Chapter 9
Interactions of Trypanosoma cruzi
and Triatomines

Giinter A. Schaub, Christian K. Meiser, and Carsten Balczun

Abstract Triatomine bugs are vectors of Trypanosoma cruzi, the etiologic agent of
Chagas disease in Latin America. The flagellate colonizes the intestinal tract of
the insect, especially the rectum. 7. cruzi changes the composition of amino acids
and proteins/peptides in the rectum and affects the intestinal innate immune
homeostasis. Since it induces only adverse effects on larval developmental times
and mortality rates if starvation as a second stressor is present, the flagellate is
classified as “subpathogenic” for the vector. Effects of the vector on the flagellate
are obvious in the differing competence for different strains of 7. cruzi. In addition,
the development of the flagellate is affected by different nutritional stages of
the vector, i.e. starvation and feeding induce changes in the population density
and the percentages of the different developmental stages, especially of
spheromastigotes and giant cells which usually occur rarely. Compounds in the
urine which is secreted rapidly after feeding induce the development of metacyclic
trypomastigotes, the human-infectious stage.

9.1 Introduction

Trypanosoma cruzi is the etiologic agent of Chagas disease, one of the “Big six” of
tropical diseases (Schaub and Wiilker 1984). It is endemic in Latin America and
mainly transmitted by triatomines (Coura 2007). These insects are night-active, and
especially poor living conditions, for example houses in rural areas made of adobe
bricks or wooden frames covered with mud, offer hiding places during the daytime
(Schaub 2009). Of the 140 species of triatomines, only some are strongly adapted to
houses, especially Triatoma infestans, Rhodnius prolixus, Panstrongylus megistus
and T. dimidiata (Fig. 9.1). These species are in the focus of control campaigns,
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Fig. 9.1 Adults of Triatoma infestans (a), Panstrongylus megistus (b), Rhodnius prolixus (c), and
Triatoma dimidiata (d), (Scale bar: 1 cm)

since only two compounds for chemotherapy which were developed about 1970 are
still available, often inducing severe side effects in the patients. Beside house
improvements and education, mainly intense insecticide campaigns against the
domestic populations of the most important vector T. infestans are performed.
This has strongly reduced the prevalence from about 20 million chronically infected
people in 1982 to about 8 or 12 million in 2007, the latter estimations differing
according to the source (WHO 1982, 2007; Dias 2007). Eradication is impossible
since Chagas disease is an anthropozoonosis circulating also in many wild mammals
as reservoir hosts. In addition, after eradication of domestic T. infestans sylvatic
populations or other species of triatomines invade the houses (Abad-Franch and
Monteiro 2005). Therefore, vector surveillance is of high priority. A suitable and
promising immunologically based monitoring technique was recently developed
to screen the sera of peridomestic and domestic animals for antibodies against saliva
of the vectors (Schwarz et al. 2009, 2010).
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9.2 Triatomines

Triatomines are the biggest blood-sucking insects (Schaub 2008), ingesting about
6—12-times their own body weight. Thereafter, some larval instars can starve for
up to about 1 year. One full engorgement or several smaller volumes of blood are
necessary for the development to the next larval instar or adult stage. The blood is
stored in the distensible stomach, concentrated by withdrawal of ions and water and
only processed by a lysis of erythrocytes and resorption of sugars (Schaub 2008)
(Fig. 9.2). Small portions of blood are digested in the following small intestine
where perimicrovillar membranes develop to thick staples after feeding (Billingsley
and Downe 1986). Digestion of haemoglobin starts immediately, as indicated by
the colour change from red to brown.

The digestion of triatomines is different from that of other blood-sucking insects,
for example mosquitoes and lice. Whereas the latter have an alkaline intestinal pH
and digest the blood mainly by the serine proteases trypsin and chymotrypsin,
Hemiptera and therefore triatomines have an acidic pH in the lumen of the gut
and digest mainly by at least three different cathepsins (Kollien et al. 2004a, b).
Originally, the activity of cysteine proteases was attributed to cathepsin B
(summarized by Terra 1990), but according to molecular biological identifications,
also cathepsin L is synthesized in the gut (Lopez-Ordoiiez et al. 2001; Kollien et al.

Region Function Digestive Enzymes”®

1 Foregut
2 Cardia protection of symbionts

1 salivary enzymes
2 lysozymes®

3 Stomach storage and concentration
(anterior midgut) of the bloodmeal
lysis of erythrocytes

3 glycosidases
lysozymes
alkaline and acidic

phosphatases
aminopeptidases
sialidases®
lipases®
amylases (derived

from symbionts)

4 Small intestine protein digestion
(posterior midgut) nutrient absorption

4 glycosidases
lysozymes
alkaline and acidic

phosphatases
cathepsin B
cathepsin L
cathepsin D
aminopeptidases
carboxypeptidases
lipases®
amylases (derived

from symbionts)

5 Rectum absorption i

(hindgut)

Fig. 9.2 Digestive tract of triatomines: regions, functions and digestive enzymes. *Modified from
Kollien and Schaub (2000); bAralijo et al. (2006); “Amino et al. (1995); “Canavoso et al. (2004);
Grillo et al. (2007)
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Fig. 9.3 Scheme of primary structures of cathepsin B, L and D from Triatoma infestans. Putative
cleavage sites of signal peptide and activation peptide are indicated by red arrow-heads and
arrows, respectively. Active site residues and cysteine residues forming disulphide bonds are
marked in yellow and green, respectively. Black bars represent substrate specificity determining
amino acid residues in cathepsin B and L. The “oxyanion hole” in cathepsin B and L is built by a
glutamine residue (purple) and specific conserved regions classifying the different cathepsins are
highlighted in /ight blue (occluding loop in cathepsin B, ol) and dark blue (ERFNIN and GNFD
motif in cathepsin L). The common GCDGG motif of cysteine proteases cathepsin B and L is
indicated in grey. Conserved regions of cathepsin D proteases are indicated by red and brown
boxes, the latter containing the catalytic aspartate residues

2004Db). This cathepsin shares many conserved regions in the deduced amino acid
sequence with cathepsin B, but can be identified by the ERFNIN and GNFD motifs
(Rawlings and Barrett 1994; Sajid and McKerrow 2002) (Fig. 9.3). Whereas both
cysteine proteases possess an activity optimum at about pH 5, the aspartic protease
cathepsin D has its major activity at about pH 3 (summarized by Garcia et al. 2010).
Carboxypeptidases and aminopeptidases continue the digestion of the blood
proteins (summarized by Garcia 1987).

After absorption of the nutrients in the small intestine, the remains of the blood
are stored in the rectal sac before being defaecated (Terra 1990). Blood ingestion
induces a rapid 1000-fold increase of the diuresis rate by the Malpighian tubules
(Maddrell 1991). The urine sweeps off the remains of digestion, changing the
conditions in the rectum rapidly (Kollien et al. 2001). Between 1 and 10 days
after feeding, yellow-white urate crystals from the Malpighian tubules predominate
in the rectum, followed by dark-brown remains of digestion.

9.3 Trypanosoma cruzi

9.3.1 Strain Peculiarities

Investigations of isoenzymes of strains of 7. cruzi indicate a predominantly clonal
genetic structure of the populations and only restricted genetic recombinations
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(Tibayrenc et al. 1986). Until last year, strains of T. cruzi were classified into 2-3
groups (Anonymous 1999). Strains of the two major groups differ strongly in terms of
biological characteristics, for example virulence and pathogenicity for mice, multi-
plication rate in in vitro cultures or metacyclogenesis rate in the vector (summarized
by Schaub 2009). In some regions, lineages of T. cruzi are associated with infections
in domestic vectors and humans, sylvatic vectors and humans, and sylvatic vectors
and wild mammals (summarized by Vallejo et al. 2009; Schaub 2009). In vectors
and mammalian hosts, often mixed infections occur. After experimental infections
of mice and triatomines with strains belonging to 7. cruzi I and T. cruzi 11, a host-
dependent selection towards one of the groups seems to occur (summarized by
Schaub 2009). Recently, six genetic subgroups were classified based on molecular
markers, named TcI-VI (Zingales et al. 2009). The characteristics of strains of these
subgroups have to be determined.

9.3.2 Developmental Cycle of T. cruzi

Infectious stages in the faeces of the vector initiate the infection of the mammalian
host. These metacyclic trypomastigotes are phagocytized, transform to amastigotes
and multiply intracellularly in all cells of the mammalian host, except erythrocytes,
because the parasites require purines from the host cell. If the host cell is exhausted,
the amastigotes transform to non-dividing blood trypomastigotes. After rupturing the
host cell they infect new cells or circulate in the blood (Schaub and Wunderlich 1985).

If a bug ingests blood containing blood trypomastigotes, these are aggregated,
and some seem to fuse, enabling a genetic exchange (Brener 1972). They transform
in the stomach to a-, sphero- and epimastigotes that multiply and colonize the
whole intestinal tract and the Malpighian tubules (Fig. 9.4). The development
of non-dividing metacyclic trypomastigotes seems to be restricted to the rectum.
In the vector, T. cruzi reaches high population densities: 3 months after infection of
second instars of 7. infestans, the small intestine of fifth instar larvae contains about
500,000 parasites and the rectum about 1,500,000 (Schaub 1989a).

Fig. 9.4 Different developmental stages of Trypanosoma cruzi: spheromastigote (a),
epimastigote (b), metacyclic trypomastigote (c), blood trypomastigote (d); Giemsa stained.
(Scale bar: 5 pm)
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9.4 Effects of T. cruzi on Triatomines

9.4.1 Effects on the Development of Larvae and Starvation
Capacity

Effects of T. cruzi on the developmental rates of larvae were found rarely
(summarized by Schaub 1992). Using a system in which vector and the T. cruzi
strain originate from the same village, no retardation of development of regularly
fed larvae occurs. Also the mortality rates are not affected by 7. cruzi if the groups
are maintained under optimal conditions (summarized by Schaub 2009). Under
such conditions, the volume of ingested blood seems to be sufficient to compensate
the metabolite losses of triatomines to the parasite.

This compensation theory is supported by investigations of the starvation resis-
tance. After an infection in the first instar and the last feed in the second, third and
fourth instar, the resulting third, fourth and fifth instar larvae survive about 5, 11
and 9 months, respectively, and the mean starvation resistance is reduced respec-
tively by 3%, 14% and 32% relative to uninfected bugs (Schaub and Losch 1989).
Since more food remains are present in the intestine of infected than in uninfected
bugs not the availability of proteins from the blood determines the starvation
capacity, but the concentration of essential metabolites for which 7. cruzi and
vector compete. An accumulation of toxic products by 7. cruzi seems to be unlikely
since many flagellates die in starved bugs (Schaub and Boker 1986; Kollien and
Schaub 1998a). Since no effects are obvious under optimal conditions and
infections induce only adverse effects if starvation as a second, synergistic stressor
is present, T. cruzi is classified as “subpathogenic” (Schaub 1989b, 1992).

9.4.2 Effects on Behaviour

Disturbances of probing in infected bugs have been found several times (summarized
in Schaub 1992, 2009). However, also long-term starved bugs probe more often
before engorging and ingest lesser amounts of blood than short-term starved bugs
(Schaub, unpublished). If infected and uninfected bugs are compared at the same time
after the last feeding, the infected bugs are in a more progressed state of starvation
and thus the effects attributed to 7. cruzi might have been effects of starvation and
of minor relevance under natural conditions.

9.4.3 Effects on the Intestinal Border Face, Digestion
and the Composition of the Intestinal Contents

In the small intestine, no effects on the perimicrovillar membranes or the cells of the
intestinal wall are evident (Kollien et al. 1998). In the rectum, the flagellates attach
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to the rectal cuticle and insert the flagellum between the layers of wax, also at
the rectal pads, which are suggested to absorb metabolites from the remains of
blood digestion (Schmidt et al. 1998). The disturbance of the wax layer might affect
absorption processes, but more important effects should result from the coloniza-
tion density, a carpet of three or four layers on the rectal pads (summarized by
Kollien et al. 1998).

The composition of the contents of stomach, small intestine and rectum of
uninfected and infected bugs has not been compared in detail, for example by
two-dimensional electrophoresis, but the haemolysis of erythrocytes in the stomach
and the protein digestion by cathepsin B in the small intestine are not affected by
the flagellate (summarized by Schaub 2009). However, more detailed investigations
are necessary, since molecular biological assays also identified another cysteine
protease, cathepsin L. (Lopez-Ordofiez et al. 2001; Kollien et al. 2004b). Such
investigations should also consider that the flagellate possesses cysteine proteases,
cruzipains, not only intracellularly but also as membrane-bound proteases and also
the respective inhibitors (summarized by Schaub 2009). The activity of the third
protease, cathepsin D, is increased at 1 and 3 days after an experimental infection
with epimastigotes (Borges et al. 2006).

In the rectum, the strong colonization should induce effects. Therefore, it is not
surprising that in infected bugs the composition of the rectal contents is changed:
the concentrations of free amino acids are reduced and the composition of protein/
peptide bound amino acids is changed, indicating that proteins or peptides from the
rectal contents are hydrolyzed in the rectum also by surface proteases of T. cruzi or
intracellularly in the flagellate (Kollien and Schaub, unpublished).

9.4.4 Effects on the Immune System and Intestinal
Microorganisms

Ingestion of trypomastigotes stimulates immune reactions in the intestine of the
triatomine R. prolixus. The expression of the gene of the more intestinally active
lysozyme RpLys-A is increased after an infection and not that of RpLys-B, the gene
of which is primarily expressed in the fat body (Ursic-Bedoya et al. 2008). The
production of the only known antimicrobial peptide of triatomines, defensin, has
not been investigated in infected triatomines, but another factor, nitric oxide, is
also synthesized in the intestine after an infection. This has been shown by the
upregulated expression of the gene of the nitric oxide synthase in the stomach after
an infection with blood trypomastigotes, but also by the increased concentrations of
a metabolite of nitric oxide, nitrite, in the small intestine (Whitten et al. 2007). In
addition to lysozymes, defensins and nitric oxide, several unidentified bacteriolytic
compounds are present, which are visible in zymograms using Micrococcus luteus
(syn M. lysodeikticus) (Waniek et al. 2009). Since the expression rates of the genes
of lysozymes, defensins and nitric oxide synthase are also increased after blood
ingestion (Aradjo et al. 2006; Whitten et al. 2007), these short-term reactions to
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T. cruzi can partly be a general defence reaction against microorganisms and the
increase of cathepsin D activity (see 4.3) could also be a part of this concerted
action.

Effects of T. cruzi are also evident in long-term infected T. infestans. After an
experimental infection via a mixture of blood and different microorganisms, high
numbers of fungi and bacteria develop only in infected bugs not in uninfected
controls, indicating an immune suppression in the intestine (Eichler 1998). The
number of symbionts is not affected in these long-term infected larvae.

9.5 Effects of the Triatomine on 7. cruzi

9.5.1 Susceptibility and Refractoriness

So far, all species of triatomines which were maintained in the laboratory could be
experimentally infected with T. cruzi. Therefore, probably all species are potential
vectors (Schofield 1994). However, susceptibility varies depending on various
factors, and not all infections remain established (Garcia and Azambuja 1991).
Usually natural infections of triatomines are not lost, indicating a strong co-evolution
of T. cruzi and the respective species/strain of the insect host (summarized by Schaub
and Losch 1989). In endemic regions, the infection rates of triatomines vary strongly,
for example between 79% in a local survey in Bolivia and 5% in a general survey in
Brazil (Medrano-Mercado et al. 2008; Dias 2002). The latter value is not only due to
a limited access of triatomines to an infected host, but to refractoriness mechanisms in
the gut of the vector (summarized by Garcia et al. 2010). This is especially important
in xenodiagnosis: Blood of patients suspected to be infected with T. cruzi in the
chronic phase of the disease, in which the parasite cannot be found in microscopical
blood examinations, are fed to laboratory-bred uninfected triatomines. Low numbers
of parasites in the blood multiply in the triatomine and can more easily be found
after some weeks (Dias 1940). In such diagnoses, sometimes parasites do not
multiply. Therefore, the use of local vectors is suggested (summarized by Meiser
and Schaub 2011).

9.5.2 Effects of Factors in the Stomach — Components
of the Saliva of Triatomines and Host-Derived Factors

The saliva of triatomines contains many different pharmacologically active
compounds that inhibit blood coagulation and enable rapid blood ingestion. For
the majority of these compounds the function is unknown. In some of them the
activity is controlled by the cleavage of the activation peptide via serine proteases
in the saliva (Amino et al. 2001; Assumpcgao et al. 2008; Meiser et al. 2010b).
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Usually such serine proteases act very specifically. Their activity in the stomach
should be limited by Kazal-type inhibitors of serine proteases, which usually inhibit
the activation of thrombin and thus blood coagulation (summarized by Meiser et al.
2010a). Possible interactions of these proteases and inhibitors with the surface
proteins of 7. cruzi have not been investigated.

One of these proteolytically activatable proteins, the alkaline, lysine-rich
protein trialysin of 7. infestans, lyses bacteria and mammalian cells, but also
the cell culture-derived trypomastigotes and epimastigotes of 7. cruzi (Amino
et al. 2002, Martins et al. 2008). In addition to other factors, it seems to impair the
transmission of Trypanosoma rangeli by T. infestans, since the main vector, R.
prolixus, does not possess this lytic activity in the salivary glands (Gregodrio and
Ratcliffe 1991).

Another protein of the saliva of T. infestans, a sialidase, targets sialic acids
that are involved in blood coagulation as well as in inflammatory processes (Amino
et al. 1998). A sialidase activity is not only found in the saliva, but also in the
stomach contents, the enzyme rapidly desialylating the ingested blood cells and
also the epimastigotes in the midgut (summarized by Amino et al. 1995). Therefore,
sialic acid on the surface is not required for the development of epimastigotes in the
intestine. Since stationary phase epimastigotes and metacyclic trypomastigotes
possess high levels of a unique transsialidase to transfer sialic acid to their surface,
sialic acids appear to be important for the survival of trypomastigotes in the mam-
malian host (Amino et al. 1995).

Another component of the saliva, an inhibitor of the complement activation, is
suggested to be necessary for the protection of the intestinal cells of the vector
against this host-derived system (Cavalcante et al. 2003; Barros et al. 2009).
However, the activity of the complement in the stomach is not totally, but only
strongly reduced within 2 h after blood ingestion and remains slightly active up to
1 day later (Garcia, unpublished). Within this period of time ingested blood
trypomastigotes are agglutinated and transform to epimastigotes. This stage of
T. cruzi is lysed by the complement. The sensitivity of epimastigotes is evident in
the initial phase of an infection of humans: If faeces of the vector with the
different stages of development of 7. cruzi gets access to the mammalian host,
all stages except metacyclic trypomastigotes are killed by the complement sys-
tem. The sensitivity is also evident in established infections in which the stomach
has been re-colonized from the population in the small intestine. After the larval
moults, nearly all blood passes to the small intestine, and the red colour of the
remaining blood in the stomach changes to brown, indicating a re-flux of contents
with digestive enzymes from the small intestine into the stomach. Via this re-flux,
also T. cruzi re-establishes in the stomach. Then the ingestion of blood from
chickens and rats but not from mice (which possess a weak complement system)
results in a lysis of epimastigotes (Schaub 1988; Schaub, unpublished). After such
a feeding on mice, another factor from mammalian blood, plasminogen, binds to
the epimastigotes (Rojas et al. 2008). The advantage or disadvantage of the
presence of this inactive, usually fibrinolytic serine protease remains to be
investigated.
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A third host-derived factor, antibodies against T. cruzi, is also ingested together
with the blood of the host. They can be a reason for the failure of the development
of T. cruzi in xenodiagnosis triatomines (see Sect. 9.5.1), but an experimental
proof is required. An indication is offered by in vitro assays in which, after an
immunization of mice or rabbits with homogenates of epimastigotes, the
decomplemented sera agglutinate the flagellates and induce ultrastructural damage
(Fernandez-Presas et al. 2001).

9.5.3 Effects of Factors in the Stomach — Agglutinins
and Hemolysins

Whereas the general tasks of agglutinins/lectins in the stomach are unknown,
hemolysins have to lyse the erythrocytes in the stomach. Lectins were suggested
to be involved in the development of the different stages of T. cruzi in the vector
because they differed between the stomach and the small intestine of R. prolixus
and the respective receptors were present in epimastigotes but not in blood
trypomastigotes (Pereira et al. 1981). The respective lectins in the small intestine
were not verified, but the levels of lectins seem to be affected by the blood source
(Ratcliffe et al. 1996). Whereas the effects of agglutinins on the long-term devel-
opment of the different stages require new investigations, the initial establishment
of T. cruzi in the vector is determined by agglutinins and hemolysins. After
ingestion of T. cruzi they determine the susceptibility or refractoriness of the
respective species or population of triatomines but also for a specific strain of
T. cruzi. In the initial transformation of 7. cruzi the blood trypomastigotes are often
agglutinated, but not in all strains of 7. cruzi. In incubations in stomach extracts of
R. prolixus, epimastigotes of the strain Cl and the clone Dm28c are agglutinated
but not lysed and develop in the bug. However, epimastigotes of strain Y are not
agglutinated but lysed and thereby are unable to develop in R. prolixus (Mello et al.
1996). The agglutination is not induced by a reaction of a peanut-like lectin with
the disaccharide p-Gal-B(1 — 3)p-GalNAc, since not only epimastigotes of strain
Y but also of strain Cl do not react with this lectin (Schottelius 1982). The purified
hemolytic factor of R. prolixus lyses the majority of epimastigotes of strain Y, but
much less of the clone Dm28c (Azambuja et al. 1989).

9.5.4 Effects of Factors from Small Intestine and Rectum —
The Border Face

Although the digestive small intestine contains higher concentrations of nutrients
than the rectum, in regularly fed fifth instars of 7. infestans only about 0.5 million
flagellates/bug develop there, about one third of the population in the rectum (Schaub
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and Losch 1988; Schaub 1989a; Kollien and Schaub 1998a, b). After infecting fourth
instars of T. brasiliensis and feeding the fifth instar, the small intestine even contains
only one tenth of the rectal population (Aratijo et al. 2008). Using two other strains,
only one strain mainly colonized the small intestine of T. brasiliensis (Aradgjo et al.
2007). Except in the last investigation, the concentration of nutrients seems not to be
relevant for these differences in the colonization. Since small intestine and rectum are
of different ontogenetical origin — entodermal or ectodermal — the border face is
different, i.e. the cells of the midgut possess apical microvilli that are covered by
perimicrovillar membranes, whereas the rectal cells are covered by a cuticle.

In transmission electron microscopy of infected small intestines, all epimastigotes
are in intimate contact with the perimicrovillar membranes (Kollien et al. 1998;
Gonzalez et al. 1999). No ultrastructural modifications of the flagellum of
trypanosomatids are evident, and the epimastigotes attach via glycoinositol
phospholipids at their surface (Alves et al. 2007; Nogueira et al. 2007). Since
the development of perimicrovillar membranes is hormonally regulated, 10 days
after decapitation of R. prolixus, T. cruzi is present only occasionally in the gut;
the same effect occurs after the feeding of blood containing antiserum against the
membranes and midgut tissue (Alves et al. 2007; Gonzalez et al. 2006).

In the rectum, T. cruzi prefers to attach to the cuticle and initially colonizes the
four rectal pads (summarized by Schaub and Boker 1986). In established infections,
about one third of the rectal population is attached to this region, which covers —
roughly estimated — only about 20% of the rectal surface (Schaub and Losch 1988;
Kollien and Schaub 1997, 1998b). Another third is attached to the remaining rectal
wall and the final third colonizes, unattached, the rectal lumen. The preference for
the rectal pads might have a physiological or mechanical basis (summarized by
Schaub 2009). As a mechanism in the attachment by the flagellum originally lectins
at the surface of the flagellum and chitin residues were supposed to be involved
(summarized by Schmidt et al. 1998). Especially, the use of wheat-germ lectin-gold
conjugates for the detection of chitin in transmission electron microscopy verifies
that chitin is not accessible for T. cruzi and that the superficial layer at the luminal
surface of the rectum is covered by a wax layer (Schmidt et al. 1998). The
attachment of hexadecane droplets to a small region near the tip of the flagellum
of epimastigotes identifies a hydrophobic interaction as attachment mechanism
(Kleffmann et al. 1998). After the initial attachment to the rectal wall, the flagellum
is modified. At the attachment site to the rectal cuticle, epimastigotes develop
enlargements of the flagellum (summarized by Kollien et al. 1998).

A species-specific composition of the rectal border face is indicated by different
attachment rates of epimastigotes of T. cruzi strain Y and strain Berenice:
Epimastigotes of the latter strain adhere better to recta from Rhodnius neglectus
than to recta from Triatoma pseudomaculata (Carvalho-Moreira et al. 2003). This
corresponds with a higher metacyclogenesis rate in vivo. The epimastigotes of
the T. cruzi strain Y show no differences in the attachment rate to the rectum of
the two triatomines in vitro, but also develop more metacyclic trypomastigotes
in R. neglectus. In general, attachment strongly enhances the transformation of
epimastigotes to trypomastigotes in vitro (summarized by Kleffmann et al. 1998).
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9.5.5 Effects of Factors from Small Intestine and Rectum —
Effects of Proteases

All parasites developing in digestive regions of the intestine must possess a
refractory surface and/or a rapid shedding or inactivation of attached proteases
and/or inhibitors of digestive enzymes. The surface coat of trypanosomatids is
refractory against many adverse compounds, and specific mucins are suggested
to protect the epimastigotes against proteases (Acosta-Serrano et al. 2001). In
addition, T. cruzi possesses a cysteine protease inhibitor, chagasin, at the surface
(Monteiro et al. 2001, 2008; Ljunggren et al. 2007). The target of this inhibitor can
be cathepsins in the direct neighbourhood of the flagellate and/or in the lumen of the
gut (see Sect. 9.2). However, tissue culture-derived trypomastigotes possess higher
levels of this inhibitor than epimastigotes, the latter producing inversely correlated
more papain-like cysteine proteases, cruzipains. Therefore, in epimastigotes
chagasin might mainly regulate the endogenous and not the surface bound cruzipain
(Monteiro et al. 2001).

Direct or indirect effects of proteases have only been considered once. After
feeding blood supplemented with the cathepsin D inhibitor pepstatin, the number
and metacyclogenesis rate of 7. cruzi in the gut of R. prolixus is not affected
compared to bugs fed solely on blood (Garcia and Gilliam 1980).

9.5.6 Effects of Factors from Small Intestine and Rectum —
Influence of Starvation

An effect of starvation on 7. cruzi in a field population of triatomines was first
detected in Triatoma dimidiata, of which more starved than regularly fed larvae lost
the infection (Vargas and Zeled6n 1985). In experimental infections and a scanning
electron microscopical follow-up of the colonization density on the rectal wall
(Schaub and Boker 1986), throughout the first 16 weeks after feeding of fifth instar
larvae, no changes in the colonization pattern were evident: minimal colonizations
around the entrance into the rectum, highest on the rectal pads and at a similar level
in the other three regions. At 20 weeks after feeding, many regions were free of
flagellates, but a residual population always remained attached to the rectal pads.
According to quantifications of the population density in small intestine and
rectum, a starvation period of 3 or 4 weeks kills many flagellates in the small
intestine of fifth instar larvae of T. infestans and reduces the population density
(Schaub 1989a; Schaub and Losch 1989). However, if infected triatomines die of
starvation, some flagellates are still alive (Schaub and Losch 1989). Longer starva-
tion periods of 2 months, eliminate the population in the small intestine, but not in
the rectum, which still contains about one third of the population of short-term
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starved bugs (Kollien and Schaub 1998a, b). Four months after the last feeding,
only 1% of the initial population are present, but in all bugs some parasites are alive.

Not only the number of flagellates is affected, also the composition of the
population changes (Kollien and Schaub 1998a). The percentages of the respective
intermediate forms and of spheromastigotes which only are present up to 2% of the
total population in well-fed bugs increase during starvation to about 20% at 2 and
3 months after the last feeding (Kollien and Schaub 1998a).

9.5.7 Effects of Factors from Small Intestine and Rectum —
Influence of Blood Ingestion and Excretion

Blood ingestion also affects T. cruzi, not only under certain circumstances in the
stomach (see Sect. 9.5.2). In the small intestine, the population density increases
after feeding (Schaub 1989a). Considering the whole intestine, this increase in the
number of epimastigotes is correlated to the volume of blood ingested by the
triatomine (Asin and Catala 1995).

Initially opposite effects of blood ingestion are evident in the rectum. There,
a low percentage of the attached population, but nearly all of the population in the
lumen — about one third of the total population — is washed out by urine
(summarized by Kollien and Schaub 1997). Identifying the different stages in the
deposited drops of faeces and urine (see Sect. 9.2), the percentage of metacyclic
trypomastigotes is low in the first drop of faeces, and the urine often contains pure
populations of metacyclics (summarized by Schaub and Losch 1988; Zeledon
1997). This is presumably based on the inability of trypomastigotes to attach, and
especially metacyclic trypomastigotes of T. cruzi, lying on the carpet or in the upper
layers of the carpet, are washed out. In addition, metacyclogenesis is induced (see
Sect. 9.5.8). Thereby, in the remaining population the percentages of epi- and
trypomastigotes are changed. The percentages of spheromastigotes and their inter-
mediate forms are reduced from about 20% — the starvation effect — to about 2-3%,
the level of regularly fed bugs (Schaub and Losch 1988; Kollien and Schaub 1997).

After feeding of long-term starved bugs the population in the rectal lumen is also
washed out, but an interesting phenomenon is evident in the composition of the
population (Kollien and Schaub 1998b). In fifth instars which have starved for
60 days, the rectum contains about 20-30% spheromastigotes and the respective
intermediate stages, about 20% epimastigotes and 40-50% trypomastigotes. One
day after feeding, these forms represent 2%, 70% and 10%, respectively. However,
about 10% are the so far only occasionally seen giant cells, containing many nuclei,
kinetoplasts and flagella. In the following 2 days, the percentages of this form increase
to 30-50% of the total population, and then decrease to 0%. These giant cells in
long-term starved bugs originate from epimastigotes, those in the initial development
after the infection from blood trypomastigotes (summarized by Schaub 2009).



168 G.A. Schaub et al.

9.5.8 Effects of Factors from Gut and Malpighian Tubules —
Induction of Metacyclogenesis

Of all stages of T. cruzi deposited in the faeces/urine, only metacyclic trypo-
mastigotes can survive after invasion through mucous membranes or skin lesions
and initiate an infection in the mammalian host (Schuster and Schaub 2000).
Therefore, elucidation of the mechanisms inducing the development of this stage
has been the topic of many investigations. However, the investigations mainly
focus on in vitro assays, simplified by the easy cultivation of T. cruzi in different
media and cell cultures. In axenic in vitro cultivations first metacyclics appear after
about 5 days (Chiari and Camargo 1984).

Using extracts of the small intestine or stomach of adult T. infestans, dissected
2448 h after feeding, as a supplement to Grace medium, metacyclogenesis is
induced after 4-7 days (de Isola et al. 1981). Extracts of adults fed 3 weeks before
the dissections are inactive. Extracts of the rectum induce metacyclogenesis already
within 15 min after incubation, and an additional supplementation with inhibitors of
the ADP-ribosyltransferases inhibits this induction (de Isola et al. 1986, 1987). The
inductory factor, which is present in the rectum of fifth instars and adults 2 days
after feeding on chicken, increases the activity of the adenylate cyclase of T. cruzi
and thereby induces metacyclogenesis. This factor is a 10-kDa peptide fragment
from the amino terminus of chicken «"”-globin (Fraidenraich et al. 1993); pure
chicken haemoglobin is inactive. A decrease of the concentration of this peptide
in the rectum during the subsequent days after feeding explains the failure of
induction using extracts of adults 3 weeks after feeding (see above). The reaction
is not restricted to chicken «°-globin since after feeding on mice, the rectum of
T. infestans contains a similar active compound. Since 1-2 days after feeding,
only urine or uric acid granules are present in the rectum, but no dark remains of
digestion of haemoglobin (Schaub 2009), these data indicate a rapid passage of
minor amounts of small molecules along the whole small intestine or an excretion
of such compounds via the Malpighian tubules. However, the «°-globin should also
be present in the small intestine in which haemoglobin is digested, but extracts of
this region induce metacyclogenesis much more slowly than extracts of the rectum
(see above). In addition, metacyclic trypomastigotes rarely develop in the small
intestine (Schaub 1989a).

According to in vitro incubations with synthetic peptides, which cover different
parts of the respective «"-globin fragment, the peptide corresponding to residues
1-40 at the amino terminus possesses the highest activity at concentrations higher
than 107'° M (Fraidenraich et al. 1993). In vivo, i.e. after feeding blood or plasma
with different concentrations of haemoglobin and the synthetic peptides to T. cruzi-
infected R. prolixus, higher concentrations of haemoglobin but not pure blood
increase metacyclogenesis (Garcia et al. 1995). Although not all peptides show
identical individual or synergistic effects in vitro and in vivo, the «°-globin
fragment seems to be a biologically relevant factor.
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However, not only the usual adenylate cyclase pathway is activated during
metacyclogenesis. In an induction via free fatty acids, especially oleic acid, and
at concentrations similar to those found in the intestinal tract, protein kinase
C isoenzymes are translocated to the membrane of culture-derived epimastigotes
(Parsons and Ruben 2000; Wainszelbaum et al. 2003; Belaunzaran et al. 2009).
It remains to be investigated whether or not one of these metacyclogenesis-inducing
factors interacts with GP72, a major surface glycoprotein of 7. cruzi; monoclonal
antibodies against this glycoprotein strongly inhibit metacyclogenesis of
epimastigotes (Snary 1985).

Whereas these assays identified specific factors, another approach uses nutritional
stress. Epimastigotes in the late exponential growth phase of axenic in vitro cultures,
shortly before an increase in the number of metacyclics, are incubated for 2 h in
saline, named “artificial urine”, and then in this saline supplemented with glutamate,
aspartate, proline and glucose (Contreras et al. 1985a, b). This procedure strongly
increases metacyclogenesis rates (Contreras et al. 1988), but most intensively only in
one specific clone of T. cruzi (Dm28c) (Schaub, unpublished). Compared to the urine
excreted by T. infestans, the “artificial urine” has other ionic strengths, another pH
and contains neither amino acids nor peptides (Kollien et al. 2001). In addition, in the
supplemented saline glucose is necessary for the transformation (Tyler and Engman
2001), but the presence of glucose in the rectum of a triatomine is doubtful. However,
the respective clone and the specific conditions enable well reproducible studies, and
the good timing of events enables the identification of steps in this cAMP-mediated
process and of genes specifically expressed at each step of metacyclogenesis (e.g.
Krieger and Goldenberg 1998; Gonzales-Perdomo et al. 1988; Avilaet al. 2003). The
changes in the concentrations of the mRNA of the respective genes can also be found
in T. cruzi populations in the vector (Cordero et al. 2008).

Can these in vitro assays be correlated to the metacyclogenesis in the vector? In
the triatomines, metacyclogenesis seems to be restricted to the rectum. Although
intermediate stages sometimes develop in the small intestine, only in the rectum do
concentrations of metacyclic trypomastigotes increase up to 50% of that popula-
tion, in part being enhanced by the attachment (summarized by Schaub 2009) (see
Sect. 9.5.4). Metacyclogenesis already starts about 1-2 weeks after infection, some
days after colonization of the rectum. After infection of second instar larvae and
regular feeding, the percentages of trypomastigotes remain at this level for about
8 weeks (e.g. Schaub 1989a). Then in fifth instar larvae, the percentages increase to
a higher level. However, an identification of factors acting 8—9 weeks after infection
is difficult.

A better chance is offered by the induction of metacyclogenesis after blood
ingestion (Schaub and Losch 1988; Kollien and Schaub 1997) since it occurs in
a short period of time, about 20 min after blood ingestion. Such a rapid induction is
important for the population of 7. cruzi. Urine washes out the majority of the
population in the lumen. However, only metacyclic trypomastigotes or intermediate
stages which possess the surface of the metacyclic trypomastigote can survive and
develop in the mammalian host. Therefore, a rapid induction of metacyclogenesis
increases the chance for survival. Since the surface coat does not change rapidly in
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total (Schaub et al. 1989), a quantification of stages via these changes in a cell sorter
is difficult. Easier, but more time-consuming is a morphological quantification
in stained smears, also enabling a quantification of the four different ways of
metacyclogenesis. Metacyclic trypomastigotes develop from spheromastigotes
via drop-like or rarely ring forms and from epimastigotes as slender forms via
a translocation of the kinetoplast to the posterior end or after unequal divisions
resulting in an epi- and a trypomastigote daughter cell (Brener and Alvarenga 1976;
Schaub 1989a). Before blood ingestion of larvae starved for 6 weeks, unequal
divisions and ring forms are rarely found in the rectal lumen, drop-like and slender
forms each make up about 50% of the intermediate forms. Within the first four
drops of faeces/urine, only the percentages of slender intermediate forms increase,
afterwards remaining at 100% (Schaub and Losch 1988). Since this also occurs
in vitro in incubations of the isolated complex of the rectum and the four
Malpighian tubules after induction of diuresis by the artificial diuretic hormone
5-hydroxytryptamine (Kollien and Schaub 1997), the inducing factors seem to
originate from the urine. This hypothesis is supported by incubations of pieces of
recta with attached 7. cruzi either in saline with different pH, or in faeces or urine of
triatomines. Using different salines, the strong changes of pH, osmolality and ionic
composition in the rectum (Kollien et al. 2001) do not induce metacyclogenesis.
Also a mixture of remains of digestion and urine deposited in the first drop after
feeding does not induce metacyclogenesis. Metacyclogenesis is increased only in
incubations with urine (Kleffmann 1999).

Summarizing these investigations, they indicate the presence of different factors
that induce metacyclogenesis. A factor in the urine enhances rapid metacyclogenesis
in those epimastigotes which have already started to transform. About 1 or 2 days
after blood ingestion, the «"-globin fragment and oleic acid induce metacyclogenesis
in the population remaining in the rectum after blood ingestion. This population
might be sensitive to the enriched “artificial urine” which requires a previous
nutritional stress that also occurs in the vector. It should be emphasized that all
these factors are relevant for the metacyclogenesis of epimastigotes via a transloca-
tion of the kinetoplast. So far there is no indication which factors might induce
metacyclogenesis of epimastigotes via unequal divisions and of spheromastigotes via
drop and ring-like forms.

9.5.9 Effects of Microorganisms and Antimicrobial Compounds

The intestinal tract of triatomines is colonized by many different fungi and bacteria,
the latter containing non-symbiotic and symbiotic species (summarized by Vallejo
et al. 2009). Effects of non-symbiotic bacteria on 7. cruzi have only been
investigated for Serratia marcescens, which produces a red pigment, prodigiosin,
and has been found in wild populations of R. prolixus. It is apathogenic for the
triatomine (Azambuja et al. 2004). In S. marcescens-infected larvae, a subsequent
infection with epimastigotes of T. cruzi strain Y and clone Dm28c results in strain/
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clone-specific differences: the population density of strain Y decreases, whereas
the density of clone Dm28c¢ in the stomach remains unchanged (Azambuja et al.
2004, 2005). In incubations of the bacterium with epimastigotes of the strain/
clone in vitro, the same differences arise. The bacteria develop long filamentous
structures that connect the bacteria with the epimastigotes and kill them (Castro
et al. 2007a, b). Using different strains of S. marcescens, only the strain which
produces the red pigment kills 7. cruzi strain Y. However, recent data exclude
a direct effect of the pigment, since promastigotes of Leishmania are also lysed, if
the production of prodigiosin is inhibited by changes in the growth conditions
(Moraes et al. 2009). For lysis, attachment of the bacterium alone is sufficient.
Lectin interactions seem to be involved since the effect is excluded if the
epimastigotes are incubated in D-mannose (Castro et al. 2007a, b).

Effects of symbionts on the development of 7. cruzi have only been considered in
one investigation (Miihlpfordt 1959). The initial development of T. cruzi is stronger
in bugs containing symbionts, but after a longer period is stronger in aposymbiotic
bugs. However, the composition of the population, i.e. the percentages of the broad
and slender epimastigotes, amastigotes and metacyclic trypomastigotes, remains
unaffected. Since symbionts multiply in triatomines after blood ingestion and are
suggested to produce vitamin B, the short-term results with 7. cruzi correlate
with results of another flagellate infecting triatomines, Blastocrithidia triatomae.
A supplementation of blood with B-group vitamins (folic acid, nicotinic acid,
pantothenic acid, pyridoxine, riboflavin and thiamine) supports the initial develop-
ment of B. triatomae in the small intestine of young larvae (Jensen and Schaub 1991).

Possible effects of antibacterial compounds of triatomines on 7. cruzi have not
been investigated. The RNAi technique for a knockdown of genes of antimicrobial
factors and the incubation with heterologously synthesized antimicrobial compounds
like lysozymes and defensins or enzymes of the immune system like the propheno-
loxidase or nitric oxide synthase can elucidate possible effects on T. cruzi.
Antibacterial compounds not belonging to the humoral response of triatomines affect
the development of T. cruzi in vitro, for example mellitin, magainin, dermaseptin and
tachyplesin (summarized by Lofgren et al. 2008). However, such in vitro assays
usually use higher concentrations of peptides than those present in the respective
insect. They might be usable in other approaches: The production of the lepidopteran
cecropin by transformed symbionts kills all 7. cruzi in the gut (Beard et al. 2002).
Although T. cruzi induces the synthesis of several antibacterial factors, an effect on
T. cruzi remains to be investigated.

9.6 Conclusions

Investigations of the interactions of 7. cruzi and triatomines will be strongly
supported by the genome project of R. prolixus. Although species of the tribe
Rhodniini possess many differences in comparison to species of the other tribes
(summarized by Schaub 2009), the increasing number of expressed sequence tags
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and the RNAI technique offer many possibilities. Investigations of the effects of
T. cruzi on triatomines mainly focus on the intestinal innate immune reactions,
representing a second model system beside the Diptera. Two important open
questions remain to be clarified on the effects of triatomines on 7. cruzi: reactions
inducing the initial killing of some strains of 7. cruzi in the stomach and the
molecular basis of metacyclogenesis in the rectum of the vector.
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