitterten Wanzen, die von
TiLysljedoch 3 Tage nach der Futterung signifikant ngerials die von nicht-infi-
zierten Wanzen.

Beim Vergleich der bakteriolytischen Aktivitat undier Transkriptmengen der
Lysozyme in Dunndarmproben von frisch infizierterai¥en des 5. Nymphenstadiums ist
ein signifikanter Anstieg zwischen 3 und 10 Tagewmder Infektion hervorzuheben.
Demnach induziert der Flagellat eine relativ frih#estinale Immunantwort in

T. infestans
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