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Abstract

Trypanosoma cruzi is a single-celled eukaryotic parasite responsible for Chagas dis-
ease, a major cause of morbidity and mortality in Central and South America. While the
host-pathogen interactions of T cruzi have been extensively studied in vertebrate models,
investigations into its interactions within its insect host remain limited. To address this
gap and establish a genetically tractable system for studying parasite-vector dynamics,
we conducted quantitative kinetic infection studies using the Y strain of T. cruzi and the
model vector Rhodnius prolixus. We began by comparing parasite infection kinetics from
two genetically diverse strains of T cruzi, Brazil and Y, and demonstrated that ingested
parasites from both strains transiently expand in the anterior regions of the insect diges-
tive tract with stable colonization occurring in the hindgut over the long term. Notably, we
demonstrated that the clonal Y strain, contrary to previous reports, can effectively infect
and persist across multiple developmental stages of R. prolixus. Additionally, comparison
of movement of parasites versus inert fluorescent microspheres introduced into artificial
blood meals suggests that T cruzi colonization of the R. prolixus gut occurs passively
through peristaltic movement during digestion, rather than through active parasite-
mediated chemotaxis. These findings highlight the T cruzi'Y strain - R. prolixus model
system as a promising tool for the in-depth molecular characterization of parasite-vector
interactions, potentially offering new insights into the biology of this neglected and deadly
human pathogen.

Author summary

The single-celled eukaryote Trypanosoma cruzi is a parasite which causes Chagas disease
in humans, a condition that can result in debilitating enlargement of the esophagus

and colon and which can additionally cause premature death by heart failure. T. cruzi is
primarily transmitted to people from the feces of a blood-feeding insect vector known

as a kissing bug or triatomine. Characterization of host-pathogen interactions of T. cruzi
have largely focused on this parasite’s mammalian, rather than insect, hosts. However, a
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comprehensive understanding of how T. cruzi proliferates within kissing bugs is para-
mount to forming new strategies to disrupt transmission. In this study, we demonstrate
that the Y strain of T. cruzi colonizes the major vector species Rhodnius prolixus and we
characterize multiple aspects of parasite development within the insect digestive tract.
We propose the T. cruzi Y strain - R. prolixus system as an ideal model for future interro-
gation of parasite-insect molecular interactions.

Introduction

The causal agent of Chagas disease, Trypanosoma cruzi, is an obligate intracellular parasite that
infects an estimated 6-7 million people in the Americas, with an at-risk population of 70 million
[1]. Inoculation is followed by a brief acute stage of infection that, while mild or even asymp-
tomatic, is also not completely cleared. While 70% of infected individuals progress to a clinically
silent indeterminate stage, the remaining 30% often develop life-threatening pathologies [2,3].
No vaccine for T. cruzi infection is currently available and the only efficacious and approved
treatment regimens are benznidazole and nifurtimox, chemotherapies which both consistently
incur adverse side effects causing high drop-out rates [4] and which are estimated to be available
to less than 1% of infected people [5]. Given the challenges in detection and treatment of T. cruzi
infection, its status as an emerging pathogen in the U.S. is a serious public health concern [6].

Like several other protozoan parasites of humans, T. cruzi is primarily transmitted to
humans by a blood-feeding arthropod vector. Competent T. cruzi vectors all belong to the
insect subfamily Triatominae, colloquially called “kissing bugs”, although transmission con-
genitally, via blood transfusions, and from organ transplantation have also been reported [7].
Importantly, unlike the more common salivarian transmission strategy of other disease-
causing trypanosomatids such as T. brucei or Leishmania species, T. cruzi is classified as a
stercorarian (fecally transmitted) parasite [8]. During blood feeding, an infected triatomine
will expel the contents of its hindgut onto its vertebrate host, releasing infectious flagellated
non-dividing forms of the parasite known as the metacyclic trypomastigote in its excreta. If
this stage of the parasite is able to enter the victim’s bite wound or nearby mucous membrane,
it has the potential to invade any nucleated cell it encounters. Upon penetration of the host
cell membrane and entrance into the cytosol, the metacyclic trypomastigote undergoes a dra-
matic morphological transformation into replicative amastigotes, a diminutive and immobile
form of the parasite lacking a prominent flagellum. Following several days of proliferation and
the eventual depletion of host cell resources, amastigotes initiate a stage transition whereby
they reextend their flagella, again converting into infectious trypomastigotes which ultimately
lyse the host cell and thus propagate the infection [9].

Repeated invasion and lysis of cells by T. cruzi over years or even decades leads to the
destruction of host tissues, resulting in serious and sometimes fatal cardiomyopathies and
megaviscera in patients with chronic Chagas disease [10]. Alternatively, following egress
from an infected cell, circulating trypomastigotes have the potential to be ingested by a naive
triatomine insect. Trypomastigotes transition to the replicative extracellular epimastigote
stage within the kissing bug digestive tract and rapidly multiply by binary fission. Only after
reaching the intestinal hindgut and being exposed to certain environmental cues (e.g., low
nutrients) will epimastigotes convert a final time to infectious metacyclic trypomastigote
forms, and await release onto a new bite victim to begin the cycle anew [11].

Although the insect vector is central to ongoing transmission of this parasite, the scien-
tific literature describing T. cruzi-host interactions has historically been heavily focused on
mammalian infections [12-15]. Of the limited reports characterizing T. cruzi biology within
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its insect vector, comparatively few have investigated the molecular interactions between par-
asite and insect host. Little is known regarding how T. cruzi diverts nutrients, navigates and
colonizes the vector gut lumen, interacts with the vector microbiome, and determines when
and where to initiate life stage transitions into either replicative or infectious forms [16,17].
Much of our lack of understanding of the vector-parasite interactions can be attributed to
inadequate resources to study this pathogen, and until recently, a lack of molecular tools

to genetically manipulate T. cruzi or major triatomine vector species. Likewise, conducting
longitudinal studies of T. cruzi development in kissing bugs presents several difficulties as it
requires appropriate facilities for containment of infected arthropods and is additionally com-
plicated by two major challenges of triatomine rearing: an exceptionally prolonged develop-
ment period and a highly restricted diet of fresh vertebrate blood which must be provided via
anesthetized animal or artificial membrane feeder [18,19]. A comprehensive characterization
of the kinetics of T. cruzi infection within its vector remains limited, thus hindering our ability
to accurately predict disease transmission dynamics and develop effective control strategies
towards interrupting transmission.

Strains of infectious T. cruzi are characterized by genotype and specifically grouped into
seven discrete typing units (DTUs) designated as TcI-VI and TcBat. While DTUs III-VI have
been proposed or confirmed as hybrid lineages, DTUs I and II are confirmed clonal lines that
diverged from a common ancestor 1-3 million years ago and which are responsible for the
majority of chronic Chagas infections [20]. An attractive candidate strain of T. cruzi to begin
interrogating trypanosome-kissing bug molecular interactions is the clonal Y strain (DTU
II) as it has a recently sequenced and well-annotated genome [21] and is readily genetically
manipulated using CRISPR/Cas9 genome editing [22-25]. However, the Y strain of T. cruzi
is widely reported to only transiently colonize R. prolixus, rapidly disappearing from the gut
by two weeks post-infection or earlier [26-28]. In contrast, other T. cruzi strains including
Dm28c¢ (DTUI) and CL Brener (DTU VI) have consistently been found to efficiently infect R.
prolixus under experimental conditions with the majority of the parasite population residing
in the hindgut [29,30]. Infected Rhodnius sp. collected from their natural habitats are domi-
nantly colonized by DTU I genotypes [31,32]. Whether this observed association is because
Rhodnius species are uniquely permissive vectors for DTU I T. cruzi strains, or is simply due
to geographic overlap of these organisms, remains unclear.

Foundational studies demonstrated that the failure of the T. cruzi Y strain to infect R.
prolixus was due to the susceptibility of epimastigotes to lysis by the bacterium Serratia mar-
cescens [26,33], an opportunistic pathogen which is a common resident of the gut microbiota
of several hematophagous insects [34]. Comparative bioassays assessing trypanolytic activity
of multiple S. marcescens strains further revealed that only prodigiosin (pigment) -producing
strains eliminated T. cruzi populations in vitro while non-pigmented strains had no adverse
effects on parasites [33]. In-house surveys of the enteric bacteria colonizing juvenile and adult
individuals from our R. prolixus laboratory culture via 16S rRNA sequencing paired with
culture-based methods revealed only sporadic presence of a non-prodigiosin producing strain
of S. marcescens and indicated no pigment-producing S. marcescens. We therefore reasoned
that individuals from our R. prolixus colony should support T. cruzi Y strain infection and
tested this hypothesis with a series of straightforward assays comparing outcomes of infections
using the model Brazil strain [20].

Using a quantitative real time PCR-based (qQPCR) approach, we examined the kinetics
of parasite expansion and colonization of three major regions of the triatomine insect gas-
trointestinal (GI) tract across time and comparing Y (DTU II) versus Brazil (DTU I) strain
infections. We observed that Y strain parasites readily colonize our laboratory colony of R.
prolixus in a manner indistinguishable from Brazil strain infection. We tracked a number of
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distinct variables with regards to the infection kinetics in our comparison and found that the
number of parasites consumed during initial infection, the size of the insect at infection or the
frequency of feeding prior to infection had little effect on the final levels of T. cruzi parasite-
mia. Ingested epimastigote-stage Brazil and Y strain T. cruzi progressed to infectious meta-
cyclic forms released in triatomine feces, indicating parasites from both strains successfully
completed their life cycle in R. prolixus. Focusing on the Y strain exclusively, we demonstrated
that both epimastigotes and in vitro culture-derived blood stream trypomastigotes display
equivalent infection kinetics and using fluorescent microspheres administered during the
bloodmeal, we found that colonization of the vector intestinal tissues proceeds passively due
to normal gut peristalsis. Finally, we observed that Y strain parasites also persist in R. prolixus
juveniles and can be detected following successive developmental molts, likely resulting in
lifelong infection of the vector.

Methods
Ethics statement

No vertebrate animals were used for the experiments described in this paper. For maintenance
of the R. prolixus culture, insects were blood-fed using artificial membrane feeders following

a standard procedure approved by the University of Georgia Biosafety Committee under
protocol 2021-0057.

Insects

Rhodnius prolixus were originally acquired from the laboratory of Ellen Dotson at the Cen-
ter for Disease Control and Prevention in Atlanta, GA through BEI Resources. Insects were
maintained in a climate-controlled incubator (Percival I-36VL) kept at 28°C and 70% relative
humidity following a 12h:12h day/night cycle. Adults, fifth instar nymphs, and fourth instar
nymphs were separated by life stage and maintained at densities of 50-100 individuals per
cage while first, second, and third instar nymphs were housed together at densities of approx-
imately 100-200 individuals per cage. Cages were either 1L volume polypropylene containers
(Thermo Scientific Nalgene 2118-0032) or 32 oz plastic tubs (Choice 127DM32BULK) fitted
with donut lids with snap-on clips (BugDorm BDC0003_12P). Both cage styles were topped
with secured nylon mesh to allow blood feeding and gas exchange and contained vertical
corrugated cardboard supports (Uline S-2714) for insects to climb on, to absorb excreta, and
to serve as oviposition substrates. All R. prolixus life stages were offered defibrinated sheep
blood (Hemostat Labs DSB800) on a weekly basis for a duration of 3-4h at 25°C in the dark.
The bacterial symbiont Rhodococcus rhodnii was added to blood at 10° CFUs/mL to promote
efficient development and high fecundity [35]. Blood meals were provided using glass water-
jacketed artificial feeders (ChemGlass CG-1836-75) warmed to 37°C using a hot water bath
and recirculating pump and using powder-free latex gloves (VWR 76319-672) as membranes.

Parasites

Y strain T. cruzi was obtained from the American Type Culture Collection (ATCC) (50832)
while Brazil strain T. cruzi were obtained from BEI Resources (NR-53932). Both strains were
continuously maintained in culture in vitro as epimastigotes in liver infusion tryptose broth
(LIT medium) [36] supplemented with 15% fetal bovine serum (FBS) which was first heat-
inactivated for 1.5h at 76°C. Trypanosomes were stored at 28°C in the dark in 12.5cm? cell
culture flasks (VWR 10062-870), passaged every 2-4 d, and maintained at densities of 1x10° -
4x107 as determined using a particle and cell counter (Beckman Coulter Z2 8043-30-0016).
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Verification of T. cruzi strain identity

Genomic DNA was isolated from pellets of 107 epimastigote-stage Brazil or Y strain par-
asites using the classic phenol/chloroform phase extraction method. DNA concentration

was measured using a spectrophotometer and templates diluted to 10 ng/pl. Primer sets that
exclusively amplify sequences from each DTU, originally developed by Munoz-San Martin et
al. [37], were used in separate reactions each following identical conditions. Primer sequences
and predicted amplicon sizes are listed in S1 Table. Reactions of 25 pl total volume each
contained: 12 pl sterile water, 5 ul Q5 polymerase buffer (5x), 3.125 pl of each primer (5 uM),
0.5 ul ANTPs (10mM), 0.25 pl Q5 high-fidelity polymerase (New England Biolabs), and 10ng
template DNA. PCR conditions consisted of an initial denaturation at 98°C for 1 min followed
by 28 cycles of denaturation at 98°C for 30 sec, annealing at 70°C for 30 sec, and extension at
72°C for 30 sec, culminating in a final extension at 72°C for 1 min. PCR products were electro-
phoresed in 2% agarose at 60 V for 1.5h.

Infection of R. prolixus

T. cruzi epimastigotes were cultured as described above and were strictly maintained in log
phase growth (5x10° - 1.5x107) continually for at least 5 d prior to infectious feeds. T. cruzi
blood stream trypomastigotes were generated in vitro by infecting Human Foreskin Fibro-
blasts (HFFs) (generously provided by Dr. Jessica C. Kissinger, University of Georgia) with
stationary-phase, maximum density epimastigotes kept in LIT medium for 7 d without pas-
saging to induce metacyclogenesis [38]. For three days following trypanosome infection, HFFs
were maintained at confluency in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose
supplemented with 10% cosmic calf serum (CCS, VWR 16777-244). The medium was then
decanted on day 4 post-infection and replaced with DMEM high glucose supplemented with
1% CCS. Trypomastigote- and amastigote-stage trypanosomes resulting from this infection
were maintained in the same flask of HFFs for 2 weeks to amplify the parasite population.

Parasite density in culture medium was determined the day of insect infection either by
particle counter (epimastigotes) or by manually counting using a Neubauer hemocytometer
(blood stream trypomastigotes). Epimastigotes or blood stream trypomastigotes were isolated
from LIT medium or infected HFF supernatant, respectively, by centrifugation at 1000 x g for
10 min. Parasites were washed 3 times in Hank’s Balanced Salt Solution (HBSS) to remove all
traces of antibiotics from the culture medium and finally resuspended in defibrinated sheep
blood which had been decomplemented by heating the serum fraction at 56°C for 1 h. The
density of parasites used for infectious blood meals varied depending on the experiment and is
specified in the pertinent Results sections.

Two to three days before infectious feeds, adult-stage R. prolixus were marked with two
colors of nail polish on the dorsal side of the thorax to permit identification and tracking
of individuals. Infectious blood meals were offered to insects using the artificial membrane
feeders described above (Insects) for 3h at 25°C in the dark. The blood meal mass consumed
by each individual insect was determined by calculating the difference between its total mass
(Denver Instrument Company Analytical Balance A-160) 1 d prior to the feed versus its mass
at 3-5h post-blood meal, a time point well after this species completes diuresis of excess blood
meal-derived fluid [39] to avoid inter-individual fluctuations in mass. First instar nymphal R.
prolixus could not be marked with nail polish, as this later induced molting failure, nor accu-
rately weighed as individuals due to their negligible mass. Average blood mass consumed by
nymphs therefore was estimated by weighing several cohorts consisting of 10 pooled nymphs
to generate an average mass of non-fed individuals followed by weighing 10 pooled insects
at 3-5h post-blood meal to generate an average replete nymph mass. Hence, blood mass
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consumed by adults was directly measured, whereas blood mass consumed by nymphs was
estimated by comparing averages of randomly selected cohorts.

Following infection, non-fed individuals were separated and discarded. Replete adults
were housed in groups of 30-50 per cage and both parasitemia and mortality tracked weekly
until the experiment was completed. Replete nymphs were housed in groups of 75-100 per
cage until one week prior to expected onset of molting, at which time they were transferred
to 24-well (1%-2" instars) or 12-well (3"-4" instars) tissue culture plates to allow precise
tracking of development. Nymphs were sampled to quantify parasitemia at 1d post-infection
(I*instars) or 7d post-molt (all ensuing instars). As bugs housed individually did not readily
blood feed, nymphs that had molted were again pooled in cages and offered a non-infectious
blood meal at 7-14 d post-molt. To minimize variation, only synchronous cohorts of nymphs
that molted within a 4-day time span were pooled and offered a subsequent blood meal to
allow development to the next life stage. Nymphs that molted earlier or later than this 4-day
window were discarded.

DNA isolation and quantitative real-time polymerase chain reaction

T. cruzi-fed R. prolixus were anesthetized at 4°C for 30 min, then appendages removed using
small spring scissors (Fine Science Tools 91500-09) and whole digestive tract (comprising the
anterior midgut (AM), posterior midgut (PM), and hindgut (HG)) explanted into ~200 ul
phosphate-buffered saline (PBS 1x) using needle-nosed forceps (Fine Science Tools 11251-10).
Malpighian tubules, tracheae, and fat body tissue adhered to the digestive tract were removed
and the gut precisely separated into the AM, PM and HG regions using a disposable scalpel.
Each severed gut region was transferred with forceps to a microcentrifuge tube containing 5 pl
Proteinase K 20 mg/ml (Thermo Fisher) and 200 ul SNET lysis buffer (400 mM NaCl, 1% w/v
SDS, 20mM Tris-Cl pH 8.0, and 5mM EDTA pH 8.0; Cold Spring Harbor Protocols). Five

to seven 1.7 mm stainless steel beads were added (Next Advance SSB16) per tube and tissues
were macerated for 2min using a bead homogenizer (Next Advance Bullet Blender BBX24).
Tissues were then incubated at 56°C for 2 h to facilitate Proteinase K digestion. Total DNA was
isolated from tissue lysates using phenol:chloroform:isoamyl alcohol 25:24:1 (Fisher Scientific
BP17521-400) according to the manufacturer’s instructions. DNA suspended in the aqueous
phase was precipitated by addition of sodium acetate 3 M pH 5.2 and isopropyl alcohol fol-
lowed by centrifugation at 15,000 x g for 30 min at 4°C. DNA pellets were washed once in 75%
ethanol, solubilized in 30 pl nuclease-free sterile water, and integrity assessed by spectropho-
tometer (Biotek Epoch).

DNA templates were used to quantify total parasite genome copies per tissue by real-time
PCR (absolute expression) using primers TczF (5" - GCTCTTGCCCACAMGGGTGC - 3°)
and TczR (5 - CCAAGCAGCGGATAGTTCAGG - 3°) which target a 195bp microsatellite
tandem repeat DNA region in T. cruzi [40]. The number of repeats targeted by these primers
is circa 120,000 in T cruzi [41]. The standard curve for real-time PCR quantification was not
generated by cloning the target fragment into a plasmid backbone. Instead, total DNA was
extracted from 107 log-phase T. cruzi Y epimastigotes counted in triplicate by particle counter
and qPCR performed on decimal serial dilutions ranging from 10'-10° parasite diploid
genome copies which yielded a standard curve of R? = 0.998, E = 74%, slope = -4.156, and
y-intercept = 29.565. Reactions were performed in four technical replicates and contained 1
ul undiluted DNA template, 0.5 pl Fd/Rv primer mix (5 uM each), 3.5 pl nuclease-free H,O,
and 5 pl iTaq™ SYBR Green Supermix (Bio-Rad 1725121). qPCR was carried out using a
CFX96 Real-Time System (Bio-Rad) following a 3-step program: 95°C for 10 min followed by
35 cycles of 95°C for 10sec, 55°C for 15 sec, and 72°C for 20 sec and ending with a melt curve
analysis (ramp from 72°C to 95°C during 1 min) to confirm amplification of a single product.
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Flow cytometry

Adult R. prolixus starved for 3 weeks were fed defibrinated sheep blood containing 50 ul/ml (=
2.84 x 10°/ml) Fluoresbrite Polychromatic Red Microspheres, 2.0 um diameter (Polysciences
19508-2) with or without 1 x 10”/ml T. cruzi Y strain epimastigotes (infected/uninfected
treatments, respectively) using the artificial membrane feeder system described above. Replete
individuals were separated post-meal and 6 individuals per treatment were sampled every 24 h
by explanting the digestive tract and macerating its three principal regions (AM, PM and HG)
in 200 ul PBS using a bead homogenizer. AM, PM and HG homogenates were diluted 1:10 in
500 ul PBS and number of red particles in a 30 pl sample volume quantified using the propid-
ium iodide detection channel on a NovoCyte Quanteon laser flow cytometer (Agilent). Flow]o
software (https://www.flowjo.com/) was used to analyze the resulting data. The total sum of
red particles in the AM+PM+HG from each individual insect was calculated to generate the
relative proportion of red microspheres in each gut region compared to the entire GI tract as a

whole.

Data analysis

For all assays, individual bugs or tissues explanted from individuals served as the unit of
biological replication. Prior to analysis, data sets were assessed for (a) Gaussian distribution of
residuals using the Shapiro-Wilk test and (b) homogeneity of variances using either the F test
of variances where there were two treatments or Bartlett’s test where there were three or more.
For two treatments, size of blood meal mass was compared either using a two-tailed unpaired
Student’s t-test or a Mann-Whitney U nonparametric test. For three treatments, size of blood
meal mass was compared using either one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons or Kruskal-Wallis test followed by Dunn’s post-hoc. Proportions
of bugs to feed to repletion were compared among treatments by contingency table analysis
using either Fisher’s exact test or Chi-square test. Pearson correlation analysis was used to
compare mass of blood ingested by bugs with ultimate whole-body parasitemia at the time of
sampling. Survival (adult R. prolixus) and molting (juvenile R. prolixus) curves were com-
pared among treatments using Mantel-Cox analysis. Finally, parasitemia in insect gut regions
over time was compared among treatments using a linear repeated measures mixed effects
model in which the individual insect sampled was assigned as a source of random variation.
Data analyses were performed using R v4.2.2 using the nlme package for linear mixed effects
models. Data were graphed using GraphPad Prism v.9.0.1. and final figures assembled using
Adobe Illustrator v.23.0.1.

Results

Y strain T. cruzi stably infects R. prolixus with kinetics analogous to the
Brazil strain

The specific region(s) of the gut in which T. cruzi blood stream trypomastigote forms convert
to dividing epimastigote stages has historically been contested, with early studies documenting
this in the stomach-like anterior midgut but with more recent studies suggesting this either
occurs in the posterior midgut or the hindgut [42]. We tracked the kinetics of T. cruzi coloni-
zation in three morphologically and functionally distinct regions of the triatomine digestive
tract: the anterior midgut (AM), in which ingested blood is stored; the posterior midgut (PM)
(historically referred to as the intestine), where digestion occurs; and the hindgut (HG) (his-
torically referred to as the rectum), where fecal matter accumulates (see diagram in Fig la).
We additionally compared infection kinetics of T. cruzi from two different laboratory strains,
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the Y strain (DTU II) and the Brazil strain (DTU I), the genotypes of which we confirmed by
PCR amplification of variable regions within highly conserved genes (S1 Fig). Adult stage R.
prolixus were provided 5x10° epimastigote-stage T. cruzi per milliliter (ml) of defibrinated and
decomplemented sheep blood using an artificial membrane feeding system (see Methods) and
were weighed before and after infection to determine the mass of blood ingested.

The proportion of R. prolixus individuals to feed to repletion on infectious blood was not
statistically different between the two strains by Fisher’s exact test (two-sided, p = 0.3766) (Fig_
1b). Adult insects consumed blood meals that did not significantly differ between treatments
by Mann-Whitney U test (two-tailed, p = 0.6110) but which varied considerably within treat-
ments (Fig 1¢). This appeared to be primarily influenced by the length of the starvation period
prior to the infectious meal (Fig 1d). Longevity for Brazil- versus Y-fed R. prolixus was also
not significantly different over an extended time course of 9 weeks following infection, during
which insects were not offered any subsequent blood meals (Mantel-Cox test, X* = 2.584, df =
1, p =0.1080) (Fig le). We used quantitative real-time PCR (qPCR) to assess T. cruzi genome
copies in total DNA extracts of R. prolixus gut regions following an 8-week time course. As
previously reported for CL Brener and Dm28c strain kinetics in R. prolixus [29,30], the Brazil
strain of T. cruzi transiently appeared in the insect anterior and posterior midgut regions but
maintained a stable infection of the triatomine hindgut throughout the course of the study
(Fig 1f). Importantly, we found that the Y strain of T. cruzi was able to successfully colonize
R. prolixus adults and that the parasites persisted in high numbers in the gastrointestinal
(GI) tract despite the starvation-associated mortality of their hosts (Fig 1g). Analysis using
a repeated measures mixed effects linear model indicated that overall, there was no signifi-
cant strain-dependent effect on parasite burden in R. prolixus (p = 0.1242). Additionally, this
model indicated no significant interactions of strain x tissue (p = 0.1656) or strain x sampling
time (p =0.3669).

R. prolixus exhibited high variation in parasite load regardless of the strain of T. cruzi
used for infection and, as a result, we examined what factors could be driving this variabil-
ity. A fundamental parameter of infection assays at the cellular or organismal level alike
is how the ratio of infectious particles to target(s) influences the outcome of infection.
Vertebrates with acute-phase T. cruzi infection commonly present with circa 5x10* parasites
per ml blood, but typical triatomine infection assays use 1-5x107 parasites per ml blood
[17]. We therefore compared the size of the infectious blood meal consumed by individuals,
a direct indicator of the number of parasites ingested, to the whole-GI tract parasite load
on the day of sampling using Pearson Correlation analysis. Surprisingly, the mass of the
infectious blood meal was not significantly correlated with parasite load for either Brazil or
Y-infected bugs (R* and p-values indicated on graphs) (Fig 2a and 2b). We secondly exam-
ined the length of starvation period for insects prior to infection as a potential driver of T.
cruzi success given both vector and parasite likely compete for limiting nutrients derived
from the blood meal [42]. We again found that the duration of prior starvation did not sig-
nificantly affect parasitemia of either strain (Pearson Correlation analysis) (Fig 2c and 2d).
Comparing the whole-body mass of non-fed insects prior to infection showed no relation-
ship to parasite load for Brazil-infected bugs, while Y-infected R. prolixus showed a signifi-
cant but modest relationship to parasite burden in which lower body mass adults were more
heavily infected (Pearson Correlation analysis) (Fig 2e and 2f). Finally, we expected that
later sampling time points would be correlated with lower parasite loads because insects
were starved following the initial infection and we predicted the lack of additional nutri-
ents would negatively impact T. cruzi. While R. prolixus showed this general trend for both
treatments, the relationship was only statistically significant for Brazil-fed adults (Pearson
Correlation analysis) (Fig 2g and 2h).
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Fig 1. The Y strain of Trypanosoma cruzi stably infects the vector Rhodnius prolixus. (a) Diagram indicating the three
major regions of the kissing bug digestive tract in which parasite populations were quantified. (b) Bars indicate the total
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percentage of adults that consumed infectious blood, which did not significantly differ between treatments (Fisher’s exact
test). (c) Adult R. prolixus consumed blood meals that did not differ significantly in mass when the blood contained Brazil
strain versus Y strain T. cruzi (Mann-Whitney U-test). Dots representing blood meal masses of individual bugs overlay
box-and-whisker plots indicating data quartile and median values. (d) Six cohorts of adult R. prolixus were used for T.
cruzi infection which had been starved for different durations before the experiment. Regardless of which strain of T.

cruzi insects were exposed to, insects starved for longer time periods consumed larger blood meals. (e) Survival curves

of Brazil- and Y-infected adult R. prolixus over a nine-week period of starvation following the initial infectious feed. No
difference was detected in the probability of survival between treatments using a Mantel-Cox (log rank) test. (f, g) Absolute
quantitative PCR of total DNA isolated from portions of the gut of R. prolixus indicated that populations of (f) Brazil and
(g) Y strain T. cruzi diminish in anterior and posterior midgut regions, but stably persist long-term in the insect hindgut.
Dots representing total parasite genome copies per tissue from individual insects overlay bars showing mean and standard
error. A linear repeated measures mixed effects model examining interactions of treatment x tissue x time on parasite load
which additionally assessed individual insects sampled as a source of random variation indicated no significant differences
between prevalence of Brazil versus Y strain T. cruzi in R. prolixus.

https://doi.org/10.1371/journal.pntd.0012906.9001

Y strain parasites infecting R. prolixus convert to metacyclic
trypomastigotes that are excreted during ingestion of subsequent blood
meals

Studies reporting the inability of Y strain T. cruzi to colonize R. prolixus indicate ephem-
eral presence of epimastigotes for a few days in the digestive tract before disappearance
[26-28,43,44], while screening of insect excreta (urine/feces) for parasites five weeks
following infection showed few or none were present [44]. Since the Y strain was able to
colonize our culture of R. prolixus however, we next asked whether it was also able to com-
plete its normal life cycle transition into infectious metacyclic trypomastigotes within this
species. We examined excreta from a stably infected cohort of 20 adult insects following
several refeeds of non-infectious blood meals. We observed that the numbers of metacyclic
trypomastigotes increased with subsequent blood meals, with substantially more parasites
being released from Brazil-infected compared to Y-infected R. prolixus (Table 1). This
suggested that the Y strain is able to both effectively colonize and complete its life cycle in
this vector.

Time-resolved tracking of T. cruzi populations reflects the prevalence of
living parasites in the insect vector gastrointestinal tract

Our analysis of parasite load using PCR-based detection of T. cruzi relies on the assumption
that we are only detecting living parasites. However, our methodology does not strictly distin-
guish between these two possibilities. To ensure that our qPCR approach accurately reflects
parasitemia of viable parasites, we assessed the persistence of target DNA when R. prolixus
was fed heat-killed parasites. We incubated Y strain epimastigotes at 55°C for increasing
30-minute intervals up to 180 minutes maximum, returned them to normal culture condi-
tions, and monitored growth for one week to ensure the heat treatment permanently stopped
parasite proliferation. We observed that even the briefest 30-minute treatment totally ablated
parasite viability and they were unable to recover growth in in vitro culture; longer incuba-
tions at 55°C produced an identical effect (Fig 3a). Both living and heat-killed (55°C, 30 min)
parasites were fed to adult R. prolixus and insects were assayed each week for one month to
assess how long parasite DNA persists in the vector. gPCR of R. prolixus gut regions showed
that, in contrast to insects fed an equivalent titer of living parasites (Fig 3b), DNA from dead
epimastigotes completely disappears from the anterior midgut after two weeks and is only
rarely detected in the posterior midgut and hindgut at very low levels.
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Fig 2. Parasite load is not consistently correlated with R. prolixus nutritional status or with duration of infection. Correlations of
parasite load for Brazil-infected (left column) versus Y-infected (right column) adult R. prolixus compared to: mass of the infectious
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blood meal (a, b), starvation period of the insect prior to T. cruzi infection (c, d), mass of the starved insect prior to infection (e, f), and
duration of infection prior to sampling (g, h). Scatterplots show values for individual insects comparing whole gut (AM+PM+HG)
parasite load on the x-axis versus indicated values on the y-axis. Results of Pearson correlation coefficient analysis (Pearson r and
p-value) are indicated.

https://doi.org/10.1371/journal.pntd.0012906.9002

Table 1. Presence of metacyclic trypomastigotes in expelled feces of Brazil and Y strain T. cruzi-infected R. pro-
lixus. Insects pooled in cohorts of 20 were provided additional non-infectious blood meals biweekly following ini-
tial infection with 5 x 10° epimastigotes/mL blood. Excreta were collected and metacyclic forms quantified using
a Neubauer hemocytometer and an inverted microscope. Following blood meal 2, feces from adults infected with
Brazil or Y strains each showed one drop-like epimastigote and one metacyclic form. Following blood meal 3 and
all subsequent meals, metacyclic trypomastigotes were exclusively observed in excreta.

Blood meal Brazil strain Y strain
2 2 2

3 2,000 30

4 47,450 3,200

5 75,000 7,500

https://doi.org/10.1371/journal.pntd.0012906.t001

Y strain T. cruzi epimastigotes and blood stream trypomastigotes are both
infectious to R. prolixus

In natural settings, triatomines are infected following ingestion of low numbers of blood
stream trypomastigote forms circulating in a vertebrate host. While our prior observations
established that epimastigotes are able to initiate infection, we asked if the kinetics of infec-
tion and tissue colonization differed when the vector was infected with blood stream trypo-
mastigotes. We compared R. prolixus colonization by Y strain T. cruzi epimastigotes versus
blood stream trypomastigotes cultured in vitro and determined that both show highly similar
kinetics in the insect digestive tract and plateau at roughly equivalent populations of 10*-10° in
the hindgut (Fig 4a and 4b). One difference between treatments was elevated levels of para-
sites from blood stream trypomastigote infection in the posterior midgut during the first four
weeks post-blood meal. However, colonization of this region of the gut for both treatments
equivalently dropped to zero in most individuals by six weeks post-infection. Analysis using
a mixed effects repeated measures linear model indicated no significant differences in overall
parasite load between treatments (p = 0.8973) and no significant difference in the interaction
of treatment x tissue (p = 0.9342). Since the colonization kinetics of the R. prolixus hindgut
were highly similar following infection using epimastigotes versus blood stream trypomasti-
gote stages, we moved forward using epimastigotes for ensuing infection assays due to their
superior ease and reproducibility in in vitro culture.

Y strain T. cruzi colonize and transstadially persist in R. prolixus juveniles

Juvenile stages of triatomines require a blood meal during each nymphal instar to obtain the
necessary nutrients for development. Each blood meal is, therefore, an opportunity to acquire
T. cruzi and all stages of R. prolixus are susceptible to infection with this parasite [16]. In
nymphal triatomines, parasites face an additional barrier to persistence in the gastrointestinal
tract, however, because the lining of the hindgut is everted and shed in the final stage of ecdy-
sis (molting) in each instar [45]. The prevailing hypothesis is that T. cruzi maintains a small
population of dividing epimastigotes in the triatomine posterior midgut, which is not everted,
and which may serve as a reservoir to repopulate the hindgut following molting [42]. We
repeated epimastigote infection assays in nymphal R. prolixus to verify whether or not Y strain
T. cruzi persists transstadially, i.e., following progressive molts. Nymphs infected at the first
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instar stage maintained high GI tract populations of T. cruzi that expanded with ensuing molts
to the second and third instars; similarly, fourth instar nymphs maintained and increased
parasite burden following molting to the fifth instar (Fig 5).

Y strain T. cruzi colonize R. prolixus gut regions passively via natural
peristalsis

Prior research has shown that various other protozoan parasites transmitted by insect vectors
such as Plasmodium spp., T. brucei, and Leishmania spp. exhibit tissue tropism once inside
their invertebrate host. Plasmodium ookinetes, for example, cross the mosquito midgut
epithelium to reach the basal lamina [46]; T. brucei procyclic forms and Leishmania pro-
mastigotes travel from the vector midgut anteriorly to reach either the salivary glands or the
stomodeal valve and pharynx, respectively [47-50]. Because T. cruzi epimastigote stages are
motile and traverse the insect GI tract in order to take up residence in the hindgut, we asked
if T. cruzi actively navigates to the hindgut and escapes the insect midgut environment in a
manner similar to other eukaryotic parasites or if they instead are simply passively carried to
the vector hindgut by the gut peristaltic movement during digestion. To begin assessing this,
we infected R. prolixus adults with Y strain T. cruzi and conducted a high-resolution time
course, sampling insect gut tissues each day for one week post-infection. We observed that
parasites reach the posterior midgut by approximately 24 hours and the hindgut by 5-6 days
post-infection (Fig 6a).

To investigate the mechanistic underpinnings of this process, we next fed adult insects
inert red fluorescent microspheres (2.0 pm in diameter) which are similar in size to T. cruzi.
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We fed microspheres both alone and in combination with Y strain T. cruzi and assessed the
rate of microsphere traversal through the GI tract. A diagram illustrating the passage of red
fluorescent beads (microspheres) from the anterior to the posterior regions of the gut as blood
digestion progresses is shown in Fig 6b. Following a blood meal containing microspheres,

6 insects were destructively sampled every 24 h for 7 days; for each individual, the GI tract
was explanted, the AM, PM, and HG separated and homogenized in PBS, and the number

of fluorescent particles in each homogenate quantified using flow cytometry. To highlight

the progressive movement of microspheres down the GI tract, data are graphed as propor-
tions in which the denominator is total fluorescent particles summed per whole GI tract for
one individual and the numerator is fluorescent particles detected solely in the lumen of the
AM (Fig 6¢), PM (Fig 6d), or HG (Fig 6e). We additionally compared the movement of red
microspheres through the GI tract in R. prolixus fed T. cruzi epimastigotes along with the
microspheres (Infected) or not (Uninfected). The microspheres progressed passively through
the intestinal tract at the same rate as the parasites, with the first substantial proportion of
microspheres also appearing in the hindgut at 5-6 days (6e). While low levels of microspheres
were detected slightly earlier in hindgut homogenates of infected individuals, there were no
significant differences in relative quantity of microspheres between treatments as determined
via pairwise comparisons of treatments using unpaired t-tests and correcting for false discov-
ery rate using the two-stage step-up method of Benjamini, Krieger, and Yekutieli (p-values for

each comparison indicated on graphs).

Discussion

As part of our long-term goal of identifying parasite factors necessary for infection and colo-
nization of the hematophagous triatomine vector by T. cruzi, our lab has focused on the model
species R. prolixus. Although R. prolixus is only 1 out of over 140 triatomine species in the
Americas [51] that transmit T. cruzi, it has been extensively studied in laboratory settings for
almost a century. Since Sir Vincent Wigglesworth’s pioneering use of R. prolixus to examine
insect physiology in the 1930s, this species has gained prominence for its ease of cultivation
and utility in studying parasite-vector interactions with T. cruzi, culminating in its becoming
the first non-dipteran insect vector to have its genome fully sequenced [52,53].
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showing relative percent fluorescent microspheres in separate insect gut regions out of the total red particle counts for whole GI tracts;
dots indicate values for individual insects with n = 6 per time point. Values are shown for R. prolixus fed microspheres in sterile blood
alone (Uninfected) versus blood containing T. cruzi Y epimastigotes (Infected). P-values for pairwise t-tests comparing relative propor-
tions of microspheres between uninfected and infected treatments are indicated for each time point.

https://doi.org/10.1371/journal.pntd.0012906.9006

In parallel to developing this vector system, we have also worked to establish a genetically
tractable model parasite strain that will allow us to carry out insect infection studies to identify
factors important for this process. The introduction of CRISPR/Cas9 technology into T. cruzi
has dramatically improved the speed and efficiency of molecular manipulation in this organ-
ism making epitope tagging and gene knockouts a routine practice [22,54]. Additionally, our
lab has also developed the first conditional knockdown tool to study essential genes in this
parasite, opening the door for us explore not only T. cruzi’s basic biology, but also begin iden-
tifying what specific parasite genes are crucial for the successful infection of both its insect and
mammalian host for the first time [55]. It is important to note, however, that many of these
molecular tools and techniques were developed for use in the Y strain (DTU II) of T. cruzi,
which benefits from high transfection efficiency and an exceptionally well-annotated clonal
genome [21].

In spite of the Y strain’s proven utility in a laboratory setting, there are only a few reports
which have used this DTU (II) in R. prolixus infection studies [33,44]. What these few studies
do highlight, however, is that the Y strain appears unable to effectively colonize and persist in
R. prolixus. A body of evidence demonstrates this can be attributed to trypanolytic activity of
prodigiosin-producing strains of the bacterium Serratia marcescens, initially observed in vivo
from the hemolymph and saliva of R. prolixus were demonstrated to directly lyse Y strain but
not DTU I strains of T. cruzi in vitro [44,58-60]. Given, however, that our insects do not har-
bor prodigiosin-producing S. marcescens, and given that the trypanolytic factors in R. prolixus
hemolymph and saliva have not been demonstrated to enter the insect gut lumen where T.
cruzi resides, we proceeded to determine if our Y strain and R. prolixus colony could serve as a
model system for our studies of vector-parasite interactions.

We began by first establishing a reliable method to quantitatively track parasite infection
in various intestinal regions of the vector across time. Early methods to detect and quantify T.
cruzi in kissing bugs were restricted to visual examination of flagellates isolated from dissected
and macerated triatomine guts via microscopy, and these methods remained the primary
strategy for nearly a century [29]. While visual examination provides invaluable information
concerning parasite morphology and life stage transition, T. cruzi is not easily separated from
insect tissue debris or feces for clear observation; additionally, manual counts using a Neu-
bauer hemocytometer are only accurate above concentrations of 10*/ml [29]. Using genetically
manipulated parasites expressing fluorescent proteins or luciferase can improve the ability to
detect the presence and location of viable T. cruzi, but these methods are either not quanti-
tative or suffer from the light obscuring effects of the digested blood meal [29,61,62]. Within
the last decade however, researchers have begun applying quantitative PCR (qPCR) methods
to more accurately track parasite populations in insect and mouse tissues alike (reviewed
in [30]). Hence, identification and quantification of trypanosomes in triatomine vectors via
qPCR is increasingly becoming a standard practice in the field, and has the additional advan-
tage of being applicable to field-caught specimens [63-65].

Using qPCR, we compared the infection kinetics of the well characterized Brazil strain
(DTUI) to our Y strain (DTU II) and determined that both T. cruzi strains readily infected R.
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prolixus with comparable kinetics with both reaching equivalent levels of parasitemia in the
hindgut. Intriguingly, older microscopy-based tracking of T. cruzi in various kissing bug spe-
cies reported that primary parasite populations establish stable infections in the intestine-like
posterior midgut (reviewed in [42]). This model suggests that the majority of T. cruzi parasites
reside in the posterior midgut as proliferating epimastigotes, establishing a core population
from which a subset of mammalian infectious metacyclics split off and reside in the hindgut
in lower numbers as they await release onto the next bite victim [16,66]. Our data show this is
not the case for Brazil or Y strains, which appeared to transiently traverse anterior gut regions
and stably colonize the hindgut regions. While it is possible that epimastigotes remain in the
midgut regions, these populations are a relatively small proportion of the total insect parasite-
mia at 8 weeks post-infection.

It is important to acknowledge that the concentrations of parasites used in our infec-
tious blood meals are substantially higher (5 x 10°/mL) than the reported parasitemia of
mice experimentally infected with Y strain T. cruzi, which typically peaks at around 1 x 10/
mL during acute phase infection and drops thereafter to circa 1-5 x 10*/mL or lower [67].
Infection studies of triatomines using artificial feeding systems routinely use 5 x 10° - 5 x 107
epimastigotes/mL blood as an inoculum, and we elected to follow this standard methodology
when establishing baseline kinetics of Y strain in R. prolixus. Curiously, our study revealed
that the initial number of parasites consumed does not correlate with later parasite burden,
matching prior observations in experimental infection of nymphal and adult-stage Triatoma
infestans [68]. Our results suggest that low numbers of parasites are sufficient to produce
stable infections in kissing bugs: for instance, we found that individuals that consumed blood
meals weighing under 10 mg and corresponding to less than 500 epimastigotes ended up with
average parasite loads of 10*-10°, while individuals consuming close to 100 mg blood (5000
epimastigotes) had equivalent parasite burdens. The quick expansion of T. cruzi to a stable
upper plateau in insects matches the rapid proliferation potential of epimastigotes in vitro,
and the amplification of parasites from low numbers in triatomines was already long sus-
pected given a) the low parasitemia of infected vertebrates during chronic-phase infection [69]
and b) the high fidelity of xenodiagnosis as a diagnostic tool still in use in the medical field
(70].

Y strain T. cruzi evinced no discernible difference in infection kinetics when epimastigotes
versus blood stream trypomastigotes were used to infect R. prolixus, and also persisted trans-
stadially in nymphs across multiple instar molts, resulting in lifelong infection of the insect.
Despite similar infection kinetics and parasitemia, Y strain-infected R. prolixus produced
notably fewer metacyclic forms compared to Brazil strain-infected insects. While significant, a
potential pitfall of our methods was the need to pool feces from cohorts of infected individu-
als, necessitated by R. prolixus recalcitrance to blood feed in isolation or even in small
numbers. Although the underlying reason for this difference in number of metacyclic trypo-
mastigotes remains unclear, it is possible that DTU I strains are better adapted for transmis-
sion by R. prolixus and thus either have higher rates of in vivo metacyclogenesis or are more
responsive to physiological cues provided by the insect leading to greater mobilization and
release during a bloodmeal. It is also possible that the extended cultivation of the Y strain in
research laboratories has negatively impacted the efficiency with which it transitions to the
metacyclic trypomastigote form compared to other strains.

During our longitudinal infection study, we realized that most reports using qPCR to
detect T. cruzi in kissing bugs use total DNA extracts as templates, but a potential pitfall of
this approach is the theoretical amplification of material from nonviable parasites which can
inflate overall parasitemia. A recent study demonstrated that use of cDNA templates reverse
transcribed from total RNA extracts is a good solution to this problem and prevents detection
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of nonviable parasites in vitro [30]. However, given additional evidence that genomic DNA
from heat-killed parasites rapidly disappears in triatomines in vivo [29,30], we tested per-
sistence of nonviable T. cruzi DNA in our R. prolixus culture as well. We detected short-term,
strongly reduced signal in the anterior midgut that disappeared after two weeks and largely
failed to detect any parasite DNA in the posterior midgut or hindgut, which we attribute to
digestive enzymes (e.g., nucleases) in the posterior midgut [71]. Given that our data show
the hindgut is the key tissue in which parasites stably reside, and given the greater stability
of DNA during extraction compared to RNA, this data supports the continued use of qPCR
using DNA templates as a suitable methodology for long-term characterization of T. cruzi
infection kinetics in kissing bugs.

When examining infection kinetics, we were curious to know if T. cruzi movement through
the vector intestinal tract was driven by chemotactic cues as has been observed in T. brucei
[72] or if parasites were simply carried along with digestive contents. Using fluorescent micro-
spheres to monitor peristalsis rate, we were surprised to find that epimastigotes, which are
highly motile, appear to reach the hindgut at the same rate as the inert beads. This observa-
tion may be due to several factors: the movement of parasites might be obstructed by debris
such as erythrocyte ghosts, hemozoin, and gut bacteria; parasites might only pass through
gut sphincters at specific times during their dilation; or epimastigotes do not swim freely
but preferentially attach to the migrating perimicrovillar membrane which moves parasites
posteriorly, akin to a conveyor belt [73]. Importantly, the lack of demonstrable chemotaxis
in T. cruzi suggests that the salivarian transmission strategy of T. brucei likely necessitated the
development of novel mechanisms to guide movement against the natural peristaltic flow of
the digestive tract and toward the insect foregut and salivary glands [74].

Overall, while our experimental infections clearly show Y strain T. cruzi stably colonizes our
laboratory culture of R. prolixus under controlled conditions, an important caveat or limitation
of this combination as a potential model system is that it may be a non-natural pairing [75].

As previously noted, Rhodnius sp. surveyed in endemic areas dominantly associate with DTU

I strains of T. cruzi and are very seldom colonized by DTU II strains [17,20,31]. Indeed, the
absence of DTU II infection in R. prolixus in natural settings combined with the specific try-
panolytic activity of its hemolymph and saliva have led some to suggest this species may even
control (restrict) DTU II geographic distribution [76]. However, a curious facet of DTUII T.
cruzi biology is that in stark contrast with its moderate-to-high incidence in human infections
(e.g., 66% in Brazil), presence of DTU II in triatomines is universally low regardless of genus or
species (4%) with the exception of Mepraia sp. (24%) which are only found in Chile [20]. It is
crucially important to study DTU II strain interactions with triatomine hosts: first, it is highly
significant as a human pathogen throughout South and Central America, and second, alongside
DTU I it is one of the parental lineages from which all other DTUs derive [77]. Given the infre-
quent detection of DTU II T. cruzi in insects to date, it is currently difficult to identify which
triatomine genus or species likely acts as the TcII primary vector in endemic areas. We therefore
propose that R. prolixus, as a major vector species and model organism in entomology, is at this
time the ideal triatomine with which to begin DTU II-insect interaction research.

Taken together, results from our study clearly demonstrate that Y strain T. cruzi success-
fully colonizes R. prolixus under laboratory conditions. We propose that the R. prolixus - Y
strain T. cruzi pairing has the potential to furnish an excellent model system with which to
move forward vis-a-vis study of molecular interactions given both organisms now can be
mutagenized using CRISPR/Cas9 genome editing [78]. Establishment of this system using
genetically tractable model organisms opens the door to more sophisticated research direc-
tions that will allow us to untangle the functional role that both parasite and vector genes play
in dictating infection and transmission outcomes of this important yet neglected disease.
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