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ARTICLE INFO ABSTRACT

Across the Americas, triatomine insects harbor diverse strains of Trypanosoma cruzi (T. cruzi), agent of Chagas
disease. Geographic patterns of vector infection and parasite strain associations, especially in vectors en-
Te.xas ) countered by the public, may be useful in assessing entomological risk, but are largely unknown across the US.
Triatomine . We collected Triatoma spp. from across the US (mainly Texas), in part using a citizen science initiative, and
ITJ’rZIiI:ZZO;?:::sCMl amplified T. cruzi DNA to determine infection prevalence and parasite discrete typing units (DTUs). We found
Vector 54.4% infection prevalence in 1510 triatomines of 6 species; prevalence in adult T. gerstaeckeri (63.3%; n = 897)

and T. lecticularia (66.7%; n = 66) was greater than in T. sanguisuga (47.6%; n = 315), T. indictiva (47.8%
n = 67), T. rubida (14.1%; n = 64), and T. protracta (10.5%; n = 19). The odds of infection in adults were 9.73
times higher than in nymphs (95% CI 4.46-25.83). PCR of the spliced leader intergenic region (SL-IR) and/or the
putative lathosterol/episterol oxidase TcSC5D gene revealed exclusively T. cruzi DTUs Tcl and TcIV; 5.5% of T.
cruzi-positive samples were not successfully typed. T. gerstaeckeri (n = 548) were more frequently infected with
Tcl (53.9%) than TcIV (34.4%), and 11.9% showed mixed Tcl/TcIV infections. In contrast, T. sanguisuga
(n = 135) were more frequently infected with TcIV (79.3%) than Tcl (15.6%), and 5.2% showed mixed infec-
tions. Relative abundance of parasite DTUs varied spatially, with both Tcl and TcIV co-circulating in vectors in
central Texas, while TcIV predominated in northern Texas. Given prior findings implicating TcI in human disease
and Tcl and TcIV in animal disease in the US, knowledge of spatial distribution of T. cruzi infection and DTUs in
vectors is important to understanding public and veterinary health risk of T. cruzi infection.
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1. Introduction

Throughout the Americas, the protozoan parasite Trypanosoma cruzi
(T. cruzi) is responsible for an estimated burden of Chagas disease ex-
ceeding 5.7 million people (World Health Organization, 2015). Trans-
mission is primarily through the infective feces of triatomine insects,
although transmission can also occur congenitally, through organ
transplant and blood transfusion, and through consumption of con-
taminated food and drink (Bern et al., 2011). Infection with T. cruzi
ranges from asymptomatic to clinical presentation of acute or chronic
cardiomyopathy and, less commonly, gastrointestinal complications
(Bern et al., 2011).

T. cruzi exhibits remarkable genetic variation (Miles et al., 2009;
Zingales et al., 2009, 2012), and current classification delineates six
major discrete typing units (DTUs), Tcl - TcVI, and a seventh, TcBat
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lineage, each with particular ecological and epidemiological associa-
tions (Zingales et al., 2012). In the Southern Cone region of South
America, for example, Tcll, TcV, and TcVI have been mainly docu-
mented in domestic transmission cycles; in contrast, TcIIl and TcIV are
more typically associated with sylvatic transmission cycles in Brazil and
northern South America (Miles et al., 2009; Zingales et al., 2012). Tcl is
the most genetically diverse DTU and is found throughout the Americas
with variable domestic and sylvatic associations (Zingales et al., 2012),
which has resulted in additional proposed subdivisions (Zumaya-
Estrada et al., 2012). Understanding the effect of parasite strain on
disease progression is complicated by co-infections, transmission mode,
and individual host immune function (Messenger et al., 2015a; Zingales
et al., 2012).

In the southern US, T. cruzi actively circulates through vector,
wildlife, and domestic dog populations (Brown et al., 2010; Burkholder

E-mail addresses: RCurtis@cvm.tamu.edu (R. Curtis-Robles), LAuckland@cvm.tamu.edu (L.D. Auckland), KSnowden@cvm.tamu.edu (K.F. Snowden),

GHamer@tamu.edu (G.L. Hamer), SHamer@cvm.tamu.edu (S.A. Hamer).

https://doi.org/10.1016/j.meegid.2017.12.016

Received 10 August 2017; Received in revised form 4 December 2017; Accepted 15 December 2017

Available online 18 December 2017

1567-1348/ © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/15671348
https://www.elsevier.com/locate/meegid
https://doi.org/10.1016/j.meegid.2017.12.016
https://doi.org/10.1016/j.meegid.2017.12.016
mailto:RCurtis@cvm.tamu.edu
mailto:LAuckland@cvm.tamu.edu
mailto:KSnowden@cvm.tamu.edu
mailto:GHamer@tamu.edu
mailto:SHamer@cvm.tamu.edu
https://doi.org/10.1016/j.meegid.2017.12.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.meegid.2017.12.016&domain=pdf

R. Curtis-Robles et al.

et al., 1980; Curtis-Robles et al., 2015, 2016; Kjos et al., 2008, 2009),
and autochthonous human Chagas disease is also documented in the US
(Cantey et al., 2012; Dorn et al., 2007; Garcia et al., 2015). Standard
diagnostic approaches are typically based on antibody detection and do
not determine parasite strain, so the increasing diagnoses of human and
animal T. cruzi infections in the US are not generally accompanied by a
concomitant increase in the knowledge of which strains are implicated
in disease. Strain-typing approaches that have been applied to samples
from the US include methods based on enzyme profiles (Barnabé et al.,
2001; Beard et al., 1988), PCR product sizes of several genetic targets
(Garcia et al., 2017; Herrera et al., 2015; Roellig et al., 2008), and DNA
sequence analysis (Buhaya et al., 2015; Curtis-Robles et al., 2016;
Garcia et al., 2017; Herrera et al., 2015; Shender et al., 2016). There
have been seven definitively typed human infections in the US, all of
which were Tcl (Garcia et al., 2017; Roellig et al., 2008). Limited stu-
dies of dog and wildlife populations have revealed an association of Tcl
with opossums and TclV with dogs and raccoons (Curtis-Robles et al.,
2016; Roellig et al., 2008). Recently, TcIl was found in small rodents
from Louisiana (Herrera et al., 2015), and insects in California were
found to harbor isolates closely related to the TcIl and TcVI group
members (Hwang et al., 2010). Triatomine vectors have been found
infected with Tcl in a limited number of samples from California,
Florida, Georgia, Louisiana, and Texas (Barnabé et al., 2001; Beard
et al., 1988; Buhaya et al., 2015; Herrera et al., 2015; Roellig et al.,
2008; Shender et al., 2016); TclV in triatomines has been documented
rarely in California, Georgia, and Texas (Barnabé et al., 2001; Roellig
et al., 2008; Shender et al., 2016).

Despite the recognized ecological and potential epidemiological
importance of T. cruzi genetic variation, the majority of data are from
South America (Breniére et al., 2016). Few studies have determined the
DTUs of parasite isolates from various hosts in the US, and none have
examined relative spatial distribution across a broad area. Knowledge
of the prevalence and distribution of T. cruzi in US triatomine vector-
s—particularly those encountered by humans in peridomestic set-
tings—would allow a greater understanding of disease risk and poten-
tial consequences. In this study, we determined T. cruzi infection
prevalence in six triatomine species from Texas and other states. We
analyzed samples using multiple PCR assays and assessed risk factors
for infection through logistic regression. Given interests in vector as-
sociations and spatial distributions of T. cruzi DTUs in the US, we
compared DTUs found in the two most frequently collected species and
mapped occurrences of T. cruzi DTUs. We discuss the results with par-
ticular attention to potential drivers of differential DTU occurrence in
species of triatomines found across the US.

2. Materials and methods
2.1. Sample collection and preparation

Triatomine specimens were collected from April 2013-November
2016 via citizens through a citizen science program (Curtis-Robles
et al., 2015) and via our laboratory members using traditional en-
tomological techniques (black light, mercury vapor light, and active
searching of environments). Triatomines were morphologically identi-
fied to species (Lent and Wygodzinsky, 1979), sexed, and dissected
using sterile instruments after specimens were soaked with 10% bleach
solution and rinsed with distilled water to reduce risk of contamination
with exogenous DNA. Dissections were conducted by carefully cutting
off the connexivum, snipping 1-2 terminal abdominal segments, and
removing the dorsal portion of the abdominal wall to reveal and re-
move the hindguts. In cases where hindguts were desiccated, the
snipped terminal segments were also included in the sample to increase
the sample amount. DNA from triatomine hindguts was extracted using
commercially-available extraction kits (Omega E.Z.N.A. Tissue DNA Kit
(a spin column-based kit), Omega Bio-tek, Norcross, GA for almost all
(93.0%; Table S1) samples collected in 2013-2014; KingFisher Cell and
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Tissue kit (a magnetic-particle-based kit), Thermo Fisher Scientific,
Waltham, MA for almost all (96.1%; Table S1) samples collected in
2015-2016).

2.2. Detection of T. cruzi infection

T. cruzi infection status was determined by amplification of a 166-bp
region of repetitive nuclear satellite DNA using a TagMan qPCR reac-
tion with Cruzi 1/Cruzi 2 primers and Cruzi 3 probe (Duffy et al., 2013;
Piron et al., 2007). This approach has previously been shown as both
sensitive and specific for T. cruzi (Schijman et al., 2011). Reactions
consisted of 5 pL of template DNA, primers at a final concentration of
0.75 uM each, 0.25 pM of probe, and iTaq Universal Probes Supermix
(Bio-Rad Laboratories, Hercules, CA), in a total volume of 20 pL run on
a Stratagene MxPro3000 instrument (Agilent Technologies, Santa Clara,
CA), following previously described thermocycling parameters (Duffy
et al., 2013), except with a reduced, 3-min, initial denaturation. Our
internal laboratory validations—experiments using serial dilutions of T.
cruzi TcIV DNA from a T. gerstaeckeri specimen collected in Texas to
calculate limit of detection and PCR efficiency for this assay—defined
samples with cycle threshold (Ct) values of < 33 as positive, and
samples with Ct values of > 35 as negative. Samples with Ct values of
33-35 were considered equivocal and final infection status was based
on the result on the SL-IR qPCR assay (see below). No-template controls
were included in each set of DNA extractions, and molecular grade
water was included as negative controls in all PCRs. All PCRs were run
with a T. cruzi positive control, including DNA extracted from Sylvio-
X10 CL4 (ATCC 50800, American Type Culture Collection) or T. cruzi-
positive field-collected samples from triatomines, dogs, and wildlife
(infections with either Tcl or TcIV).

2.3. T. crugi DTU determination

All T. cruzi positive and equivocal samples were subjected to addi-
tional reactions to amplify the putative lathosterol/episterol oxidase
gene (TcSC5D) and/or nuclear spliced leader intergenic region (SL-IR)
for DTU typing of T. cruzi. Originally, we attempted amplification of the
TcSC5D region and sequenced the product to determine the DTU of T.
cruzi in the vector hindgut DNA extracts (Cosentino and Agiiero, 2012).
During the course of this research, a probe-based multiplex qPCR based
on SL-IR amplification was published (Cura et al., 2015). Subsequent to
establishing this DTU-typing qPCR in our lab, we ran all previously un-
typed T. cruzi positive and equivocal samples, as well as a subset of
samples successfully typed using the TcSC5D PCR, using this method.

2.3.1. TcSC5D gene amplification for DTU determination

Initially, we attempted amplification of the TeSC5D gene (Cosentino
and Agiiero, 2012) of any sample generating a positive T. cruzi result on
the Cruzi 1/2/3 qPCR. However, T. cruzi-positive samples with rela-
tively high Ct value (indicative of low parasite burdens) were not
successfully amplified with the TcSD5D assay, perhaps reflecting the
fact that the TcSC5D PCR was developed using T. cruzi pure cultures
(Cosentino and Agiiero, 2012) and seems to be less successful in ana-
lyzing field-collected samples with mixed populations of host and
parasite DNA (Cominetti et al., 2014; Curtis-Robles et al., 2016; al-
though see Buhaya et al., 2015). Thereafter, we focused on TcSC5D
gene amplification from samples with greater concentrations of T. cruzi
DNA, using a cut-off of Ct values of < 17 on the TagMan qPCR. Reac-
tions consisted of 1 uL extracted DNA, 0.75 uM of each primer, and
FailSafe PCR Enzyme Mix with PreMix E (Epicentre, Madison, WI) in a
total volume of 15 pL. The 832-bp amplicons were visualized on 1.5%
agarose gels stained with ethidium bromide. In some cases, samples
that did not amplify were tested again on this assay using the same
conditions or a 1:10 dilution of the DNA template. Amplicons were
purified using ExoSAP-IT (Affymetrix, Santa Clara, CA) and bi-direc-
tionally sequenced using Sanger sequencing (Eton Bioscience, Inc., San
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Fig. 1. County distribution of T. cruzi-infected triatomines in Texas. Pie charts showing infection prevalence are displayed for counties from which at least six triatomines were tested.
Circle size is proportional to the number of triatomines tested from each county. Any county with at least 4 specimens tested had at least one positive. Vector infection prevalence
exceeded 30% across 37 counties with at least 6 specimens tested, with the exception of two counties: Kleberg County (n = 38) with an infection of prevalence of 18.4% and Brewster
County (n = 22) with an infection prevalence of 4.5%. All samples in Kleberg County originated from a single canine kennel, and all samples in Brewster County were T. rubida.

Diego, SA). Sequences and chromatographs were viewed with Geneious
version R7 software (http://www.geneious.com) (Kearse et al., 2012)
for quality, forward and reverse sequence alignment, and examination
of eight key discriminant SNPs to designate DTU and discern double
nucleotide peaks at SNPs (see Fig. 1A of Cosentino and Agiiero, 2012).
This gene target has 81 fixed differences, 70 or which were synonymous
and 11 of which were non-synonymous (Cosentino and Agiiero, 2012).
All T. cruzi Tcl and TclIV sequences were deposited to GenBank [a total
of 222 sequences; MF190169-MF190186; MG213863-MG214066]; se-
quences representing mixed infections were not submitted.

2.3.2. SL-IR qPCR for DTU determination

A probe-based multiplex qPCR based on amplification of the nuclear
spliced leader intergenic region (SL-IR) (Cura et al., 2015) was used to
determine discrete typing units (DTUs) of a subset of samples success-
fully typed on TcSC5D, as well as all other samples that were positive
and equivocal for detection of T. cruzi on the Cruzi 1/2/3 qPCR assay.
Reactions were 20 pL total volume using a QIAGEN Multiplex PCR Kit
(QIAGEN, Valencia, CA) using modifications we have previously

described (Curtis-Robles et al., 2017a). Samples that were negative in
the initial attempt on this assay, including those with non-exponential
amplification curves, were diluted 1:10 and SL-IR amplification was
attempted a second time. Samples that did not amplify at a 1:10 dilu-
tion were attempted a third time, using twice the original volume of
extracted DNA. Samples that did not produce results after three at-
tempts were considered untypeable. Samples that were untypeable after
being positive on Cruzi 1/2/3 qPCR were still considered infected,
while samples that were untypeable after being equivocal on the Cruzi
1/2/3 qPCR were considered uninfected with T. cruzi.

2.4. Statistical methods

Project data are available from the Oak Trust digital repository
through Texas A&M University at: http://hdl.handle.net/1969.1/
165517. Data were analyzed using R software version 3.3.1 (R
Development Core Team, 2008). We calculated the odds ratio of in-
fection in nymphs vs. adults using package ‘epitools’. To examine fac-
tors influencing the likelihood of an adult triatomine being infected, we
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first evaluated putative predictor variables. Assessed variables were
submission source (citizen science program or collected by our research
team), sex (female, male, or unknown), status of vector when collected
(alive, dead, or unknown), species, year of collection, season of col-
lection (in 3-month quarters), and level III ecoregion (U.S. EPA
(Environmental Protection Agency), 2012). DNA extraction kit type,
which had changed over the course of the study, was also included as a
potential predictor, since some previous studies have suggested that
extraction method can affect detection of T. cruzi DNA in samples
(Moreira et al., 2013; Schijman et al., 2011). Due to small sample sizes,
some ecoregions were merged based on geographic proximity for the
analysis including Chihuahuan Desert (n = 24) with High Plains
(n = 3) and Central Great Plains (n = 22); as well as South Central
Plains (n = 5) with Western Gulf Coastal Plains (n = 164). Triatomines
from outside of Texas were grouped together in a “non-Texas” category.
We evaluated the relationship between candidate variables and the
infection status of adult triatomines through bivariable analyses using
Chi-square tests. Factors with a p < 0.25 from the initial bivariable
screening were subjected to tests of pairwise association using Chi-
square tests followed by calculation of Cramer's V, using package ‘ved’
in R. A logistic regression model was generated to investigate the effects
of predictors identified by the previous methods on the infection status
of a triatomine. Alternate models including pairwise interactions were
constructed and assessed through comparison of corrected Akaike's
Information Criterion (AIC) values (using package ‘sme’ in R) and with
consideration of biological meaning. Referent categories for sex, spe-
cies, season, and ecoregion were chosen according to those categories
with the greatest numbers of specimens. Factors with values of
p < 0.05 in the model output were considered significant. Odds ratios
and 95% confidence intervals were calculated for each predictor.

To further investigate the effects of ‘year’ and ‘extraction kit’ on T.
cruzi infection prevalence in adult triatomines with known year of
collection (Table S1), we used a one-tailed 2-sample test for equality of
proportions without continuity correction to compare the infection
prevalence of samples collected 2013 to those collected in 2014 for only
the Omega-extracted samples; we conducted the same analysis to
compare the infection prevalence of samples collected in 2015 to those
collected in 2016 for only KingFisher-extracted samples.

To evaluate patterns in the proportions of parasite DTUs within
infected triatomine species, we calculated proportions infected with
Tcl, TcIV, and mixed infections. For those with values of 5 or more in
each category, we used package ‘DescTools’ to calculate 95% con-
fidence intervals using the Goodman method for simultaneous calcu-
lation of multinomial confidence intervals (Goodman, 1965). We cal-
culated additional metrics for two main species of interest: T.
gerstaeckeri, which was the most frequently tested species in the study
area (Texas-focused), and T. sanguisuga, which was the second most
frequently tested species in the study and which has an expansive range
covering the eastern US. A Chi-square test was used to compare pro-
portions of T. gerstaeckeri and T. sanguisuga carrying mixed infections
vs. single DTU infections; in addition, the odds ratio and 95% con-
fidence interval were calculated using package ‘epitools’. A Chi-square
test was used to compare proportions of T. gerstaeckeri and T. sanguisuga
carrying Tcl vs. TcIV infections; in cases of mixed infections, the
number of mixed infections for each species was added to each of the
single DTU cells for that species for the calculation. The odds ratio and
95% confidence interval were calculated using package ‘epitools’.

All triatomine location data were geo-coded and mapped using
ArcMap 10.1 (ESRI, Redlands, CA).

3. Results
3.1. T. cruzi infection

A total of 1510 triatomine insects collected from 17 states via citi-
zens through the citizen science program (1365 adults, 51 nymphs) and
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via our laboratory members using standard entomological collecting
techniques (92 adults, 2 nymphs) were tested for the presence of T. cruzi
parasites using PCR, of which 822 (54.4%) were positive. There were
35 samples that gave equivocal results on the Cruzi 1/2/3 qPCR, of
which 15 samples were successfully typed using the SL-IR qPCR (Table
$2) and included in the total number of infected vectors and DTU typed
samples; the 20 samples that were untypeable using the SL-IR qPCR
were considered uninfected.

Triatomines were documented in 16 states other than Texas, with
infection found in T. protracta, T. rubida, and T. sanguisuga (Table S3).
Triatomines from Texas composed the majority of the samples
(n = 1396, 57.2% infection prevalence). Triatomines were collected
from 103 of 254 Texas counties. Infected triatomines were found in 70
counties (Fig. 1); any county with at least 4 specimens tested had at
least one positive. Vector infection prevalence exceeded 30% across 37
counties with at least 6 specimens tested with the exception of two
counties (Fig. 1): Kleberg County (n = 38) with an infection prevalence
of 18.4%, and Brewster County (n = 22) with an infection prevalence
of 4.5%. All samples in Kleberg County originated from a single canine
kennel, and all samples in Brewster County were T. rubida.

Adults were more frequently (56.0%; n = 1457) infected than
nymphs (11.3%; n = 53). The odds of infection in adults were 9.73
times (95% CI 4.46-25.83) higher than the odds in nymphs. Results of
bivariable analysis of adult specimens (n = 1457; Table 1) indicated
several potential predictors with p < 0.25, which were sex, species,
year, season, ecoregion, and extraction kit type. Bivariable analysis also
revealed extraction kit type was significantly associated with likelihood
of being infected (p < 0.001); a greater percentage of samples that had
been extracted using the Omega kit (64.3%; which had been used in
2013-2014) were found to be infected with T. cruzi compared to those
extracted using the Kingfisher method (42.2%; which had been used in
2015-2016). Based on pairwise correlations (Table S4), year and ex-
traction kit type were associated (p < 0.001, Cramer's V = 0.860). We
chose to retain year as a potential predictor in the model and interpret
results in light of the limitations introduced by changing the extraction
kit during the study. Although most pairwise comparisons generated p-
values < 0.001, all other pairs of potential predictors had Cramer's V
values of 0.371 or less and were retained (Table S4).

A logistic regression model of infection in adult specimens included
sex, species, year, season, and ecoregion (Table 2). When comparing
alternate models including pairwise interaction terms, addition of an
interaction term containing year and ecoregion resulted in a lower AIC¢
than the model without any interaction terms included (AICc of 1803.8
vs. 1813.9). This interaction term was nonetheless removed, in con-
sideration of potential sample bias introduced by differential effort by
citizen scientists in different ecoregions by year, as the citizen science
program expanded over the study period. Results showed that males
had a greater odds of infection than females (OR = 1.41, 95% CI
1.11-1.78, p = 0.005; Table 2). Infection prevalence varied sig-
nificantly across different triatomine species, ranging from 10.5% in T.
protracta to 66.7% in T. lecticularia (Table 2). Specimens collected from
2014, 2015, and 2016 had lower odds of infection (OR = 0.34,
OR = 0.29, OR = 0.21, respectively) than specimens collected in 2013
(Table 2), and odds of infection were lower (OR = 0.62) for specimens
collected April-June than for those collected July-September. Com-
pared to the referent ecoregion (Edwards Plateau), there were sig-
nificantly lower odds of infection in the Southern Texas Plains
(OR = 0.54, 95% CI 0.35-0.83, p = 0.005), the group that included
Central Great Plains, Chihuahuan Desert, and High Plains (OR = 0.23,
95% CI 0.09-0.54, p = 0.001), and the group that included Western
Gulf Coastal Plains and South Central Plains (OR = 0.65, 95% CI
0.45-0.96, p = 0.031).

When comparing the infection prevalence (Table S1) of only the
Omega-extracted samples, we found the infection prevalence was lower
in 2014 (59.0%; 95% CI 54.9-63.0%) than 2013 (79.1%; 95% CI
73.8-83.6%; x> = 31.86, p < 0.01). When comparing the infection
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Table 1
Bivariable analysis of predictor variables of adult triatomine vector T. cruzi infection
status (n = 1457 adult specimens).

Bivariable analysis using Chi-square or Fisher's exact tests was used to identify putative
predictor variables.

Risk factor No. tested  No. T. cruzi p-value
(%) positive (%)
Submission source 0.824
Collected by our research team 92 (6.3) 50 (54.3)
Citizen science program 1365 766 (56.1)
(93.7)
Sex 0.211
Female 821 (56.3) 444 (54.1)
Male 608 (41.7) 357 (58.7)
Unknown 28 (1.9) 15 (53.6)
Collection status” 0.712
Alive 776 (53.3) 427 (55.0)
Dead 189 (13.0) 109 (57.7)
Unknown 492 (33.7) 280 (56.9)
Species of adults < 0.001
T. gerstaeckeri 897 (61.6) 568 (63.3)
T. indictiva 67 (4.6) 32 (47.8)
T. lecticularia 66 (4.5) 44 (66.7)
T. protracta 19 (1.3) 2 (10.5)
T. rubida 64 (4.4) 9 (14.1)
T. sanguisuga 315 (21.7) 150 (47.6)
Unknown species 29 (2.0) 11 (37.9)
Year < 0.001
2013 276 (18.9) 216 (77.9)
2014 613 (42.1) 355 (57.9)
2015 226 (15.5) 105 (46.5)
2016 263 (18.1) 96 (36.5)
Unknown 79 (5.4) 44 (55.7)
Season” < 0.001
January-March 9 (0.6) 3(33.3)
April-June 533 (36.6) 255 (47.8)
July-September 724 (49.7) 448 (61.9)
October-December 30 (2.1) 16 (53.3)
Unknown 161 (11.1) 94 (58.4)
Ecoregion < 0.001
Edwards Plateau 562 (38.6) 365 (65.0)
Central Great Plains, Chihuahuan 49 (3.4) 7 (14.3)
Desert, and High Plains
Cross Timbers 54 (3.7) 25 (46.3)
East Central Texas Plains 182 (12.5) 117 (64.3)
Southern Texas Plains 135 (9.3) 66 (48.9)
Texas Blackland Prairies 148 (10.2) 91 (61.5)
Western Gulf Coast Plain and South 169 (11.6) 95 (56.2)
Central Plains
Non-Texas 106 (7.3) 24 (22.6)
Unknown 52 (3.6) 26 (50.0)
Extraction kit < 0.001
KingFisher 550 (37.7) 233 (42.4)
Omega 907 (62.3) 583 (64.3)

@ Chi-square test was also conducted for only those specimens for which collection
status was known; the p-value for the test was 0.565.

b Since there were small values in the January-March category, a Fisher's exact test
was also conducted; the p-value using the Fisher's exact test was < 0.001.

prevalence of only the KingFisher-extracted samples, we found the in-
fection prevalence was lower in 2016 (37.1%; 95% CI 31.3-43.4%)
than in 2015 (46.7%; 95% CI 40.3-53.2%; x> = 4.38, p = 0.02).

3.2. T. cruzi DTUs

Across all infected triatomines subjected to the TcSC5D PCR, 66.2%
were successfully typed (n = 349). Across all infected triatomines
subjected to the SL-IR qPCR, 90.7% were successfully typed (n = 699;
Table S2). Using the SL-IR assay, the majority of samples (71.7%) were
successfully amplified from undiluted (1 x) DNA. Those unsuccessfully
amplified using undiluted DNA (n = 198) were attempted at a 1:10
dilution, of which 49.0% were successfully typed. Those unsuccessfully
amplified undiluted or at a 1:10 dilution (n = 101) were attempted a
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Table 2
Regression models of T. cruzi infection in adult triatomines.

Associations between vector infection and predictor variables were quantified using a
logistic regression model.

Variable Infection Odds ratio  95% CI p-value
prevalence (%)
Sex
Female 54.1 Referent
Male 58.7 1.41 1.11-1.78 0.005
Unknown 53.6 0.59 0.25-1.44 0.238
Species of adults
T. gerstaeckeri 63.3 Referent
T. indictiva 47.8 0.51 0.30-0.88 0.016
T. lecticularia 66.7 1.35 0.77-2.4 0.302
T. protracta 10.5 0.15 0.02-0.58 0.016
T. rubida 141 0.34 0.13-0.84 0.023
T. sanguisuga 47.6 0.54 0.38-0.77  0.001
Unknown adult 37.9 0.36 0.15-0.80 0.014
Year
2013 77.9 Referent
2014 57.9 0.34 0.24-0.49 < 0.001
2015 46.5 0.29 0.19-0.43 < 0.001
2016 36.5 0.21 0.14-0.32 < 0.001
Unknown 55.7 0.19 0.09-0.41 < 0.001
Season
Jan-Mar 33.3 0.67 0.13-2.86 0.600
Apr-Jun 47.8 0.62 0.47-0.81 < 0.001
Jul-Sep 61.9 Referent
Oct-Dec 53.3 0.73 0.33-1.63  0.435
Unknown 58.4 1.15 0.67-1.99 0.615
Ecoregion
Edwards Plateau 65.0 Referent
Central Great Plains, 14.3 0.23 0.09-0.54 0.001
Chihuahuan Desert,
and High Plains
Cross Timbers 46.3 0.80 0.42-1.53  0.505
East Central Texas 64.3 1.28 0.87-1.90 0.206
Plains
Southern Texas Plains 48.9 0.54 0.35-0.83  0.005
Texas Blackland Prairies  61.5 1.24 0.83-1.87 0.302
Western Gulf Coast 56.2 0.65 0.44-0.96 0.031
Plain and South
Central Plains
Non-Texas 22.6 0.56 0.28-1.10  0.094
Unknown (Texas) 50.0 0.84 0.46-1.55 0.579

final time with 2 X DNA, of which 35.6% were successfully typed. After
these three failed attempts, a sample was considered untypeable (65
samples of 699; 9.3%).

Of the 822 total T. cruzi-positive triatomines, T. cruzi DTU was
successfully ascertained for a total of 777 samples (94.5%) using either
or both of the typing methods (Table S5). Of the 231 samples suc-
cessfully typed using the TcSC5D gene, inspection of eight key SNPs
(noted in (Cosentino and Agiiero, 2012) as able to discern all DTUs)
revealed 81 were Tcl and 141 were TclV, and double nucleotide peaks
indicating mixed TcI/TcIV infections occurred in an additional 9 sam-
ples. Average sequence length for the 222 single-DTU sequences (see
Section 2.3.1. for GenBank accession numbers) was 708 base pairs, with
a range of 481-747 base pairs. The total covered length captured 809
base pairs (of the 832 base pair gene), of which there were 75 variable
sites. Of the 634 samples successfully typed using the SL-IR genetic
region, 299 were Tcl, 252 were TcIV, and 83 were classified as Tcl/TcIV
mixed infections. There were 88 samples for which both methods were
successful, 74 (84.1%) had congruent results between methods (29 TcI,
41 Tcl, 4 Tcl/TclV); there were 13 samples (14.8%) in which the SL-IR
qPCR revealed Tcl/TcIV mixed infections, but TcSC5D primers gener-
ated 1 Tcl and 12 TclIV sequences; there was one sample (1.1%) cate-
gorized as Tcl on SL-IR qPCR but Tcl/TcIV mixed on TcSC5D. These 14
samples were all interpreted as mixed infections in our analyses.

Within individual triatomine species, parasite strain infection dif-
fered (Table 3). Significant differences in proportions of Tcl, TcIV, and
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Table 3
T. cruzi DTUs among infected adult triatomines.
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Triatomines were collected from 2012 to 2016 through citizen science submission and standard entomological sampling. Not all samples were successfully typed, despite multiple
attempts on the TcSC5D and/or SL-IR assay(s). Four typed nymphs (all TcI) are not included in this table (5 additional infected nymphs were not able to be typed). Confidence intervals
(using Goodman's method for simultaneous calculation of multinomial confidence intervals) were calculated in cases where all three categories (Tcl, TcIV, mixed) each had values of 5 or

greater; confidence intervals were not calculated for overall totals because these proportions were influenced by varying sample sizes across species.

Total typed No. with only Tel Tel %* No. with only TcIV TclV %* No. with mixed TcI/TcIV Mixed %"

(95% CI) (95% CI) (95% CI)

T. gerstaeckeri" 548 294 53.6 189 34.4 65 11.9
(48.4-58.8) (29.7-39.6) (8.9-15.7)

T. indictiva® 28 9 32.1 17 60.7 2 7.1

T. lecticularia® 42 9 21.4 25 59.5 8 19.0
(10.1-39.9) (41.0-75.7) (8.5-37.3)

T. protracta® 2 2 100.0 0 0.0 0 0.0

T. rubida’ 7 6 85.7 1 14.3 0 0.0

T. sanguisuga® 135 21 15.6 107 79.3 7 5.2
(9.4-24.6) (69.6-86.5) (2.1-1.2)

Triatoma unknown sp. (adults) 11 4 36.4 7 63.6 0 0.0

Total 773 345 44.6 346 44.8 82 10.6

@ Percentages are from the total number of successfully typed samples.
b 26 of 574 samples (4.5%) were not able to be successfully typed.

€ 4 of 32 samples (12.5%) were not able to be successfully typed.

43 of 44 samples (6.8%) were not able to be successfully typed.

¢ 1 of 3 samples (33.3%) was not able to be successfully typed.

f 4 of 11 samples (36.4%) were not able to be successfully typed.

& 23 of 158 samples (14.6%) were not able to be successfully typed.

mixed infections were observed for each T. gerstaeckeri and T. sangui-
suga, where the greatest proportion for T. gerstaeckeri was Tcl infections
(53.6%; 95% CI 48.4-58.8%) and the greatest proportion for T. san-
guisuga was TclV infections (79.3%; 95% CI 69.6-86.5%) (Table 3). In
addition, T. lecticularia was observed to have a significant difference
between proportion of Tcl (21.4%; 95% CI 10.1-39.9%) and TcIV
(59.5%; 95% CI 41.0-75.7%) infections, and between proportion of
TcIV and mixed infections (19.0%; 95% CI 8.5-37.3%), but not be-
tween Tcl and mixed infections (Table 3). Small sample sizes of the
other species precluded any calculations regarding likelihood of being
infected with Tcl, TcIV, or mixed infections.

The proportions of infected T. gerstaeckeri vs. T. sanguisuga in which
with Tcl occurred (65.5% and 20.7%, respectively) vs. those in which
TcIV occurred (46.3% and 84.4%, respectively) differed significantly
(p < 0.001; Table 3). The odds of T. gerstaeckeri having a Tcl infection
were 5.72 (95% CI 3.72-9.07) times that of T. sanguisuga. Alternatively
stated, the odds of T. sanguisuga having a TcIV infection were 5.72 times
that of T. gerstaeckeri. The proportions (Table 3) of T. gerstaeckeri vs. T.
sanguisuga with a single DTU infection (88.1% and 94.8%, respectively)
vs. mixed infection (11.9% and 5.2%, respectively) differed sig-
nificantly (p = 0.035). The odds of T. gerstaeckeri having a mixed in-
fection were 2.41 (95% CI 1.15-5.94) times that of T. sanguisuga.

Both Tcl and TcIV were found across the sampling area in Texas,
although there were more TcIV isolates in north Texas (Fig. 2). In ad-
dition to the Texas triatomines, parasite typing from triatomines from
other areas (Table S3) revealed DTU TclV in T. sanguisuga from Ala-
bama, Florida, Indiana, Kansas, Louisiana, Oklahoma, Tennessee, and
Virginia; DTU Tcl was found in T. sanguisuga from Louisiana and
Florida, T. rubida from Arizona and New Mexico, and T. protracta from
Arizona. Although 3 additional triatomines from other states were po-
sitive for T. cruzi DNA (Ct < 33 on Cruzi 1/2/3 qPCR), attempted
strain-typing efforts were unsuccessful (Table S3).

4. Discussion

We tested triatomine insects collected from across the US for T. cruzi
infection, and typed samples from infected triatomines to determine
parasite DTUs. We found an overall infection prevalence of 54.4%
(n = 1510) in triatomines from across a wide geographic distribution
consisting of DTUs Tcl and TcIV. These samples offer a perspective of

landscape-level infection prevalence and DTU diversity. Further, as
many of the insects we analyzed were encountered by members of the
public as part of a citizen science program, these data afford a con-
temporary indication of the parasite DTUs to which humans are most
likely to be exposed in the US.

The infection prevalence of 54% is in alignment with recent studies
that found infection prevalence of 50.7 to 64.4% in Texas and Louisiana
triatomines (Kjos et al., 2009; Waleckx et al., 2014; Wozniak et al.,
2015). In all Texas counties from which at least 4 specimens were
tested, T. cruzi DNA was detected in at least one triatomine, suggesting
that uninfected populations of vectors are rare. We found no difference
in infection prevalence in specimens collected alive vs. collected dead.
This is consistent with previous findings (Smith et al., 2011), and
suggests that parasite DNA degradation did not compromise our ability
to screen dead specimens, which has practical implications for citizen
science programs where keeping the vector alive is not advisable.

Adult specimens were nearly 10 times more likely to be infected
with T. cruzi than nymphs; this is an expected finding considering
vertical transmission of T. cruzi in the triatomine vector does not occur
(Kirchhoff, 2011; Ryckman and Olsen, 1965). Additionally, triatomines
take multiple blood meals throughout their lives, each potentially ex-
posing them to T. cruzi infection. The two most frequently collected
triatomine species were T. gerstaeckeri and T. sanguisuga, and infection
was higher in T. gerstaeckeri than T. sanguisuga, consistent with previous
Texas-focused reports (Kjos et al., 2009; Pippin, 1970). The odds of
infection in T. gerstaeckeri were greater than for all other species, except
T. lecticularia. There was also variation in infection prevalence across
ecoregions, with lower odds of infection in vectors from ecoregions not
in central Texas. Other ecoregions have markedly different climatic and
biological conditions than central Texas, where the majority of speci-
mens were collected. These significant differences in infection pre-
valence across species and ecoregions may be due to different vector-
host associations, including differences in where eggs are laid and
nymphs feed until molting to adults with potential to disperse (Lent and
Wygodzinsky, 1979). Other drivers may include differing vector spe-
cies, T. cruzi infection and potential transmission dynamics in different
species of hosts.

We found that odds of infection in male triatomines were 1.41 times
(95% CI 1.11-1.78) that of females, although infection between the
sexes within each species was not examined. A previous study found
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Fig. 2. T. cruzi from triatomine insects across Texas and the US. T.
cruzi was typed to DTU and mapped by exact location of where each
specimen was found. Not all typed triatomines were associated with
an exact location, and therefore not all typed samples are shown here.
For triatomine species distribution maps, please see (Curtis-Robles
et al., in press).
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variation in infection of T. gerstaeckeri by sex, site of capture, and year
(Pippin, 1970), with greater infection prevalence in males in most
cases. Other studies found no difference in infection prevalence in male
and female T. rubida and T. sanguisuga (Reisenman et al., 2010; Waleckx
et al., 2014). Although female triatomines have been reported to con-
sume greater relative amounts of blood during a feeding (Klotz et al.,
2009; Pippin, 1970; Reisenman et al., 2011), information regarding the
frequency of feedings is lacking. More frequent meals, greater move-
ment, and exposure to a greater variety of potentially infected hosts
could potentially be drivers of differences in infection between males
and females.

When analyzing seasonality, the greatest number of triatomines was
collected in the July-September period. Although the odds of infection
were similar in specimens collected from January-March and
October-December in comparison to the referent group
(July-September), the odds of infection in specimens collected
April-June were 0.62 times that of specimens collected July-September
(95% CI 0.47-0.81). This finding is in contrast to a prior study that did
not find infection prevalence to increase in T. gerstaeckeri over the
summer months (Pippin, 1970). Our finding is similar to a study that
detected increasing infection prevalence in T. gerstaeckeri as summer
progressed (Wozniak et al., 2015).

The model suggested that triatomines collected in 2013 were more
likely to be infected than triatomines collected from 2014 to 2016.
However, interpretation of this finding must consider that the extrac-
tion kit type was highly correlated with year, since extraction kit had
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changed during the study period. Extraction kit type was significantly
associated with infection outcome in a bivariable analysis, as well as
strongly associated with year of collection in pairwise correlation.
Given this confounding relationship, it is difficult in the current study to
clarify the contributions of extraction kit versus year to explaining
variation in triatomine infection. Further investigation of possible dif-
ferences in extraction kits is warranted. Nonetheless, infection pre-
valence significantly decreased from 2013 to 2014 when analyzing only
samples extracted with the Omega kit; similarly, infection prevalence
significantly decreased from 2015 to 2016 when analyzing only sam-
ples extracted with the KingFisher kit. Thus, these data suggest a de-
crease in prevalence over time that is not attributed to a change in
extraction kit. Texas suffered a severe drought in 2011 (The National
Drought Mitigation Center, 2011) and precipitation gradually increased
over the next few years, until it returned to average conditions in 2016
(The National Drought Mitigation Center, 2016). Changes in vector or
host densities related to climatic variability could influence vector in-
fection prevalence.

Both TcI and TcIV were documented across the state of Texas. The
odds of T. gerstaeckeri having a Tcl infection were 5.72 (95% CI
3.72-9.07) that of T. sanguisuga, and likewise, the odds of T. sanguisuga
having a TcIV infection were 5.72 times that of T. gerstaeckeri. Samples
submitted from the northern part of Texas were mainly TcIV; and this
apparent geographic bias reflects that T. sanguisuga is more likely to be
found in that part of the state (Curtis-Robles et al., in press; Kjos et al.,
2009). We found Tcl and TclV in out-of-state samples as well. Previous
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studies analyzing DTUs in small numbers of triatomine vectors have
documented Tcl in T. sanguisuga in Louisiana (Barnabé et al., 2001;
Herrera et al., 2015), Florida (Barnabé et al., 2001; Beard et al., 1988;
Roellig et al., 2008), Georgia (Roellig et al., 2008) and California
(Shender et al., 2016), in T. rubida from west Texas (Buhaya et al.,
2015), and in T. gerstaeckeri from Texas (Roellig et al., 2008). TcIV has
been documented in T. sanguisuga from Georgia (Barnabé et al., 2001),
and T. protracta from California (Shender et al., 2016). Mixed Tcl/TcIV
T. cruzi infections have been documented in one T. protracta from Ca-
lifornia, and one T. gerstaeckeri from Texas (Roellig et al., 2008). Ad-
ditionally, a small number of T. protracta in California were found to be
infected with isolates closely related to TcIl and TcVI group members
(Hwang et al., 2010).

The odds of T. gerstaeckeri having a mixed infection were 2.41 (95%
CI 1.15-5.94) times that of T. sanguisuga. The presence of mixed DTU
infections in vectors may reflect independent infections of triatomines
acquired from different blood meals on different hosts, or, from a single
blood meal on a co-infected host. Mammalian hosts co-infected with
more than one DTU have been documented in multiple species the
southern US (Curtis-Robles et al., 2016; Herrera et al., 2015; Roellig
et al., 2008). A study in Venezuela revealed distinct patterns of DTU
findings in human, vector, and wild hosts, suggesting that multi-host
assessments of circulating DTUs are needed to better understand human
and animal risk of infection with specific DTUs (Carrasco et al., 2012).
Detected coinfections in vectors and hosts may underestimate true co-
infection prevalences, given that both culture and PCR-based meth-
odologies may be biased toward one strain over others. There is a need
for concurrent investigations of vectors and hosts in the same geo-
graphic area to elucidate host sources of infection with different para-
site DTUs relative to the DTUs in the vector community.

Sylvatic hosts are known to play an important role in triatomine
infection, especially for US triatomine species that are less commonly
associated with domestic colonization. Many wildlife species have been
identified as infected with T. cruzi in Texas, including armadillos,
opossums, raccoons, and woodrats (see review in Hodo and Hamer,
2017). Previous studies of US wildlife found predominantly Tecl in
opossums (Barnabé et al., 2001; Roellig et al., 2008) and TclV in rac-
coons (Barnabé et al., 2001; Curtis-Robles et al., 2016; Roellig et al.,
2008). One study in a focal area in west Texas found TcIV in a hispid
cotton rat (Sigmodon hispidus) and rock squirrel (Otospermophilus var-
iegatus), as well as Tcl and TclV in southern plains woodrats (Neotoma
micropus) and striped skunks (Mephitis mephitis) (Charles et al., 2013).
In addition to wildlife, canines have been shown to be infected with Tcl
and TcIV (Curtis-Robles et al., 2017a, 2017b; Patel et al., 2012; Roellig
et al., 2008). The degree to which each host species plays a role in
sustaining triatomine populations and serving as infection sources is
unknown. Although there is a well-documented association between T.
protracta and Neotoma spp. woodrats in the southwestern US (Charles
et al., 2013; Packchanian, 1942; Ryckman et al., 1981), host utilization
by other US triatomines species is not well known (Ibarra-Cerdefia
et al., 2009).

Many T. cruzi strain-typing methods involve the propagation of the
parasite in pure culture followed by multiple PCRs, with differentiation
of strains based on amplicon presence/absence, amplicon size, and or
multi-locus sequence typing (Messenger et al., 2015b). We originally
sought an approach based on a single PCR and DNA sequencing to allow
simple, rapid classification to DTU-level. We found the TcSC5D primer
set an attractive option for DTU-level classification of T. cruzi from
mixed DNA samples with high loads of parasite, as well as for its use-
fulness in determining potential mixed DTU infections based on ex-
amination of sequence chromatographs. However, this method was
originally developed using pure parasite culture containing high con-
centrations of T. cruzi DNA (Cosentino and Agiiero, 2012), and our
current work as well as prior studies have had variable success ampli-
fying the TcSC5D locus of DNA from field samples with low con-
centrations of T. cruzi DNA (Cominetti et al., 2014; Curtis-Robles et al.,
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2016). It is possible different DTUs of T. cruzi establish different para-
site densities in triatomines, potentially leading to bias if our methods
preferentially amplified DTUs that were more abundant. We had
greater success in assigning DTU with a recently-published qPCR assay
(Cura et al.,, 2015). In a small subset of samples typed using both
methods (Table S5), the TcSC5D method revealed a single DTU in 13 of
17 cases (76.5%) in which the SL-IR method generated a mixed Tcl/
TclV result; in contrast, the SL-IR method revealed a single DTU in 1 of
5 cases (20.0%) in which the TcSC5D generated a mixed Tcl/TclV re-
sult. Both typing methods have limitations: TcSC5D relies on success of
both PCR and sequencing, while SL-IR qPCR may be affected by PCR
artifact and is not confirmed by sequencing. Overall the SL-IR qPCR
appears to be more useful for DTU typing in field-collected samples
with variable concentrations of T. cruzi DNA. In addition, the multiplex
probe design allows for detection of multiple co-infecting DTUs in one
reaction.

This study represents the largest number of typed T. cruzi samples
from US triatomines to date, and provides a base for future studies
investigating the within-DTU genetic variations of T. cruzi. The small
number of T. cruzi infections in humans in the US that have been de-
finitively typed were all Tcl (Garcia et al., 2017; Roellig et al., 2008),
and our findings of Tcl in vectors encountered by the public are
therefore directly important for assessing human health risk. Although
TclV is known to infect dogs and wildlife in the US (Curtis-Robles et al.,
2016; Curtis-Robles et al., 2017a; Patel et al., 2012; Roellig et al.,
2008), whether triatomines infected with TcIV are a risk to human
health is unknown. The growing datasets on the genetic variation of T.
cruzi from natural transmission settings in the US may be valuable in
understanding variation in disease progression and protecting veter-
inary and public health.
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