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Simple Summary: Triatomines, also known as kissing bugs, are insect vectors of Trypanosoma cruzi,
the agent of Chagas disease. Transmission occurs when infectious parasites are passed in insect feces
to vertebrates through the biting wound or a mucosa. Defecating on hosts during or shortly after
blood-feeding is therefore critical for transmission, and delayed triatomine defecation behavior has
been posited to contribute to a low incidence of human Chagas disease in the United States. We al-
lowed immature T. cruzi-infected and uninfected Triatoma gerstaeckeri and Triatoma sanguisuga, both
species on vectors found in the United States, to interact with restrained guinea pigs and measured
insect feeding and defecation events. We use a South American species, Rhodnius prolixus, as a com-
parison group. Results showed that T. gerstaeckeri had >9 times higher odds of feeding, and T. san-
guisuga fed longer compared to R. prolixus. Observations of defecation while feeding occurred
across all three species. The post-feeding defecation interval of R. prolixus was significantly shorter
than that of T. gerstaeckeri and T. sanguisuga. The post-feeding defecation interval was shorter for Tcl-
infected insects than un-infected individuals. Triatoma gerstaeckeri and T. sanguisuga are capable of
transmission, although the calculated metrics suggest they are less efficient vectors than R. prolixus.

Abstract: Triatomines are vectors of Trypanosoma cruzi (Kinetoplastida: Trypanosomatidae), agent of
Chagas disease. Stercorarian transmission occurs when infectious parasites are passed in insect feces
to vertebrates through the biting wound or a mucosa. Defaecating on hosts during or shortly after
blood-feeding is therefore critical for transmission, and delayed triatomine defecation behavior has
been posited to contribute to a low incidence of human Chagas disease in the U.S. We allowed nym-
phal T. cruzi-infected and uninfected Triatoma gerstaeckeri (Stal, 1859) and Triatoma sanguisuga (Le-
Conte, 1855) to interact with restrained guinea pigs and measured insect feeding and defecation
events; South American Rhodnius prolixus (Stél, 1859; Latin America) served as a comparison group.
In 148 trials, 40.0% of insects fed, of which 71.2% defecated. Compared to R. prolixus, T. gerstaeckeri
had >9 times higher odds of feeding, and T. sanguisuga fed longer. Observations of defecation while
feeding occurred across all three species. The post-feeding defecation interval (PFDI) of R. prolixus
was significantly shorter (4.54+2.46 minutes) than that of T. gerstaeckeri (9.75+2.52 minutes) and T.
sanguisuga (20.69+8.98 minutes) and the PFDI between was shorter for Tcl-infected insects. Triatoma
gerstaeckeri and T. sanguisuga are capable of stercorarian transmission, although the calculated metrics
suggest they are less efficient vectors than R. prolixus.
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Introduction

Triatomines (Hemiptera: Reduviidae) transmit Trypanosoma cruzi, the etiological agent of Cha-
gas disease, and require bloodmeals to develop throughout their hemimetabolous life cycles. Over
150 triatomine species distributed from the southern U.S. to Argentina and Chile are potential vectors
of T. cruzi [1,2]. Triatomines exhibit stercorarian biological transmission, in which they transmit the
infectious state of T. cruzi via fecal contamination to the host. If an infected triatomine feeds on a host
and defecates at the same time or shortly after, the probability of host infection with infectious para-
site through the bite wound or mucosa increases [3]. Accordingly, there is a long-standing interest in
triatomine defecation behavior as it relates to the risk of T. cruzi vectorial transmission [4-13].

Vectorial capacity (VC) is a concept that allows scientists to estimate vector transmission poten-
tial by incorporating all the intrinsic and extrinsic factors that regulate this process [14]. VC includes
factors such as vector competence, extrinsic incubation period, the vector density in relation to hu-
mans, daily survival rate, and probability of the vector feeding on the host [14]. For triatomines and
the transmission of T. cruzi, intrinsic factors include the ability of triatomines to ingest and then trans-
mit T. cruzi (vector competence); the infectious dosage of parasites in triatomine feces [15]; the host
utilization of triatomines and contact with different vertebrates such as dogs or humans [16]; and the
frequency of triatomine colonization of domicile environments [17]. Feeding and defecation behav-
iors are a critical part of vector competence as they relate to the probability of infectious stages of T.
cruzi in feces coming into contact and infecting a host. Beyond VC, additional routes of transmission
of T. cruzi further complicate this pathosystem, and include oral consumption of infected triatomines
by wild hosts and dogs, which is an efficient route of T. cruzi [18] or consuming food contaminated
with T. cruzi [19]).

Studies of feeding and defecation behaviors of triatomines have been conducted for decades. It
is assumed that South American triatomines are more efficient vectors of T. cruzi because they gen-
erally have shorter post-feeding defecation intervals (PFDIs) [4,12,20-22], as compared to North
American species that do not defecate while feeding nor immediately after [4,6,7,9,12]. Although not
all South American triatomine species have short PFDIs, studies have suggested that other domicili-
ary species with longer PFDIs could serve as secondary vectors of Chagas disease [23]. The feeding
and defecation behaviors of North American species may be the main contributor to the lower human
burden of Chagas disease in the U.S. relative to Latin America [6,7,9,24-26] as autochthonous cases
in the U.S. are rare [27], despite established vector populations in both locations. However, only se-
lected U.S. taxa have been examined, with little attention to how infection with T. cruzi may alter
defecation behaviors [6,7,9,12]. Other factors that may contribute to fewer autochthonous human
cases in the U.S. include 1) low testing rates and underreporting of Chagas disease cases, 2) generally
robust housing to prevent domestication of triatomines, 3) the scarcity of triatomine domicile coloni-
zation [28], and 4) variation in the pathogenicity of the parasite.

Triatoma gerstaeckeri (Stal) is the most commonly collected species in Texas [29,30] and is distrib-
uted throughout most of Texas, parts of New Mexico, and has been documented in 10 states in north-
ern Mexico [31]. Triatoma sanguisuga (LeConte), known as the “eastern blood-sucking conenose bug’,
is broadly distributed from Texas to the east coast of the U.S. [30]. Triatoma gerstaeckeri and T. san-
guisuga are considered the two most epidemiologically important vector species in Texas, and they
both have relatively high T. cruzi infection prevalence [32] (45-70% for T. gerstaeckeri [12,29,32,33]; 25-
67% for T. sanguisuga [12,29,33,34]) and are frequently encountered in or around households in Texas
[32]. In the United States, T. cruzi discrete typing units (DTUs) Tcl and TclV are the most predomi-
nant, with Tcl being associated with human infections, though other DTUs have been found in au-
tochthonous human cases in the US [28,35]. Additionally, there is evidence that the TcIV strain found
in the United States is distinct to its South American counterpart phylogenetically [36]. In a
comphrensive study, Triatoma gerstaeckeri is more likely to carry DTU Tcl, while T. sanguisuga is more
likely to carry DTU TeclV [32].

Rhodnius prolixus (Stal) is native to northern South America which spread to Central America
and is a competent vector for T. cruzi and highly domiciliated [37-39]. It is the most common
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laboratory triatomine model [40,41]. Rhodnius prolixus and other South American species [20] have
been shown to have higher vectorial capacity given short PFDIs compared to triatomine species
found in the U.S. [7,12]. Thus, R. prolixus is a good model for the comparison of feeding and defecation
behaviors with the U.S. species.

The objective for this study was to examine feeding and defecation behaviors of T. cruzi-infected
and uninfected T. gerstaeckeri and T. sanguisuga in the presence of live hosts in comparison with col-
onized R. prolixus to afford key information for enhanced understanding of vectorial capacity and
human risk of exposure.

Materials and methods
Insects

All insects in this study were reared in an arthropod containment level 2 (ACL2) triatomine col-
ony at a 12-hour photoperiod cycle. The temperature in the room had a mean of 23.4°C (+2.4). Micro-
habitat humidity experienced by the triatomines was >50% because they were housed in Nalgene
primary containers (Avantor, Radnor, PA, USA) that were placed in a plastic secondary container
filled with water [42]. The secondary containers sit in tubs coated with fluon (BioQuip Products, Ran-
cho Dominguez, CA, USA) to reduce risk of escape. Rhodnius prolixus were obtained from Centers of
Disease Control and Prevention from a colony developed from insects collected in Colombia (NR-
44077, BEI Resources, Manassas, VA, USA), and were many generations removed from the wild pop-
ulation. Triatoma gerstaeckeri and T. sanguisuga were offspring of individuals collected from wild pop-
ulations in Texas between 2017 and 2019. The laboratory generations F1 to F2 were used in the trials.
All nymphs came from known T. cruzi-negative colonies which were separated from adults and sub-
sampled to confirm infection status following testing protocols described below. Triatomines were
maintained on defibrinated rabbit (Oryctolagus cuniculus domesticus) blood (Hemostat Laboratories,
Dixon, CA, USA) weekly through artificial membrane feeders (Hemotek Ltd, Blackburn, UK).

Guinea Pigs

Fourteen adult female guinea pigs were used in the trials. They were uniquely marked with fur
pigment markers (Stoelting, Wood Dale, IL, USA) and group-housed in animal BSL-1 containment.
Although T. cruzi infection was not an expected outcome in animals in this study, each of the guinea
pigs had their blood drawn at three different time points: pre-study, mid-study, and post-study to
confirm negative infection status and to facilitate their adoption at the end of the study. We extracted
DNA from 50-100 pL of blood (E.Z.N.A.® Blood DNA Kit, Omega Bio-tek, USA) and used qPCR of
to detect T. cruzi nuclear satellite DNA [43]. Animal use was approved by the Institutional Animal
Use and Care Committee (2018-0484).

Parasite Culture

We obtained T. cruzi metacyclic trypomastigotes by gently compressing the abdomen of a natu-
rally infected, wild-caught T. gerstaeckeri nymph from Frio County, TX, that had previously tested
positive for T. cruzi discrete typing unit (DTU) Tcl. We obtained T. cruzi epimastigotes of T. cruzi DTU
TcIV by hemoculture of a naturally infected non-human primate from a central Texas biomedical
research facility [44]. Trypanosomes were cultured in liver-infusion tryptose (LIT) media supple-
mented with fetal bovine serum, penicillin-streptomycin, and nystatin (Sigma-Aldrich, Darmstadt,
Germany) [45-47]. Culture flasks were placed into an incubator at 27°C and microscopically exam-
ined for the presence of motile trypanosomes two weeks later. Cultures were maintained by passage
in LIT media and were mixtures of abundant epimastigotes and rare trypomastigotes as determined
by microscopy. The T. cruzi DTU in each culture was confirmed by a multiplex qPCR targeting the
spliced leader intergenic region (SL-IR) [48].

Experimental Infections
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To calculate parasite concentration of each culture, we agitated the culture flask and pipetted 10
pL of media into 90 pL of formalin (VWR, Radnor, PA, USA) and counted parasites in a hemocytom-
eter (Reichert, Buffalo, NY, USA) to determine an approximate density while accounting for the for-
malin dilution. To concentrate the parasites, we centrifuged samples in microcentrifuge tubes for 10
minutes at 3,000 rpm, poured off the culture medium, and resuspended with sterile phosphate-buff-
ered saline (PBS) solution (VWR, Radnor, PA, USA) after which the process was repeated, and the
pellet was retrieved. We transferred the washed parasite pellet into a measured quantity of defib-
rinated rabbit blood to a final estimated concentration of 3 x 10¢ parasites per mL of blood, a concen-
tration similar to peak parasitemia in laboratory mice which has a very high probability of insect
infection [49-52].

The feedings of the experimental infections were conducted in a biosafety cabinet located in the
same ACL2 facility where the triatomines are reared; ambient temperatures in the room ranged from
24-27°C. Infected blood was offered to 4t and 5% instar triatomine nymphs through the Hemotek
membrane feeder for two hours. These instars were chosen because of robust availability in the insect
colony, ease of handling, and high visibility under the surveillance cameras used in the trials. The
control groups were offered blood without parasites. The insects were group housed during the ex-
perimental feedings, where the nymphs were allowed to feed to repletion. For all insects, insects that
did not feed on their pre-trial bloodmeal, or fed then molted into adults prior to use, were removed
from the study. The following treatment groups after experimental infections were prepared: T.
gerstaeckeri (control, n=26; 1 4t instar and 25 5t instars); T. gerstaeckeri (Tcl, n=21; all 5t instars); T.
gerstaeckeri (TclV, n=17; all 5t instars); T. sanguisuga (control, n=16; 7 4t instars and 9 5% instars); T.
sanguisuga (Tcl, n=11; 4 4 instars and 7 5% instars); R. prolixus (control, n=21; 1 4% instar and 20 5"
instars); R. prolixus (Tcl, n=19; 3 4t instars and 16 5t instars); R. prolixus (TcIV, n=17; 2 4t instars and
15 5t instars). There was no TclIV treatment group for T. sanguisuga due to limited numbers in the
colony. Triatomines were fed either infected or uninfected rabbit blood using artificial membrane
feeders as cohorts, and the date of prior molt was not recorded. We recorded the starvation period as
the number of days since the last time a bloodmeal was offered prior to use in the trials; the range
was 2-6 weeks.

Confirmation of Infection Status

We used up to three different methods to confirm the infection status of insects. For abdominal
compression, insects at 2 weeks post-feeding on infected blood were gently compressed so fecal ma-
terial could be directly expelled into 5 mL of LIT culture media. The cultures incubated at 27°C and
were checked weekly for presence of T. cruzi. We allowed for T. cruzi to grow in the cultures for one
month [53] to confirm infection. Some individuals would not defecate following compression, so as
an alternative we used fecal spot testing. Feces from insects voided naturally onto filter paper was
cut out using sterile scissors and held individually in 50 mL-conical tubes (Whatman Filter Paper,
Sigma-Aldrich, Darmstadt, Germany).

DNA was extracted using the KingFisher Cell and Tissue kit (Thermo Fisher Scientific, Waltham,
MA, USA), and real-time qPCR was performed to detect T. cruzi [32]. If infection status was not con-
firmed with one of these methods, then after their use in the trials, insects were dissected to obtain
gut material, which was subjected to DNA extraction and tested using qPCR [32].

Feeding and Defecation Behavioral Trials

The trials were conducted from August 2019—September 2020 in an ABSL2 and ACL2 negative
air pressure biocontainment unit (bioBUBBLE, Fort Collins, CO, USA). Temperatures ranged from
18-26°C. The hours of the day when trials were conducted ranged from starting at 8:30 a.m. and end-
ing at 7:00 p.m. Experimental arenas were a 17.6 in x 11.5 in x 7.8 in, clear, polycarbonate Sous Vide
container (Lipavi, United Kingdom) with the bottom surfaces lined with white bench paper and
taped using white laboratory tape. One camera (YI Technology, Pudong District, Shanghai, China)
was docked above each arena to allow recording of the trials. After the first several trials were done
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in ambient light, two 25-watt red, light bulbs were set up above the containers to allow for observa-
tions to be made with the low-light surveillance cameras. One trial is defined as a single triatomine
feeding on a guinea pig and four trials were run simultaneously. Each guinea pig was restrained into
a 2 inch-mesh, cotton stockinette (Rolyan, Warrenville, IL, USA) with both ends tied and secured with
white duct tape to the sides of the containers. Each insect was weighed before and after the trial
period and haphazardly assigned to be placed with a guinea pig for the first 60 minutes of the trial
period.

Trials lasted for 120 minutes, with the first 60 minutes consisting of one guinea pig and one
triatomine together in the arena, after which the guinea pig was removed, and the insect was ob-
served for an additional 60 minutes. Insect behavioral scoring included: (i) whether the insect was
sedentary or walking; (ii) number of feeding attempts, feeding events, interrupted feedings; and (iii)
and number of defecation events, with the color of each defecation noted. A feeding event started
when an insect inserted its proboscis into the guinea pig for at least one continuous second and ended
once the insect removed its proboscis and walked away from the location of the bite [54]. A probing
attempt was defined when an insect repeatedly probed the guinea pig for less than one second each
time. A defecation event occurred when an insect excreted either urinary or fecal material at any time
in the two-hour trial period. The time at which the insect defecated was noted. Guinea pig behavioral
scoring consisted of: (i) reaction to probing by an insect; (ii) movement inside the stockinette; (iii) and
other general observations. In cases that an insect was still feeding at the 60-minute mark, the guinea
pig stayed in the arena until the insect finished feeding. Upon completion of the trial, the insects were
weighed again and a unique colored marking with nail polish was painted over their lower abdomen.
Any fecal spots on the bench paper from the trials were collected.

Statistical Analyses

We adopted the defecation index (DI) from Zeledon to allow for a standardized index of infec-
tion capacity to compare with other studies [4,6,7], where DI= (% of insects that defecated up to 10
minutes post feeding x average number of defecations up to 10 minutes post feeding)/100. We also
calculated the PFDI as the time intervals between the start of an insect’s most recent bloodmeal in the
arena to the time of its first defecation [21]; in the case of insects that fed and defecated multiple times,
multiple PFDIs were calculated per trial. Given that some studies emphasize the importance of defe-
cation at an interval less than 10 minutes [4,21,55], we also calculated percent of individuals defecat-
ing within 1-minute post-feeding because it is suggested that triatomines would already have moved
away from its hosts after 1 minute post feeding [8,55].

The volume of blood ingested was calculated using a proportion of 1 mg of weight gained after
feeding equal to 1 pL of blood [54]. The percent weight gain was also calculated by dividing the
ingested blood volume by the pre-trial weight of the insect [12].

We tested for differences among treatment groups using generalized estimating equation mod-
els, GEE [56]. Models were fit using the “geepack” package in R version 4.1.1. We employed GEE
models given the nature of the data, where experiments had randomization constraints related to
using different guinea pigs and were done over different days, something that constrained the use of
simpler regression tools that assume full replication [57]. To analyze whether triatomines fed or def-
ecated, we employed logistic GEE models [58]. To analyze variables associated with the number of
times a triatomine fed, or defecated/urinated, we employed models with a Poisson distribution [58].
To analyze the total feeding time and the post-feeding defecation intervals (PFDIs), we used a model
with a Gaussian distribution [56].

In all models we considered the triatomine species and the infection status as the main explana-
tory variables. As covariates, we considered the illumination conditions for the experiment (with
lights on or off), the estimated number of days the triatomine was starved before the experiment, and
the nymphal instar. This basic structure was used in the model looking at factors associated with
vector feeding; in all other models, we included additional covariates. For the model studying
whether triatomines defecated or not, we considered whether triatomines fed when offered the
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guinea pig. For models studying the number of feedings, number of defecations, total feeding time,
and PFDIs, we compared their goodness of fit considering either the initial insect weight or the pre-
and post-feeding weight difference at the end of the experiment. For the model of number of defeca-
tions, we also added the number of feedings as a covariate.

For the inference we used a sandwich estimator to obtain robust standard errors, since naive
standard errors are appropriate only when the correlation structure is correct [58]. When fitting the
GEE models we fitted alternative models that either considered an independent or a correlated, a.k.a.
exchangeable, error structure as a function of the clustering factor (guinea pig or date of trial) [56]. In
the models, we considered the day of measurement or guinea pig identity as clustering factor. Among
these alternatives we chose the best model for each of the responses based on the minimization of the
quasi-likelihood information criterion (QIC), a goodness of fit function that trades-off deviance and
number of parameters in GEE models, and whose minimization can be used to choose the best model
[59].

For each guinea pig, we recorded the number of trials the guinea pig was successfully fed on by
an insect and used a GEE model to see if the size of bloodmeals would decrease over time as the
guinea pigs’ immune system was primed to the insects’ salivary proteins [60,61]. All guinea pigs were
considered naive to triatomine salivary proteins at the beginning of the study. When a guinea pig
was used and the insect did not feed, the bloodmeal size was recorded as 0 pL. In this model we also
considered as covariates, the interaction between life stage (4t or 5" instar) and kissing bug species
and the initial weight of the kissing bug including guinea pig as clustering variable. We also com-
pared the QIC of independent and exchangeable models.

Results

Of the 91 triatomines that were experimentally exposed to and fed on T. cruzi-infected blood, T.
cruzi was found via culture or PCR methods in 85 (93.4%) of them. Of the 69 triatomines that were in
the control category, 64 (92.8%) were subjected to confirmatory testing of infection status, and 63
(98.4%) were confirmed as uninfected. The single control insect that tested positive was excluded
from analysis. Five insects that were untested were lost and could not be extracted; these insects were
excluded from analysis. Insects that had test results congruent with their assigned treatment groups
were used for statistical analysis, which resulted in a total of 148 (92.5%) individual insects.

Out of 148 trials, 59 (40.0%) involved a triatomine that fed on guinea pigs during the trial periods
(Table 1). Of those 59 insects, 42 (71.2%) defecated at least once after feeding during the observation
period. Forty-one (64.1%) T. gerstaeckeri fed on the guinea pigs, while only eight (29.6%) T. sanguisuga
and ten (17.5%) R. prolixus fed on the guinea pigs. For defecation, 33 (51.6%) T. gerstaeckeri defecated
during the observation period regardless of feeding success, while there were eight (29.6%) for T.
sanguisuga and 15 (26.3%) for R. prolixus.

Table 1. Descriptive summary of the frequency of feeding and defecation events during trials, which
consisted of 60 minutes with guinea pigs and triatomines together followed by 60 minutes of insect-

only observation.

o,
Species Infection No.of No.Fed No. Defecated No. Fed + tha/;’]gz‘fielc:i:zlt?n
P Group Insects (%) (%)2 Defecated (%) .
120 min
Control 26 17 (65) 15 (58) 13 (50) 76
T. gerstaccheri Tcl 21 14(67) 7 (33) 7 (33) Zg
TcIV 17 10(58) 11 (65) 8 (47)
Control 16 6 (38) 5 (31) 3(19) 50
T. ] 1
SANSUISUSA Tdl 1 2717 3 (25) 2(17) 00

R. prolixus Control 21 9 (47) 8 (42) 8 (42) 89
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Tcl 19 0(0) 2 (11) 0(0) 0
TcIV 17 1(6) 5 (29) 1(6) 100
Overall 148 59 (40) 56 (38) 42 (28) 71

aThis is the number of insects that defecated at least once in the 2-hour period, including insects that
defecated before feeding or did not feed at all.
bThis number represents insects that fed on a guinea pig either with simultaneous defecation or any
defecation following feeding.

For the logistic GEE model to explore predictors of whether an insect fed or not, the best fit
model had an independent correlation structure considering the guinea pig as the clustering factor
(Table S1). We found the odds of T. gerstaeckeri feeding on a guinea pig was 9.21 times higher (P<0.001)
than in R. prolixus. In contrast, T. sanguisuga feeding odds were not different from those of R. prolixus
(P=0.825). If a triatomine was infected with TcI, it had 1/3 the odds of feeding on the guinea pig
(P=0.025) when compared with an uninfected triatomine (Table S2). There were no differences in
feeding odds if a triatomine was infected with TcIV when compared with uninfected triatomines.

For the model to explore variables associated with whether an insect defecated, the best fit model
had an independent correlation structure considering the guinea pig as the clustering factor (Table
53). We found there were no significant differences between species nor infection status, but if an
insect was observed in the dark (with the red lights), it had an odds of defecating two times higher
than the odds of an insect in ambient light (P=0.045; Table S4). If an insect fed on the guinea pig, the
odds of defecating was 17.99 times higher than that of an insect that did not feed on the guinea pig
(P<0.001).

Feeding Results

For the model exploring the number of feedings, the best fit model had an exchangeable corre-
lation structure using the date of trial observation as the clustering factor (Table S5). Of the insects
that fed, the mean number (+ S.E.) of feeding events per insect within the first 60 minutes with the
guinea pig were 6.49 (+ 0.56) for T. gerstaeckeri; 6.50 (+ 0.68) for T. sanquisuga; and 3.50 (+ 0.76) for R.
prolixus. Triatoma gerstaeckeri had significantly more feeding events than R. prolixus (P=0.017; Figure
1A), while there were no differences between T. sanguisuga and R. prolixus (P=0.154). Aggregating
species, the control group had an average of 5.34 (+ 0.61) feeding events per insect, while Tcl had 7.44
(£ 0.91) and TclV had 5.73 (= 0.73) feeding events per insect. Weight gain was positively correlated
(P<0.001; Table S6). Out of the 59 trials where a triatomine successfully fed on a guinea pig, only one
trial did not result in host agitation of the guinea pig when the triatomine fed on it. Additionally, of
the 148 trials, 78 (52.7%) of the insects were noted to have probed the guinea pigs. Of these 78 insects,
58 (74.4%) also and a successful feeding event.

d0i:10.20944/preprints202412.2136.v1


https://doi.org/10.20944/preprints202412.2136.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 December 2024 d0i:10.20944/preprints202412.2136.v1

8 of 6

Azl a0 .
124 .
114 351 ¢
2" =0 .
§ o A - . E
E 2254
i 81 L] s L] E
E =
i =
g 7 £20
GE 3 B
@
= = 154
41 : - 101
34 o
2 - 4 &
14 . aln 0 .
R.prolixus T.gerstaeckeri T.sanguisuga R.prolixus T.gerstaeckeri T.sanguisuga
Species Species
C 9 Dss
501
3
=451
(=]
1] —_
271 . E
= — 4
g 3 40
o N £
5" 8354
2 . 530
= s
o 44 [ ] a b 7
2 3 . . -g
B < 154
=2 ) £10]
1 b 59
0 n N - 0
R.prolixus T.gerstaecien T.sanguisuga R.prolixus T.gerstaecken T.sanguisuga
Species Species

Infection Status — Control — Tl * Telv

Figure 1. Boxplots of A) Number of feeding events per triatomine species: Rhodnius prolixus (Con-
trol, TcIV); Triatoma gerstaeckeri (Control, Tcl, TcIV); Triatoma sanguisuga (Control, Tcl); B) Total
feeding times (min) per triatomine species: R. prolixus (Control, TcIV); T. gerstaeckeri (Control, TcI,
TcIV); T. sanguisuga (Control, Tcl); C) Total number of defecation events per triatome species: R.
prolixus (Control, Tcl, TcIV); T. gerstaeckeri (Control, T¢I, TcIV); T. sanguisuga (Control, TcI); D) Post-
feeding defecation interval (min) of the first defecation per triatomine species: R. prolixus (Control,
TcIV); T. gerstaeckeri (Control, Tcl, TcIV); T. sanguisuga (Control, TcI).

The best fit Gaussian model exploring total feeding time per insect had an independent correla-
tion structure using the date of trial observation as the clustering factor (Table S7). The mean total
feeding times per insect were 14.6 (+ 1.51) minutes for T. gerstaeckeri; 15.2 (+ 3.34) minutes for T. san-
guisuga; and 14.8 (+ 3.86) minutes for R. prolixus. On average, T. sanguisuga fed 10.55 minutes longer
than R. prolixus (P<0.001), while total feeding times were not significantly different for T. gerstaeckeri
(Table S8; Figure 1B). The model also showed the covariates of life stage and environment were sig-
nificant: 5t-instars took an average of 10.43 minutes more to feed than 4t-instars (P<0.001), and in-
sects that fed in ambient light fed 4.37 minutes less than those with red lights (P=0.021; Table S8). An
insect fed for 0.065 minutes more for every 1 mg increase in its weight (P<0.001). Aggregating species,
uninfected insects fed 13.67 (+ 1.80) minutes per insect; Tcl fed for 14.42 (+ 2.67) minutes; and TcIV
fed for 18.13 (+ 2.35) minutes.

Defecation Results

A total of 56 (37.8%) insects defecated during the trials, and 42 of those defecated after feeding
while 14 defecated without feeding during the trial. The best fit model for number of defecation
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events had an independent correlation structure using guinea pigs as the clustering factor (Table 59).
Both T. gerstaeckeri and T. sanguisuga had, on average, fewer defecation events than R. prolixus
(P<0.001 for both) (Table S10; Figure 1C). For every 1 mg increase in an insect’s weight, there was a
6.65% increase in the number of defecations (P=0.002). Infection status and other covariates did not
yield significant differences in the number of defecation events. The mean (+ S.E.) total number of
defecation/urination events per insect were 1.80 (+ 0.29) for T. gerstaeckeri; 0.91 (+ 0.21) for T. san-
guisuga; and 2.56 (+ 0.59) for R. prolixus. Regarding infection status, controls had 1.81 (+ 0.32) defeca-
tion events per insect; Tcl had 1.53 (+ 0.50); and TcIV had 2.22 (+ 0.43).

Post-Feeding Defecation Intervals

We measured the post-feeding defecation interval (number of minutes from the end of a blood
meal to the first defecation) using GEE models with a Gaussian distribution. The best fitted model
had an independent correlation structure using guinea pigs as the clustering factor (Table S11). The
average interval between first feeding to the first defecation was 9.75 (+ 2.52) minutes for T. gerstaeck-
eri; 20.69 (+ 8.98) minutes for T. sanguisuga; and 4.54 (+ 2.46) minutes for R. prolixus. The PFDIs for the
control group was 11.82 (+ 3.17) minutes; Tcl group was 8.19 (+ 3.26) minutes; and TcIV group was
6.68 (+ 4.02) minutes. Except for the T. sanguisuga (Control) group, the infection groups had PFDIs
averages within 10 minutes (Figure 1D). Compared to R. prolixus, T. gerstaeckeri, on average, would
defecate 11.45 minutes later post feeding (P<0.001), and T. sanguisuga would defecate 19.52 minutes
later post feeding (P<0.001; Table S12). We did not see a significant difference between the infected
and uninfected groups (Tcl: P=0.087; TcIV: P=0.389) for the PFDIs to the first defecation.

Given many insects had multiple defecations post feeding, we fitted a model to use data on
multiple PFDIs per insect with a Gaussian distribution that had an independent correlation structure
using the individual insect as the clustering factor (Table S13). There was a total of 42 insects that fed
and defecated which accounted for 117 individual PFDIs (Figure 2). We observed Tcl-infected insects
had shorter PFDIs than uninfected insects (P=0.001; Table S14). In this model, T. sanguisuga took
longer to defecate post feeding than R. prolixus (P<0.001), and insects in ambient light took longer to
defecate post feeding than those in the dark (P=0.007).
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Figure 2. Boxplot showing each individual post-feeding defecation intervals (min) between the most
recent bloodmeal and defecation per triatomine species: Rhodnius prolixus (Control, TcIV); Triatoma
gerstaeckeri (Control, Tcl, TcIV); Triatoma sanguisuga (Control, Tcl). Triatomines that defecated multi-

ple times have multiple data points in the plot.

Of the 148 triatomines that were analyzed, we observed six insects (4.1%) spanning all three
species simultaneously feed and defecate (Figure 3), including three that did so twice. A video taken
during one trial showing a T. sanguisuga nymph simultaneously feeding and defecating is uploaded
as Supplementary Material (Video S1). These insects had a total feeding time range from 13 to 40
minutes and defecated a total of 29 times, of which 21 defecations were within 10 minutes post feed-
ing. For both T. gerstaeckeri and T. sanguisuga, only infected insects simultaneously fed and defecated,
and they accounted for 14 total defecation events—10 of which were within 10 minutes post feeding.

Figure 3. Photographs of all three species of triatomines simultaneously defecating while feeding on

restrained guinea pigs. Left to right: Triatoma gerstaeckeri, Triatoma sanguisuga, Rhodnius prolixus.

Defecation Index

For R. prolixus, the DI for both the uninfected group (2.02) and TcIV-infected group (3.00) were
higher than all treatment groups of the other species (Figure 4), but the R. prolixus TcIV data is from
a single insect. The DI for R. prolixus (Tcl) could not be calculated since none of the insects in that
group fed on a guinea pig. The percent of triatomines defecating within 1-minute post feeding was
11 (39.3%) of T. gerstaeckeri, 1 (20%) of T. sanguisuga, and 6 (66.7%) of R. prolixus.

N

Infection Group

Control
Tel

. TelV

Defaecation Index

-

R. prolixus T. gerstaeckeri T. sanguisuga
Species

Figure 4. Defecation indices (DI= (% of insects that defecated up to 10 minutes post feeding X average

number of defecations up to 10 minutes post feeding)/100)) of each infection group.

Weight gain & Bloodmeal Size

We calculated the mean weight gain (mg), mean volume of blood ingested (uL), and percent
weight gain for insects that fed on the guinea pigs and gained weight (Table 2). There was a total of
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five insects that we recorded feeding events for, but they did not gain weight and were excluded in
the tabulation, so the total number of insects that fed and gained weight was n=53. T. sanguisuga had
4™ instar nymphs that fed and gained weight, while the other infection groups only had data for 5%
instars. Overall, most of the infected groups gained more weight and ingested more blood. Triatoma
gerstaeckeri (Tcl) had lower mean weight gain and mean blood volume ingested but had a higher
percent weight gain than the control group. Both T. cruzi-infected groups (Tcl and TcIV) for all three
species had larger mean weight gain percentages than the control groups, apart from R. prolixus (Tcl)
since none of those insects fed.

Table 2. Mean weight gain, mean blood volume ingested, and percent weight gain in triatomine spe-

cies that fed and gained weight® by T. cruzi infection status and life stage®.

No. Insects Mean+S.E. Mean Blood

Infection Nymphal % Weight

Species Group Instar that C%ained Weight Gain Volume Gain + S.E.
Weight (mg) Ingested (uL)
T. gerstaeckeri  Control 5th 15 121£26.5 120.7 98.8 £23.2
Tcl 5th 13 102 +27.9 102.2 104.8 +35.2
Telv 5th 8 265 +46.1 264.9 164.0 £37.0
T. sanguisuga  Control 4th 4 14+9.0 14.2 449 +33.9
5th 1 39 39.0 46.9
Tl 4t 1 14 1.4 2.8
5th 1 126 126.0 175
R. prolixus ~ Control 5th 9 71+18.5 70.7 2223 +44.4
Tcl n/a 0 0 0 0
TclV 5th 1 160 159.5 406.9

aThere were six insects that fed on guinea pigs but did not gain any weight. These data points were
excluded from the calculations.

bSome infection groups only had 5t instar triatomines that fed and gained weight. R. prolixus (TcI)

group did not have any insects that fed and gained weight, but the data is still shown in this table.

Of those that fed and gained weight (n=53), the mean bloodmeal size was 119 pL, and there was
no difference in the size of insect bloodmeals that were taken on guinea pigs with different numbers
of prior feeding events (P=0.57; Figure 5). Our independent correlation gaussian GEE (QIC=9.14e+05)
model (Table S15), which was selected over one with a correlated structure (QIC= 9.14e+05), also
showed that blood meal volume increased by 22.49 (+7.15) yL in 5t instars of all species when com-
pared with 4t instars (P<0.017; Table S16). There was an additional significant increase of 101.39
(#25.46) uL in T. gerstaeckeri 5% instar (P< 6.8e-05) when compared with R. prolixus, the difference
between T. sanguisuga and R. prolixus (the reference species in our analysis) not being significant
(P>0.66). Once the stage and species corrections were considered, the model suggested that larger
triatomines ingested less blood. We found that for each mg of insect weight before bloodfeeding the
volume of the bloodmeal decreased by -0.275 (+0.116) uL (P< 0.0183; Table 516).

d0i:10.20944/preprints202412.2136.v1
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Figure 5. Bloodmeal sizes taken from guinea pigs by insects over time based on number of previous
trials in which guinea pigs were fed on by triatomines. Each individual data point is a different insect
that was used in the study with bars representing the mean bloodmeal size for each category. All
guinea pigs were naive to being fed on by triatomines at the beginning of the study (category zero).

Each guinea pig was assigned a unique color.

Discussion

We observed the feeding and defecation behaviors of two epidemiologically important triatom-
ine species found in the U.S. and compared them with a highly competent vector species from South
America. Previous studies have shown R. prolixus to be efficient vectors for transmitting T. cruzi in
that it defecates often and has short PFDIs [4,12,20,22], while studies of species in the U.S. have shown
them to have prolonged PFDIs [6,7,9,12]. A feeding and defecation behavioral study has been done
with T. gerstaeckeri and T. sanguisuga in the U.S showing they may be less efficient vectors than R.
prolixus [12]; however, it has been a few decades since the study was conducted and to our
knowledge, only a few more studies observing other species that can be found in the U.S. have since
been conducted [6,7,13,62]. The various behavioral metrics observed in our study for R. prolixus in-
deed support that it may be a more efficient vector than T. gerstaeckeri and T. sanguisuga. However,
we found evidence for both T. gerstaeckeri and T. sanguisuga that suggest competence for stercorarian
transmission of T. cruzi in nature.

Fewer R. prolixus defecated during the study period (26.3%) as compared to T. gerstaeckeri
(51.6%); this likely results from the low rate of feeding by R. prolixus (17.5%) as compared to T.
gerstaeckeri (64.1%). The lower rate of feeding may be attributed to the mixed physiological status of
insects that were enrolled in the trials. In particular, we used insects in the same life stage as when
they obtained their last bloodmeal; R. prolixus in particular may have been unmotivated to feed de-
spite allowing for a starvation period. Whereas Buxton (1930) found a single bloodmeal per life
stage was sufficient to allow molting of R. prolixus; Uribe (1926) found multiple feedings for each
immature stage before molting. Regardless, the majority of metrics calculated in our study result
from the subset of insects that both fed and defecated from which some conclusions may be drawn.

We found that in the uninfected (control) groups, all three species had similar mean total feeding
times. Rhodnius prolixus had fewer feeding events per insect than T. gerstaeckeri and T. sanguisuga,
which may be attributed to R. prolixus taking a longer time to feed per feeding event. Rhodnius prolixus
also had significantly more defecation events and shorter PFDIs than the other two species, which
was expected based on previous studies [4,12,20,22] and support its role as an efficient vector of T.
cruzi.
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The influence of T. cruzi infection on feeding and defecation behavior is important given a ma-
jority of individuals are infected in nature [29,32,33]. Many studies have investigated the influence of
T. cruzi on various aspects of triatomine behavior, such as development, fecundity, and fitness [63—
66]. Some of these studies and others have seen changes in infected triatomine’s biting rates, weight
gains, and defecations [11,15,21,54,67], suggesting that T. cruzi may modulate vector competence.
One study showed infected Mepraia spinolai were twice more likely to bite and defecated sooner than
uninfected triatomines [11], and another study showed that T. cruzi infection increased triatomine’s
vector activity, such as host odor detection [67]. Both studies suggest manipulation by T. cruzi of
feeding and defecation behaviors leading to increased parasite transmission. Interestingly, while we
saw the T. cruzi infected groups had slightly more feeding and defecation events and longer feeding
times than the uninfected controls, none of these metrics were statistical different. While T. cruzi in-
fected groups tended to have shorter PFDIs to the first defecation event, this difference was not sig-
nificant. However, when considering multiple, individual defecation events post-feeding, Tcl-in-
fected insects had significantly shorter PFDIs than uninfected insects. This finding suggests that in-
fection with T. cruzi makes a difference in the timing of multiple defecation events.

The defecation index (DI) was first proposed as a measurement to estimate an insect’s transmis-
sion capability and accounts for defecations within 10 minutes post-feeding [4]. A higher DI generally
equates to a higher capability of transmission. Zeledon calculated the DIs for 4t and 5-instars of R.
prolixus to be 3.8 and 1.8, respectively. We saw higher DIs in both the control and TcIV groups for R.
prolixus (2.02 and 3, respectively) compared to the North American species. The DIs we calculated for
most of the T. gerstaeckeri and T. sanguisuga groups were higher than those previously reported for
Triatoma protracta and Triatoma rubida [4,6,9], with one study showing adult female T. rubida having a
DI of 1.3 [7]. Across all species, we found that the infected groups had higher DIs compared with
their own control groups, providing further support that T. cruzi may be playing a role in increasing
the vector competence of triatomines with respect to their defecation behaviors. Apart from T.
gerstaeckeri (Tcl), all infected groups had a higher mean for blood volume ingested than the control
groups, similar to results found for Triatoma rubrovaria infected with DTU TcIV [54]. We also observed
that the more blood an insect ingested —indicated by bigger weight gain—the shorter were PFDIs,
corroborating that blood intake had a negative correlation with the time of appearance of the first
defecation [68].

A total of six insects (4.1%) fed and defecated simultaneously, in which all three species were
represented. These insects had multiple defecation events, of which a majority was within 10 minutes
post feeding. If an insect fed to repletion, then it is possible that they will still be in close proximity to
the host because the added weight may slow down its mobility [4], and the chances to defecate or
urinate multiple times is likely. We also observed 14 insects that defecated with no apparently suc-
cessful feeding events on the guinea pig. Of these 14 insects, six (42.9%) were noted to have had
probing attempts on the guinea pigs. Defecation without feeding may reflect digestion of blood in-
gested prior to the trials; however, we could not rule out that the defecation came from unmeasurable
amounts of blood from probing. We found the insects were more likely to defecate in the dark than
in ambient light, which supports findings of an increased risk of parasite transmission at night or in
dark nests as triatomines are likely more active to feed when their hosts are sleeping [42].

The three species we used in the trials were the same that were used in Pippin’s study in 1970
with triatomines feeding on laboratory mice and rats. His findings showed the mean total feeding
times of 4t- and 5t-instar nymphs were 33 and 39 minutes, respectively, for T. gerstaeckeri; 25 and 31
minutes for T. sanguisuga; and 17 and 19 minutes for R. prolixus [12]. In contrast, all three species we
studied had mean total feeding times of 14-15 minutes. Pippin also found a larger percentage of 4t-
and 5™-instar nymphs of R. prolixus defecated within two minutes of feeding than that of T. gerstaeck-
eri and T. sanguisuga, indicating the two species were less efficient stercorarian vectors than R. pro-
lixus. We did not see significant differences determining which species was more likely to defecate,
but both T. gerstaeckeri and T. sanguisuga had fewer defecation events than R. prolixus. Zeledon and
others noted that in Pippin’s study, about 1/4% of the late instar nymphs of T. gerstaeckeri and T.
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sanguisuga were defecated within two minutes post feeding, making them potential vectors for T.
cruzi [69]. Applying the same method of reporting for our insects that defecated for our study, we
saw 42.9% of T. gerstaeckeri and 20.0% of T. sanguisuga defecating within two minutes after feeding,
which is similar to T. sanguisuga (23.3%) but higher than T. gerstaeckeri (25.0%) observed in Pippin’s
study [12].

We wanted to see if the bloodmeal size would decrease over time as the guinea pigs would be
repeatedly exposed to triatomine saliva and develop antibodies against salivary proteins. Saliva
serves as an important aid in the feeding process for triatomines as it has various anticlotting, anes-
thetic, antihistamine, and other properties [70]. Exposure to triatomine saliva can induce salivary
antigens and other host-immune response [60,70], which could potentially decrease the amount of
blood a triatomine can intake or affect the feeding process in future feeding events [71]. In our study,
we did not see a significant difference of the bloodmeal size when the guinea pigs were repeatedly
fed on by the triatomines.

A previous study reported that T. sanguisuga were more likely to carry DTU TclV [32], yet we
did not have a TcIV infection group for that species. Triatoma sanguisuga is more challenging to colo-
nize [72,73] than T. gerstaeckeri and had insufficient numbers to properly make comparisons between
TclV-infected and uninfected insects in the trials. Surprisingly, our results showed none of the R.
prolixus (Tcl) insects fed on the guinea pigs. This observation is likely due to the individuals being
offered the guinea pig prior to molting, as multiple studies have shown that they only require one
blood meal for each life stage [16,74], unlike some Triatoma species which often take multiple blood-
meals prior to molting [75] which we observed in our Triatoma insects. We group-housed the indi-
viduals when feeding through the artificial membrane which is a strategy to encourage higher feed-
ing success [76]. But then we did not track individuals through time to know exactly which ones had
molted and which ones had not prior to the experiments. DTU Tcl is also known to be mostly associ-
ated with R. prolixus [51,77,78], so due to the lack of data for that infection group, we could not assess
if T. cruzi can influence the feeding and defecation patterns in R. prolixus [79].

Limitations include that there was variation in the days since molt for the nymphs used in the
experiments, and these data were not tracked so we do not know how it influences the outcome. This
wide range in days since molt was done to maximize the number of individuals available to include
in the multipe groups, but may have impacted the insects willingness to feed (Buxton 1930). Although
we specifically documented the number of days since each insect was offered their last bloodmeal
and this was used as the estimated starvation period, some insects may have not fed when offered
blood, such that the real starvation period is longer than our estimate. Additionally, most of the trials
were associated with documented behavioral response of the guinea pig host to the triatomine feed-
ing (e.g., movement including leg jerking), which may have impacted the success of the feeding.
However, the use of live animals in our experiments affords the benefit of being able to measure
insect defecation after feeding on unaltered blood from a live host, which overcomes some of the
challenges posed by the use of citrated blood [7] through a membrane feeder, the digestion of which
is not expected to reflect reality. Upon testing to confirm the infection or control status of each insect
used in the trials, we found a single control insect to test positive in the absence of apparent contam-
ination (DNA extraction negative control and PCR negative control wells were clean). Data from this
trial were not used in the analysis. Although this insect was taken from a colony thought to be free
from infection, exposure to feces on filter paper (provided to lab-hatched nymphs to aid in develop-
ment) taken from established colonies that include wild-caught insects with negative test results
could have been a route of transmission, if those tests were imperfect and allowed for an infected
insect to be present in the colony.

The results from this study will help understand elements of vectorial capacity that may con-
tribute to human Chagas disease risk. Although T. gerstaeckeri and T. sanguisuga had fewer defecation
events and longer PFDIs than R. prolixus, a highly efficient vector, our observations in this study
suggest that these two species are capable vectors of T. cruzi in the U.S. through the stercorarian form
of biological transmission. While considering results on PDFI, DI, and the percent defecating within
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1-minute following feeding, T. gerstaeckeri appears to have higher transmission potential compared
to T. sanguisuga. It is known that these species are mostly found in peridomestic or sylvatic settings,
but there have been reports of them being encountered in homes [80] and are capable of domicile
colonization [81]. Additionally, while adult triatomines are more likely to disperse and enter homes,
nymphal instars can potentially become infected from other infected individuals (such as an infected
adult) via triatomine cannibalism or coprophagy [82,83], especially in cases when a household has a
high infestation of nymphal triatomines where they can aggregate. Studies investigating triatomine
host utilization document human-derived bloodmeals, implying that they have contact with humans
in the U.S. [84,85].

We present evidence that T. cruzi infection in triatomines might influence feeding and defecation
behavior in ways that would facilitate T. cruzi transmission. We observed a decreased PDFI with T.
cruzi infection which was only significant in modeling data on all defecation events, and not just the
first defecation event as has been done previously [4,7,11,21]. This observation warrants further re-
search investigating the influence of T. cruzi on feeding and defecation behavior and mathematical
models to determine the importance at the population level. Additionally, up to 11 species of tria-
tomines exist in the U.S. and more studies should be conducted to compare the feeding and defeca-
tion behaviors among these species and from multiple geographic populations. The scientific and
lay-community perspective that the defecation behavior or triatomines of the U.S. results in less effi-
cient transmission of T. cruzi is only marginally supported by the observations in this current study.
Instead, we hypothesize that other factors of triatomine ecology and contact with humans contributes
to reduced vectorial capacity and lower disease burden in the U.S. compared to other regions in Latin
America [86].

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Video S1: Triatoma sanguisuga nymph feeding and defecating.
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