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Abstract

Trypanosoma rangeli is a protozoan that infects triatomines and mammals in Latin America,
sharing hosts with Trypanosoma cruzi, the etiological agent of Chagas disease. Trypanosoma
rangeli does not cause disease to humans but is strongly pathogenic to its invertebrate hosts,
increasing mortality rates and affecting bug development and reproductive success. We have
previously shown that this parasite is also capable of inducing a general increase in the loco-
motory activity of its vector Rhodnius prolixus in the absence of host cues. In this work, we
have evaluated whether infection impacts the insect-vertebrate host interaction. For this,
T. rangeli-infected and uninfected R. prolixus nymphs were released in glass arenas offering
single shelters. After a 3-day acclimatization, a caged mouse was introduced in each arena
and shelter use and predation rates were evaluated. Trypanosoma rangeli infection affected all
parameters analysed. A larger number of infected bugs was found outside shelters, both in the
absence and presence of a host. Infected bugs also endured greater predation rates, probably
because of an increased number of individuals that attempted to feed. Interestingly, mice that
predated on infected bugs did not develop T. rangeli infection, suggesting that the oral route is
not effective for these parasites, at least in our system. Finally, a smaller number of infected
bugs succeeded in feeding in this context. We suggest that, although T. rangeli is not trans-
mitted orally, an increase in the proportion of foraging individuals would promote greater
parasite transmission rates through an increased frequency of very effective infected-bug bites.

Introduction

Trypanosoma rangeli, a protozoan parasite that infects triatomines belonging to the Rhodnius
genus and different species of mammals including humans, is broadly distributed in Latin
America (Grisard et al, 1999). The parasite has not been shown to be pathogenic for mam-
mals. Besides, its development in these hosts is poorly understood but recent experimental evi-
dence obtained in a murine model suggests it develops in secondary lymphoid organs (Ferreira
et al., 2020). Trypanosoma rangeli is acquired by triatomines after ingesting the blood of
infected mammals. On the other hand, mammals become infected via the saliva of infected
triatomines. Even though mammal parasitemia is low or unapparent, transmission to bugs
seems very efficient with rates close to 80% after a single meal on an infected mouse
(Ferreira et al., 2015). In the anterior midgut, blood trypomastigotes differentiate into epimasti-
gotes that colonize the whole intestinal tract of a bug after few days (Ferreira et al., 2018). It is
estimated that these parasites reach the haemolymph of 10-50% of insects presenting an intestinal
infection. Once there, they multiply and later migrate to the salivary glands where metacyclogen-
esis takes place (D’Alessandro-Bacigalupo and Gore-Saravia, 1999). Infected Rhodnius bugs pre-
sent increased mortality rates, as well as several pathogenic effects, such as delayed and defective
moulting, and decreased fecundity/fertility rates (reviewed in Guarneri and Lorenzo, 2017).
Interestingly, T. rangeli can also affect the behaviour of triatomines. Healthy bugs charac-
teristically spend most of their life hidden inside shelters, seeking protection against the action
of predators, as well as favourable microenvironmental conditions. A strong thigmotaxis asso-
ciated with a negative phototaxis maintains the bugs in akinesis inside shelters during daytime.
At the beginning of the night, and depending on their nutritional status (Ferreira et al., 2019),
these insects can leave their refuges and engage in foraging activity. Under these conditions,
bugs spend most of the night outside shelters, only returning a few hours before dawn, a
behaviour endogenously controlled by their circadian clock (Lazzari, 1992; Lorenzo and
Lazzari, 1998). According to experiments using individual actometers, triatomines present a
bimodal daily pattern of spontaneous activity, with a first peak occurring around lights on,
and a second one during the first hours after lights off (Lazzari, 1992; Marliére et al,
2015). Trypanosoma rangeli infection alters this spontaneous locomotory activity in R. prolixus
(Marliére et al., 2015). Even though the bimodal daily pattern of locomotion is not affected,
T. rangeli promotes increased levels of locomotory activity during most of the daily cycle,
i.e. including the photophase, and weakens the characteristic negative phototaxis of bugs.
Infection also promotes a reduction in the expression of Rpfor, a gene encoding a protein
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kinase modulating the foraging profiles of insects of diverse orders
(Marliére et al., 2015). In the present work, we evaluated diverse
parameters of shelter-related activity in T. rangeli-infected R. pro-
lixus. These parameters were recorded for uninfected, as well as
infected bugs, in the presence of a mammal host. Besides, we stud-
ied whether infection induced an increase in the predation rates
endured by bugs. Finally, we evaluated whether the ingestion of
T. rangeli-infected bugs can promote oral transmission to mice.

Materials and methods
Triatomines

The R. prolixus colony used in our study originated from
insects collected in Honduras in the 90s. Triatomines were reared
by the Vector Behaviour and Pathogen Interaction Group at the
René Rachou Institute, and fed monthly on anaesthetized chick-
ens (ketamine, 20 mgkg™' - Cristalia, Brazil; and detomidine,
0.3mgkg™" - Syntec, Brazil) and mice (ketamine, 150 mgkg ™" -
Cristélia, Brazil; and xylazine 10 mgkg™" - Bayer, Brazil), accord-
ing to the standards approved by the Committee for Ethics in
Animal Use (CEUA), FIOCRUZ, under the license number
LW-61/2012. The colony was maintained at 26 +1°C, 65+ 10%
RH and exposed to a natural illumination cycle.

Parasites

Trypanosoma rangeli (CHOACHI strain) isolated from naturally
infected R. prolixus salivary glands (Schottelius, 1987) were used
to infect insects. The parasites were cultured by twice a week
passages in LIT (liver-infusion tryptose) medium supplemented
with 15% fetal bovine serum, 100 mgmL™" streptomycin and
100 units mL™" penicillin.

Insect infection

Trypanosoma rangeli infection was performed as described by
Ferreira et al. (2010). Briefly, third instar nymphs were fed on
an artificial feeder with heat-inactivated (56°C, 30 min) citrated
rabbit blood containing culture epimastigotes in a concentration
of 1x 10° parasites/mL. As systemic infections of T. rangeli do
not occur in all individuals with intestinal infections (reviewed
in Guarneri and Lorenzo, 2017; Guarneri and Schaub, 2021),
7 days after moulting to the fourth instar, nymphs were inocu-
lated 1 uL of sterile PBS (0.15 M sodium chloride in 0.01 M sodium
phosphate, pH 7.4) containing approximately 100 parasites by
inserting a needle of a Hamilton syringe (50 L) through the thor-
acic pleura. One day after inoculation insects were fed on anaes-
thetized mice. To confirm haemocoelomic infection, a sample of
haemolymph from the cut end of a hind tarsus was examined. In
the experiment testing oral transmission, salivary gland infection
was confirmed by examination of 10% of each bug cohort, which
is sufficient according to Rodrigues et al (2016). In addition, using
insects with more than 30 days of infection guarantees the mas-
sive presence of metacyclic trypomastigotes in the gland (Paim
et al., 2013). Control group insects were fed on heat-inactivated
citrated rabbit blood at their third instar, inoculated with sterile
PBS after moulting to fourth instar and had a sample of haemo-
lymph collected with the same procedure. Fifth instar nymphs
starved for approximately 30 days were used for the experiment.

Experiments

Use of shelters
The dynamics of the use of shelters by R. prolixus, whether
infected or not by T. rangeli, was evaluated according to the
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methodology described by Marliére et al. (2021). Two glass arenas
(40 x40 x 20 cm) presenting an artificial shelter in the central
area were used to simultaneously record the behaviour of infected
and uninfected nymphs. The shelters were made of a piece of cor-
rugated cardboard (20 x 10 cm) folded in half to produce a 10 cm?
refuge with two ~0.5 cm high lateral accesses. Groups of 50 T.
rangeli-infected and 50 uninfected nymphs were released in
each arena 3 h before the end of the photophase. The insects
were acclimatized in the arenas for 72 h. After acclimation, bugs
found outside shelters were removed. One mouse (weighing
~40 g) held in a cylindrical plastic container (10 cm high x 8 cm
in diameter) closed with a perforated plastic cap was placed in
each of the arenas. The containers prevented physical contact
between insects and mice but allowed chemical (odours) and
physical (vibration and heat) stimuli to be emitted, signalling
the presence of a host. The mice were placed in the arenas 3 h
before the start of the scotophase and remained there until 3 h
after the start of the following photophase, receiving water and
food ad libitum during all the period (total assay duration=18h).
Five replicate assays were done for each treatment (N =250 per
treatment). The assays were recorded by means of an infrared sen-
sitive video camera (Panasonic digital video camera-recorder,
model AG-DVC30P). The video records were analysed for the fol-
lowing parameters: insects inside and outside shelters during
acclimatization, percentage of insects inside shelters before intro-
ducing the host, percentage of insects outside shelters in the pres-
ence of the host, and percentage of insects that remained outside
the shelters 3 h after host removal. During the photophase, fluor-
escent tubes located overhead illuminated the chamber at a light
intensity of ca. 160 LUX. Room temperature was kept at 24 + 1°C
and 12:12 L/D.

Predation rates

Bug predation rates by mice were evaluated using the same experi-
mental design of the previous experiment, with modifications. In
this case, mice were kept inside steel cages (10 x 6 x 10 cm) that
allowed interactions between them and bugs. Video records
were analysed for the following parameters: insects inside and
outside shelters during acclimation, percentage of insects inside
shelters before introducing the host, percentage of insects pre-
dated, and percentage of fed insects. Fed insects were transferred
to a BOD chamber (26 + 1°C) to evaluate moulting rates.

Oral transmission of T. rangeli

To evaluate whether T. rangeli can be orally transmitted to the verte-
brate host, infected fifth nymphs were maintained in a glass arena
(40 x 40 x 20 cm) with Balb/c strain mice (starved for 3h). One
day before the experiment, nymphs had their proboscis removed to
prevent bugs from biting mice, and therefore to avoid parasite trans-
mission through bug feeding. For assays (n =10), one mouse and
three nymphs were kept in the arena for 1h to allow the mouse to
eat the insects. On days 1-6 and 15 after this, mice were then anaes-
thetized and offered as a food source to three uninfected fifth instar
nymphs (starved for 30 days). Fed nymphs were maintained at 26 +
1°C for 21 days, when their intestinal tracts, haemolymph and saliv-
ary glands were examined for parasites (Ferreira et al., 2015). Thirty
days after each assay, mice were anaesthetized, bled and their blood
transferred to culture tubes containing 2 mL of LIT medium. After
20 days, these blood cultures were examined for T. rangeli presence.

Statistical analysis

A GLM model (repeated-measures ANOVA) was used to deter-
mine whether infection status affected the percentage of insects
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found outside shelters during host presentation (GraphPad Prism
5). Data were arcsine square root-transformed before the analysis.
Comparisons between the number of insects found inside/outside
shelters, and between predation rates were made by means of a y°
test. Odd ratio calculations estimated the probabilities of bugs
being exposed/predated. The level of significance was set to P <
0.05 (95%).

Results
Use of shelters

Trypanosoma rangeli infection induced changes in all shelter
use-related parameters evaluated. After acclimatization, signifi-
cantly less T. rangeli-infected nymphs had entered shelters com-
pared to uninfected ones (Fig. 1, x% P <0.0001). Trypanosoma
rangeli infection increased 2.7 times the probability of R. prolixus
nymphs to become exposed by being outside the shelter. Infection
by T. rangeli also altered the dynamic of shelter entries and exits
in the presence of the host. A significantly larger number of T.
rangeli-infected insects were found outside shelters during the
whole interval in which the host was presented (Fig. 2; GLM F
=15.38, p.r. =1, P<0.01). An intense movement of bugs around
the container was also observed (Supplementary video). For most
of the scotophase, more than 70% of infected nymphs remained
exposed in the arena, while only 40% of uninfected nymphs did
so. Finally, 3 h after host removal, a significantly higher percent-
age of T. rangeli-infected nymphs remained outside shelters
(Fig. 3, x% P<0.0001). The infection increased by 4.7 times the
probability of a nymph to remain outside the shelter after it has
perceived the presence of a host.

Predation

Similar to the previous experiment, a significantly lower propor-
tion of infected insects entered shelters after acclimation (69.2 +
5.8 vs 86.4 +4.3% for infected and uninfected nymphs, respect-
ively, %, P<0.0001). In addition, T. rangeli-infected insects
were significantly more predated than uninfected ones (Fig. 4;
2> P<0.0001). Trypanosoma rangeli infection increased 2.7
times the probability of a bug being predated. Feeding success
was also reduced in T. rangeli-infected bugs (Fig. 5, x>, P<
0.05). No differences in moulting rates were found when fed
insects of both groups were compared, as 40% of infected insects
arzld 58.5% of uninfected ones moulted to the adult stage (Fig. 5,
x5, n.s).

Trypanosoma rangeli oral transmission

Eight mice ate all nymphs offered, while two of them ate two out
of the three insects presented. A total of 217 triatomines were
examined after the xenodiagnosis and were all found negative
(23 out of 240 died or did not feed and were therefore excluded).
All haemocultures made with the blood of experimental mice
were also found negative for T. rangeli.

Discussion

Our results show that T. rangeli infection modifies R. prolixus
behavioural traits affecting its interaction with vertebrate hosts.
The infection weakened the hiding tendency of the bugs, decreas-
ing their protection from predation. This decreased avoidance of
open places increased interactions with the host and, conse-
quently, the predation rates while bugs attempted to feed.
Infected and uninfected R. prolixus nymphs showed a similar
and expected behaviour when exposed to an illuminated area;
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Fig. 1. Trypanosoma rangeli infection induced a decrease in the number of Rhodnius
prolixus nymphs that enter the shelter in the absence of a host. Percentage of T.
rangeli-infected or uninfected R. prolixus nymphs found outside shelters after accli-
matization (¥, P<0.0001). Data depicted represent the median (horizontal line) of
the percentage of insects inside the shelter from five independent assays (25-75%,
Max-Min).

after a short period of intense movement, insects searched for a
hiding place. Nevertheless, while 85% of the uninfected insects
(mean for both experiments) entered shelters after acclimation,
only 69% of the infected ones expressed this behaviour.
Triatomines are nocturnal insects that remain hidden during
the photophase to avoid predation, as their vertebrate hosts usu-
ally feed on them. These insects are very sensitive to light and
exhibit an intense negative phototaxis, always avoiding illumi-
nated environments. This behaviour, which is under circadian
control (Reisenman et al., 1998), can be modulated by several
factors, including the intensity and the spectral composition of
the light (Reisenman et al., 1998; Reisenman and Lazzari,
2006). The decrease of negative phototaxis observed in T. ran-
geli-infected R. prolixus (Marliére et al., 2015) could explain a
decreased avoidance of illuminated areas. Further studies should
address whether infection reduces bug sensitivity to light
intensity (Reisenman et al, 1998), promoting higher exposure.
Additionally, potential alterations of the intense thigmotaxis of
this species by T. rangeli infection deserve consideration in future
experiments (Mosquera and Lorenzo, 2020).

Infection by T. rangeli also impacted bug responses to the pres-
ence of a host. Rhodnius prolixus is known to express low levels of
spontaneous foraging, mostly leaving the protection of shelters in
the presence of robust cues of host presence (Ferreira et al., 2019;
Marliére et al., 2021). Indeed, ~40% of uninfected bugs left the
shelter during the interval in which mice were present, while
this almost doubled for infected bugs. Furthermore, half of
these infected individuals did not come back to shelter safety
after lights on and host removal, reinforcing that infection
decreases negative phototaxis (Marliére et al., 2015). Indeed, R.
prolixus infected with T. rangeli presents an infection-induced
increase in locomotory activity in the absence of host cues
(Marliére et al., 2015). Interestingly, T. rangeli infection also
induces a reduction in the expression of Rpfor, a gene coding a
protein kinase modulating foraging intensity (Marliére et al,
2015). In fact, a reduced expression of this gene correlates to
increased locomotory activity in this species (Marliére et al.,
2020). The increase in the proportion of bugs that leave the shelter
in the presence of host cues could be the result of a decrease in the
nutritional reserves of infected insects, as T. rangeli-infected bugs
usually bear massive amounts of parasites. Nevertheless, nutri-
tional status seems not to trigger the decision of starting forage
in R. prolixus, as the proportion of uninfected bugs that leave shel-
ters does not change between 30 and 60 days of starvation
(Ferreira et al., 2019). Alterations at the sensory level, increasing
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Fig. 2. Trypanosoma rangeli infection increased the number of Rhodnius prolixus nymphs that left shelters in the presence of a host. Arrows represent host intro-
duction and removal from the arena. Data depicted represent the hourly means of five independent assays.
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Fig. 3. Trypanosoma rangeli infection induced increased exposure in Rhodnius pro-
lixus nymphs. Percentage of T. rangeli-infected or uninfected R. prolixus nymphs
found outside shelters 3 h after host removal. Data depicted represent the median
(horizontal line) of the percentage of insects found outside shelters in five independ-
ent assays (25-75%, Max-Min).

infected-bug perception of the host presence could be happening,
as observed in dengue-infected Aedes aegypti (Tallon et al., 2020).

The higher predation rates seen may simply be a consequence
of the increased bug exposure reported above, as an elevated
number of T. rangeli-infected insects left the shelters as a response
to the presence of a host, probably approaching it more fre-
quently. An increase in predation rates was recently shown in
R. prolixus infected with Trypanosoma cruzi, the etiological
agent of Chagas disease, but the observed increase in that case
was related with a bolder behaviour expressed by infected indivi-
duals, as the number of insects that left the shelter was similar
between infected and uninfected bugs (Marliére et al., 2021).
Trypanosoma cruzi oral transmission is highly efficient
(Shikanai-Yasuda and Carvalho, 2012; Coura, 2015) and epide-
miologically relevant in sylvatic and domestic Chagas disease
cycles (Reithinger et al., 2005; Jansen et al., 2018). In the case
of T. rangeli, oral transmission has not been proven to date and
our results suggest that it may not happen, as we failed to demon-
strate this form of transmission in our experimental model.
Nevertheless, it is important to consider that sylvatic animal
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Fig. 4. Infection by T. rangeli increased predation of R. prolixus nymphs. Data
depicted represent the median (horizontal line) of the percentage of predated insects
from five independent assays (25-75%, Max-Min).

models (Dario et al., 2021) need to be tested for oral transmission
before it can be discarded for this parasite. The bite of infected
bugs is extremely efficient for T. rangeli transmission, as it was
estimated that 50 000 metacyclic trypomastigotes are released dur-
ing a single feeding event (Ferreira et al., 2015). Indeed, 90% of
mice become infected in a single feeding event and can subse-
quently transmit T. rangeli to healthy insects (Ferreira et al.,
2015). If increased activity translates into higher numbers of
insects leaving shelters, this could increase the probability of bit-
ing, ensuring parasite transmission. Therefore, it is reasonable to
suggest that T. rangeli can increase its transmission rates through
simply increasing the host-seeking motivation of bugs. In add-
ition, our results reinforce that T. rangeli infection compromises
the feeding performance of bugs, as fewer nymphs succeeded
feeding (Afez and East, 1984; Garcia et al., 1994).

Although many of the behavioural/physiological changes pro-
moted by parasites are a mere byproduct of infection, some have
been suggested to represent cases of host manipulation (Thomas
et al., 2010). These effects can be considered a form of host
manipulation if the molecules responsible for inducing altered
host behaviour are produced by the parasites and increase parasite
transmission rates (Hurd, 2003). Our results suggest bug manipu-
lation by T. rangeli, but more evidence is necessary to propose this
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Fig. 5. Infection by T. rangeli decreased bug feeding success.
Data represent the mean percentage of surviving insects that
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hypothesis. This idea is also supported by the fact that T. rangeli
alters the expression of a gene controlling insect foraging behav-
iour (Marliére et al., 2015). Next steps should identify the pro-
cesses governing the transmission of this parasite, characterizing
the mechanisms that underlie the behavioural alterations pre-
sented here.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/50031182021001682.
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