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This study proposes to describe the phylogenetic relationship among Triatoma species
that carry Trypanosoma cruzi and between T. cruzi isolates, present in Texas. Additionally, it
evaluates any correlation between geographical location of Triatoma collection and genotype of
T. cruzi isolates, and the distribution of T. cruzi genotypes relative to ecological variables

potentially affecting maintenance in zoonotic cycles or affecting transmission rates.

T. cruzi and Triatoma spp. DNA was amplified by PCR, using primers targeting several
conserved loci. The amplicons were sequenced and used as markers in establishing phylogenetic
relationships. Spatial modeling was utilized to overlay vector and parasite geographic

distributions with environmental factors in order to illustrate any potential associations.
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CHAPTER I

INTRODUCTION

Chagas disease, or American Trypanosomiasis, was identified in 1909 by a Brazilian
physician for whom the disease was named, Carlos Chagas (1). Well-documented occurrence of
Chagas disease is primarily concentrated in Latin America, and the disease is commonly
associated with poor or rural populations (2). The World Health Organization now estimates that
at least 10 million people are infected globally, resulting in greater than 15,000 deaths per year,
with an additional 75-90 million people being susceptible to exposure (1, 3, 4). This number is
in contrast to a much higher infection rate estimation of 16-18 million in 1990. The drop in
prevalence was presumably due to initiation of mass vector and serological control programs in
Latin American countries over the past 20 years (2). While the majority of cases of Chagas
disease are concentrated in Latin America, it is not geographically restricted. There have been
confirmed diagnoses in Europe, Japan, Australia, and North America (1). It is considered
endemic in the United States with Texas being a primary region of growing epidemiological

concern (2).

Trypansoma cruzi, a parasitic hemoflagellate protozoan of the class Kinetoplastida, is the
etiological agent of Chagas disease. The infection begins with a short incubation period lasting
about 2 weeks after exposure to T. cruzi. This is followed by an 8-12 week acute phase, during
which high levels of parasites are circulating in the blood and can be found in all tissues (5, 6).
Parasites can be seen in blood smears microscopically, and patients can be either asymptomatic
or sometimes demonstrate vague symptoms (5). It is during this phase that potential for

treatment with anti-parasitic drugs is highest. Following the acute phase, blood parasite levels



drop until they are not detectable microscopically, and ultimately, the development of the
lifelong chronic phase begins (5). Patients may remain asymptomatic during all phases, leading
to the potential for many to remain undiagnosed and untreated. Clinical presentations of Chagas
disease vary based on what form the patient has. The indeterminate form is characterized by a
lack of symptoms but the presence of T. cruzi antibodies in serological testing. The cardiac form
includes sequelae of the heart, which is initially caused by chronic inflammation in cardiac tissue
and other detrimental immune responses seemingly due to the presence of the T. cruzi parasites
residing in cardiac tissue (5). Manifestations include cardiomyopathy, congestive heart failure,
conduction abnormalities and complications resulting from cardiac lesions or scar tissue. The
gastrointestinal form of Chagas disease occurs more rarely. This form eventually leads to
megacolon or megaesophagus due to parasitic invasion of gastrointestinal tissues and the
resulting injury to neurons located along the walls of the digestive tract (5). A Chagas patient
could have either form of the disease, and rarely both, in varying degrees (7). The variability in
histotropism is hypothesized to partially be the result of specific interactions between parasite
ligands, such as surface glycoproteins, and both intra and extracellular host cell receptors, which
IS due to different expression levels of variant T. cruzi genotypes (6). Variability in histotropism
seems to be influenced by geographic origin of infection, with origination of the gastrointestinal
form being confined to areas south of the equator (7). Parasitic pathogenicity, morphology and
interaction with host immune responses are also known to differ by region (7). For example, the
cardiac form tends to be more severe south of the equator, and treatments are usually less
effective than in northern countries (7). This geographic divergence is thought to be caused by
intraspecific genetic variation among T. cruzi isolates, with distinct genotypes being located in

particular regions (4, 5, 6).



T. cruzi can be transmitted to a significant number of mammalian hosts through blood
transfusion, organ transplantation, congenital means, ingestion and via its hematophagous
triatomine vector (Hemiptera: Reduviidae), with vector-borne transmission being the primary
source of human infections (8). The parasites enter the vector through an infected blood meal
and spend several days in the foregut before moving into the midgut, where they begin
replicating extracellularly through binary fission (9). They then move into the hindgut, where

they stop replicating and are released into the environment in the insect’s urine and feces.

Infection of the mammalian host occurs when the vector carrying T. cruzi feeds on
mammalian blood and then defecates close to the bite wound. The parasites in the fecal matter
enter the host through the bite wound or nearby mucous membranes. Once inside the host, they
replicate intracellularly (9). After erupting out the cell, they circulate freely in the blood and

eventually invade other tissue cells.

The vectors of T. cruzi belong to the Triatominae family of insects, which can be
classified into 130 species (8). Eleven Triatominae species have been found in the United States,
and all but two are known to carry T. cruzi (8). Seven of the US species have been reported in
Texas, all within the genus Triatoma (10). Texas and Arizona have the greatest number of
species that could potentially interact with one another and their respective reservoirs, which
could lead to modifications of the natural zoonotic cycle for reasons such as adaptations,
migrations or competition (5). The location of Texas as a crossroads between both west and east
Triatoma spp. distributions and between species of Mexico and the US, its size, as well as
ecological variability, make Texas a primary region for Triatoma research. Each species in
Texas has been found to carry T. cruzi, either in sylvatic (wild) or domestic/peridomestic settings

(5, 10). Many of these species are known to display broad geographic distribution across the



state, with overlap occurring in range and across the ten ecoregions, or defined areas in Texas
that share distinct ecological features, such as climate, vegetation, wildlife and land usage (8,
11). Intraspecific polymorphism has also been seen in Triatoma spp. of different regions as well
as strong morphological similarities between different species, and potential reorganization of
the current taxonomic classification among species in Texas has been proposed (5). There is also
a need for genetic characterization and analysis of phylogenetic relationships between Triatoma
spp. in Texas. This information could be compared with morphological similarities and
differences between and among species which would aid in clarifying whether the taxonomy

should be revised.

A 2009 study by Kjos, et al, specifically on Texas Triatoma spp., found that greater than
50% of the sample specimens tested positive for T. cruzi, and those vectors have spanned most
geographic areas across the state (8, 10). Triatoma gerstaeckeri, Triatoma lecticularia, and
Triatoma sanguisuga exhibit the largest distribution in Texas, and all three participate in T. cruzi
peridomestic and domestic cycles which increase the risk of transmission to humans (10, 12).
Previous studies have shown that the ability of the triatomine to transmit T. cruzi is not equal
across species, and species with the highest parasite load are not always responsible for the
highest number of transmissions to mammalian hosts (7). Transmission depends on how
efficiently the potential vector assists in transforming the parasite to certain stages of its life
cycle that are required for mammalian infectivity, so if efficiency is low, transmission rate could
be low as well, even if parasite load is high (8). The transformation of T. cruzi within the vector
is thought to be supported and possibly relies on biochemical exchanges between the parasitic
cells and the membranes of cells lining the gut (9). In addition, variability has been noted in

triatomine defecation behavior, both between and among species, and across various geographic



distributions (13). Triatoma spp. found in the United States are reported to delay defecation a
longer period of time after feeding than species found elsewhere, and this is potentially a
significant factor in autochthonous transmissibility risk (5). This difference in behavior could

imply the existence of genetic variation between geographic locations.

There have been seven documented autochthonous cases of Chagas disease in the United
States, with four occurring in Texas (5). Despite this low number, serologic studies in wild
mammalian reservoirs have reported a high percentage of sylvatic cases, as well as a concerning
number of peridomestic/domestic cases involving canine infections, many originating in Texas
(8,12, 14). Those studies also indicated heterogeneity in T. cruzi genotypes among various
reservoir species (14). In the US, many sylvatic T. cruzi infections are reported to have been
caused by isolates belonging to TclV. This genotype has never been found in humans in North
America, and a 2013 study by Roellig, et al, showed that the TclV genotype exhibited a much
higher degree of variability than isolates of the other 5 genotypes and has proved to be less
virulent in mouse models (15). This could suggest that genetic variation among different T. cruzi

isolates may result in both host specificity and intraspecific dissimilarities in virulence.

Detection of T. cruzi in human hosts and method reliability depend on many factors, such
as phase of the disease, age of patient and how and where patient became infected. There is
currently not a single test that can lead to a definitive positive or negative diagnosis. Common
methods include polymerase chain reaction and various presumptive and confirmatory
immunoassays (13). Sensitivity seems to vary with geographic origin of infection, potentially
due to variant T. cruzi genotypes between locations (13). Genotypic differences between

parasites could also lead to resulting variation in host immune response, and because many of the



serologic detection methods are based on factors involved in expected immune response, this

could result in detection sensitivity differences (5).

Despite indications of a potentially growing Chagas disease risk in Texas, there have
been few studies focused entirely on the heterogeneity of trypanosome or Triatoma genotypes
found in Texas. The variability of genotypes and how each corresponds to the spatial
distribution across Texas has not been assessed. The primary purpose of this study is to
investigate whether a correlation exists between genotype, phylogenetic distance and geographic
occurrence for both T. cruzi and Triatoma spp. occurring in Texas, and to determine if the
presence and circulation of T. cruzi among the Triatoma populations is affected by ecological

variables.



CHAPTER II

MATERIALS AND METHODS

Sample Collection

From June 2009 through August 2012, 300 triatomine specimens were field-collected
from multiple locations and habitats in Texas, including domestic, peridomestic and sylvatic
and/or mixed, and provided through various means, primarily by the field collection efforts of
Dr. Sahotra Sarkar of the Department of Integrative Biology at the University of Texas. Each
specimen was individually stored in ethanol, in a sealed tube. Taxonomic identification was
performed in the Sarkar laboratory at the University of Texas using morphological keys as
defined by Lent and Wygodzinsky (16). The majority of specimens were keyed as T.
gerstaeckeri (n=237), with T. sanguisuga (n=23), T. lecticularia (n=11), T. indictiva (n=6), T.
protracta (n=1), and T. rubida (n=1) being identified as well. The collection also included

nymphs and other morphologically unidentifiable specimens (n=21).

DNA Extraction

All procedures involving triatomine bugs were performed in a Class Il Type B biosafety
cabinet with HEPA filtration that was sanitized with a 0.6% NaOCI solution prior to and after
each use. The biosafety cabinet was also UV irradiated for 30 minutes prior to and after each
use. The surface of each Triatoma specimen was also disinfected with three consecutive washes
in a 0.6% NaOCI solution followed by three rinses in molecular-grade water. Each specimen

was individually placed on a sterile petri dish for dissection and allowed to air dry (Figure 1).



T. cruzi Extraction

The posterior end of each body segment was removed using a sterile blade and forceps in
order to isolate the hindgut (Figure 2). Each segment was then placed into a sterile 1.5 ml
centrifuge tube and manually pulverized with a sterile pestle. The genetic material in each
hindgut sample was extracted using the Purification of Total DNA from Animal Tissues (Spin
Column) Protocol from the DNeasy® Blood and Tissue Kit, (Qiagen, Valencia, CA). All steps

were performed according to the manufacturer’s protocol.

Triatomine Extraction

One leg was removed from each specimen with sterilized forceps, cut into smaller pieces,
and placed in a sterile 1.5 ml centrifuge tube. DNA was extracted using the E.Z.N.A® Mollusc
DNA kit (Omega Bio-Tek, Norcross, GA). The manufacturer’s protocol was followed as
directed except that pulverization of each sample occurred in the lysis buffer and Proteinase K

solution using a sterile pestle, and the initial incubation step at 60°C was extended overnight.

In all cases, the final elution of DNA was stored at -20°C until future use. All pre-PCR
and post-PCR handling of samples were carried out in separate, designated areas to prevent
contamination. Certified DNA/RNAse free filter barrier tips were utilized to prevent aerosol

contamination. PCR assays were performed in duplicate with appropriate controls.

Triatoma spp. PCR Amplification

The loci amplified for analysis include a region of the 16S mitochondrial ribosomal DNA
(16S rDNA) approximately 400 bp in length, a 663 bp region of the cytochrome B gene (cytB),

and a 279 bp region of the cytochrome c oxidase subunit I (COI) gene.



Figure 1: Triatoma specimens drying prior to dissection.



Figure 2: Posterior end of Triatoma specimen that was removed to isolate the hindgut, in testing
for the presence of T. cruzi.
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16S rDNA

The primers used for this amplification were: LRJ 12966 (5’-
AAAAAAATTACGCTGTTATCCCTAAAGTAA-3’) and LRN 13393 (5°-
C(G/A)CCTGTTTAACAAAAACAT-3’) (17). The PCR cycling conditions were as follows: an
initial denaturation step at 94°C for 5 min, followed by 35 cycles consisting of denaturation at
94°C for 30 s, primer annealing at 47.5°C for 30 s, and extension at 72°C for 60 s, followed by a

final extension step at 72°C for 5 min and a 4°C indefinite hold.

Cytochrome B

This region was isolated using the primers: CytB 7432F (5’-
GGACG(A/T)GG(A/T)ATTTATTATGGATC-3") and CytB 7433R (5’
GC(A/T)CCAATTCA(A/G)GTTA(A/G)TAA-3’) (18). The PCR cycling conditions were as
follows: an initial denaturation step at 94°C for 3 min, followed by 35 cycles consisting of
denaturation at 94°C for 30 s, primer annealing at 47°C for 30 s, and extension at 72°C for 60 s,

followed by a final extension step at 72°C for 5 min and a 4°C indefinite hold.

Cytochrome C Oxidase Subunit |

This primer set included: A2442 (5’-
GCTAATCATCTAAAAATTTTAATTCCTGTTGG-3’) and S1718 (5°-
GGAGGATTTGGAAATTGATTAGTTCC-3") (19). The PCR cycling conditions were as
follows: an initial denaturation step at 94°C for 3 min, followed by 35 cycles consisting of
denaturation at 94°C for 60 s, primer annealing at 46°C for 80 s, and extension at 72°C for 90 s,

followed by a final extension step at 72°C for 5 min and a 4°C indefinite hold.
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T. cruzi PCR Amplification

The loci amplified for analysis include an 875 bp region of the mismatch repair gene
class 2 (msh2), a 1266 bp region partially containing the kinetoplast maxicircle-encoded genes,
cytochrome oxidase subunit Il (COIl) and NADH dehydrogenase subunit I (ND1) (Figure 3),
and a 727 bp region of the 1359 bp conserved hypothetical protein gene located on chromosome

6 (Tc00.1047053506529.310) (20).

Mismatch Repair Gene Class 2

The primers used for this region were: Tmuts 30 (5’-GACGAACTGATGGAACTGGA-
3’) and Tmuts 41 (5’-CAAACCAAACCCATCGTAAG-3’) (21). The PCR cycling conditions
were as follows: an initial denaturation step at 94°C for 3 min, followed by 30 cycles consisting
of denaturation at 94°C for 30 s, primer annealing at 58°C for 60 s, and extension at 72°C for 2

min, followed by a final extension step at 72°C for 5 min and a 4°C indefinite hold.

Cytochrome Oxidase subunit [I/NADH Dehydrogenase Subunit |

This region was amplified using the following primers: ND1.3A (5’-
GCTACTARTTCACTTTCACATTC-3’) and COII.2A (5’-
GCATAAATCCATGTAAGACMCCACA-3’) (22). In most cases, a third primer was needed to
sequence the middle portion of the targeted area. This primer was COIl.A400 (5’-
CTCCTATTACAACCAATAAACATC-3’) (22). The PCR cycling conditions were as follows:
an initial denaturation step at 94°C for 3 min, followed by 37 cycles consisting of denaturation at
94°C for 30 s, primer annealing at 53°C for 60 s, and extension at 72°C for 2 min, followed by a

final extension step at 72°C for 5 min and a 4°C indefinite hold.
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Figure 3: T. cruzi maxicircle DNA with COIll and ND1 gene regions outlined in the blue box

(23).
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Hypothetical Protein Gene (Chromosome 6)

This primer set included: TcNucF (5’-TTTCTTTCAGGCTGCGATTTT-3’) and TcNucR
(5’-CGCTGTTTGGCTCATTTCTT-3’) (20). The PCR cycling conditions were as follows: an
initial denaturation step at 94°C for 3 min, followed by 34 cycles consisting of denaturation at
94°C for 30 s, primer annealing at 55°C for 30 s, and extension at 72°C for 60 s, followed by a

final extension step at 72°C for 6 min and a 4°C indefinite hold.

PCR amplification was performed in 0.2 ml PCR tubes, using either a BioRad T100™ or
BioRad C1000™ thermal cycler. For each sample, a standard PCR master mix solution was
made which contained the following per 25 ul reaction volume: 5.75 ul molecular grade water,
2.5 ul 10X ThermoPol™ buffer (containing MgCl,), 2.0 ul ANTP mix (2.5 mM each), 1 pl each
of 5 uM forward and reverse primers, 2.5 pul 10X BSA, and 0.25 pl Taq DNA polymerase (5
U/ul). Ten pl of template DNA from each extracted sample was added to bring the total reaction

volume to 25 pl.

The master mix solution was the same for all primer pairs except the COII-ND1 set,
which was found to require an additional amount of MgCl, for optimal amplification. In the case
of COII-ND1 reactions, a 10X buffer without magnesium was used and 1.5 pl of 25 mM MgCl,
solution was added per 25 pl reaction volume. Water volume was decreased in accordance with
the additional MgCl,. In all cases, both a negative and positive control was run for each set of

reactions per primer pair.

Gel Electrophoresis

Amplicons were separated electrophoretically using a 1.5% TAE agarose gel with 1X
TAE buffer. Gels were stained with GelRed™ nucleic acid stain (Phenix, Candler, NC) and

14



reaction products were visualized under UV light with an EC3 transilluminator imaging system

(UVP Biolmaging Systems, Upland, CA).

Sequencing and Capillary Electrophoresis

Any amplification reaction that produced a band of equal size to the equivalent positive
control (corresponding to the same approximate bp lengths of each loci listed above) were
enzymatically treated to remove unincorporated dNTPs and primers by adding 4.0 ul of 1 U/ul
EXoSAP-IT (Affymetrix, Santa Clara, CA). This was performed prior to using the products as
template for cycle sequencing reactions. Products were incubated at 37°C for 15 min followed
by 80°C for 15 min. Chain termination reactions were set up using BigDye® Terminator
chemistry (Life Technologies, Carlsbad, CA), according to the following protocol, per 15 ul
reaction volume: 6.0 ul molecular grade water, 5.0 ul BetterBuffer BigDye® dilution buffer (Gel
Company, San Francisco, CA), 1.0 ul BigDye® v.3.1 Ready Reaction solution, 1.0 ul 5 uM
primer (forward or reverse), and 2 ul PCR product. Thermal cycling parameters for the reactions
were as follows: 96°C for 3 min, 25 cycles of 96°C for 15 s, 50°C for 10 s, and 60°C for 4

minutes. All products were stored at 4°C until use.

Following chain termination reactions, unincorporated primers were eliminated by
spinning samples through Performa DTR Gel Filtration Columns (Edge Biosystems,
Gathersburg, MD), according to the manufacturer’s recommendations. Samples were then dried
in a vacuum centrifuge at 45°C for approximately 15-25 minutes. The dried samples were
resuspended in a 25.0 ul Hi-Di™ Formamide (Life Technologies, Carlsbad, CA) solution. Each
sample was transferred to a 0.2 ml PCR tube and heat denatured at 95°C for 3 min. This was

followed by immediate cooling on an ice block for 3 additional min. The BigDye chain

15



termination products were detected on a PRISM® 310 or 3130xI Genetic Analyzers (Applied
Biosystems) through capillary electrophoresis. The sequences were analyzed using Sequencher
v4.8 software (GeneCodes, Ann Arbor, MI) and aligned to published reference sequences

obtained from the published GenBank database (http://blast.ncbi.nlm.nih.gov/).
Phylogenetic Analysis

Phylogenetic relationships were investigated among the groups of T. cruzi and Triatoma
spp. samples that produced positive sequence results for all three respective genetic loci. This
was performed using MEGA v5.1 software (Center for Evolutionary Medicine and Informatics,
Tempe, AZ). Sequences were imported into MEGA and aligned by codons using Muscle.
Maximum likelihood trees, using both concatenated and individual gene methods, were
constructed with sample sequences that were aligned to published T. cruzi and Triatoma spp.
reference sequences. A bootstrap test of 1000 replicates was set for each tree, and all models
were set to disregard the 3 (wobble) position of a codon (24, 25). Both the concatenated and
individual trees for Triatoma spp. were created using the Tamura 3-parameter model. The
concatenated T. cruzi tree used the Tamura 3-parameter model, and the individual T. cruzi trees
were constructed with a Kimura 2-parameter model. The selected models were recommended by
MEGA based on test performances of each possible model for the specific data sets. Published
outgroup sequences were obtained from GenBank and included for each locus represented on a
tree. For all Triatoma loci, Rhodnius prolixus reference sequences represented the outgroups.
For the T. cruzi loci, corresponding Trypanosoma brucei sequences were used as outgroups for
the COII-ND1 and msh2 loci. There was not an available T. brucei reference sequence for the
hypothetical protein locus, so a known sequence for Trypanosoma cruzi marinkellei (a distant bat

strain) was used as an outgroup.
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Geospatial Analysis

Biogeography of Triatoma spp. and T. cruzi genotype was examined using species
distribution models in order to extrapolate potential ecological risk of Chagas disease based on
known presence of both the pathogen and the vector (26, 27). This was performed using a
maximum entropy algorithm created by MaxEnt v3.3.3k software, to combine geographic
location (input as GPS coordinates) of each species of triatomine collected as well as the
collection location of each triatomine found to be infected with T. cruzi, with certain
environmental parameters, in order to quantify probability of spatial distribution and exposure
based on ecological suitability in a specific defined geographical area (Figure 4), (10, 26). The
environmental parameter data consisted of an altitude layer and 15 Bioclim layers downloaded
from the global climate database, WorldClim, with a 30 arc-second (~1 km) resolution

(www.worldclim.org) (10, 28).The Bioclim layers used are listed in Table 1. There are 19

Bioclim layers available; however, only 15 were used in this study due to discontinuities or
artifacts present in the layer data for Texas that were potentially created during the construction
of the layers (10). The Bioclim variables not included were the mean temperatures of the
wettest, driest, warmest, and coldest quarters in Texas. Maxent settings were programmed
according to published recommendations (29, 30), with a bootstrap of 100 replications and a
test:training ratio of 40:60, which allows 60% of the data to be used in creating the models and
40% to be used in testing them (10, 31). Probability of the presence of a particular Triatoma spp.
or T. cruzi-infected triatomine was represented by Maxent’s relative suitability output. This is a
value between 0 and 1, calculated for each model that indicates the occurrence probability for

each cell in the region of interest (10).
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The models were visualized using ArcGIS software. The MaxEnt output data was
imported into ArcMap v10.1, and converted into the necessary raster file format. The ArcMap
spatial analyst masking tool was used to confine the map data to the geographic region of Texas.
This was performed by applying a Texas shapefile obtained from a GIS reference database

(http://www.landsat.com/texas-free-gis-data.html) that input into ArcMap the geographic

coordinates making up the Texas state border.
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Environmental Parameters

Bio 1

Bio 2

Bio 3

Bio 4

Bio 5

Bio 6

Bio 7

Bio 12

Bio 13

Bio 14

Bio 15

Bio 16

Bio 17

Bio 18

Bio 19

Annual Mean Temperature

Mean Diurnal Range (Mean of monthly (max temp —
min temp))

Isothermality

Temperature Seasonality (standard deviation*100)
Max Temp of Warmest Month
Min Temp of Coldest Month
Temperature Annual Range
Annual Precipitation
Precipitation of Wettest Month
Precipitation of Driest Month
Precipitation of Seasonality
Precipitation of Wettest Quarter
Precipitation of Driest Quarter
Precipitation of Warmest Quarter

Precipitation of Coldest Quarter

Table 1: Bioclim variables used as environmental parameters for distribution modeling.

20




CHAPTER IlI

RESULTS AND DISCUSSION

Triatoma spp. DNA Amplification and Sequencing

DNA was extracted from all Triatoma specimens morphologically identified as non-T.
gerstaeckeri by the Sarkar laboratory (n=43) and approximately 25% (n=60) of T. gerstaeckeri
specimens. Only a subset of the T. gerstaeckeri specimens were tested since the species is the
most abundant in Texas and morphological identification is straight-forward. The subset of 60
was chosen randomly to confirm that all the specimens identified as T. gerstaeckeri were
genetically the same. All 3 gene markers, 16S rDNA, cytB, and COlI, were amplified in 41 of the
Triatoma DNA samples. Only two of the loci amplified in 21 of the samples, and only 1 locus
amplified in 42 of the samples. A summary of Triatoma DNA testing can be found in Table 2.
PCR products were obtained from 100% of the Triatoma DNA extracts tested. Products were
sequenced, and the results were compared to sequences available in GenBank. However,
informative comparisons were restricted by the limited amount of published sequence data for
the various Triatoma spp. at the time of this analysis. The insufficient amount of available
reference data was the basis for sequencing the Triatoma DNA, as it was necessary to not only
confirm the morphological identification for the completion of this analysis, but also to establish
data that could be used for future reference. Sequences obtained from this study will be
submitted to GenBank in an effort to provide a more standardized set of data for analysis of

Triatoma spp for future research.

Several Triatoma spp. commonly found in Texas and the US were not represented in

GenBank at all, including T. gerstaeckeri and T. indictiva (since the completion of this study, 3
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cytB isolates identified as T. gerstaeckeri and originating from Mexico were published March
2013 by Espinoza, et al (32). For both T. sanguisuga and T. lecticularia, cytB and 16S rDNA
reference sequences were available, but there was no data for COl. If no data was present in
GenBank for a particular species or gene fragment, the query sequence results provide
alignments to the most similar data available. In the case of COI, most samples partially aligned
to Triatoma dimidiata or Panstrongylus megistus (Reduviids found outside the US and known
vectors of T. cruzi) (33) with maximum identity values all below 80%. The one exception for
this locus was sequence data for T. rubida, and the one T. rubida sample in this study provided a
maximum identity value of 98%. All T. sanguisuga and all but one T. lecticularia sample(s)
aligned to cytB and 16S rDNA reference sequences originating from the same respective species.
The samples from the one T. protracta specimen compared to published T. protracta reference
data as expected. All six T. indictiva cytB and 16S rDNA samples aligned with T. sanguisuga

with maximum identity values of 96-99% and an average (E) value score of 1le-169.

The genetic similarities between T. sanguisuga and T. indictiva suggest that the current
taxonomy needs to be revisited and potentially revised. The species are presently separated
based on reported differences in morphology. T. sanguisuga generally tends to measure 20 mm
or longer in length (16). However, this is known to vary based on geography. T. sanguisuga
specimens in south Texas and south Florida are more likely to be 16-19 mm in length (Figure 5)
(16). T. indictiva usually ranges from 18-22 mm in length (16). Other differences include color
patterns. The pronotum (dorsal surface of the first thoracic segment) of T. indictiva is all black,
and the dorsal surface of the connexium (flattened margin surrounding the abdomen) has
distinctly narrow, reddish bands on each posterior segment (Figure 6) (16). In contrast, the

pronotum of T. sanguisuga is dark with a red or yellow band extending from the collar, along the
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lateral sides of the pronotum, down to regions of the posterior border, and the dorsal connexium
contains wide orange-red to yellow bands that range in size from % to % of each segment (Figure

7) (16).

In 1944, it was suggested that T. indictiva was a possible subspecies of T. sanguisuga, but
the distinctions in morphology have precluded any integration of the two species (16). The
majority of Triatoma spp. can be differentiated by morphological features. However, there have
been previous examples where two species appeared identical but were later found to be
genetically divergent (T. sordida), in addition to cases where different Triatoma spp. that
exhibited variant morphology were reclassified into one species based on similar genetic
characterization (33). T. infestans is an example of the latter type of taxonomic revision, where
initial separate speciation was due to color variations of specimens found in different regions of
South America. However, once studies revealed that the “different” species could successfully
reproduce with each other and genetic characterization proved them to be identical, the

individual species were reclassified as one species with pronounced phenotypic variation (33).

In light of the similar sequence data generated by this study for T. sanguisuga and T.
indictiva, further studies, including larger sample size, additional molecular markers, and
interspecies reproduction capabilities, are needed to investigate the extent of those similarities, in

order to further clarify whether taxonomic revision is appropriate.
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# Collected | 16S rDNA COl cytB Confirmed
Amplified | Amplified | Amplified T.cruzi
Positive
(%)
T.gerstaeckeri 237 55 29 18 101
(43%)
T.lecticularia 11 9 9 6 6
(55%)
T.sanguisuga 23 18 18 17 6
(26%)
T.indictiva 6 6 6 6 2
(33%)
T.protracta 1 1 1 1 0
(0%)
T.rubida 1 1 1 1 0
(0%)
Nymphs 17 9 1 0 0
(0%)
Unknown 4 1 0 0 0
(0%)

Table 2: Summary of Triatoma spp. DNA amplification
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Figure 5: Triatoma sanguisuga indicating geographic size variation. A. Female from South
Carolina. B. Female from Lake Placid, Florida. C. Male from Duval County, Texas. (16)
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Figure 6: Triatoma indictiva, male from Arizona. (16)
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Figure 7: Triatoma spp. dorsal anatomy. A. Connexium and pronotum. B. Close up of

pronotum. (16)
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T. cruzi DNA Amplification and Sequencing

All 300 Triatoma specimens were tested for the presence of T. cruzi DNA through the
targeting of 3 specific T. cruzi gene fragments: msh2, COII-ND1 and a hypothetical protein gene
on chromosome 6 (Tc00.1047053506529.310) by PCR amplification using validated primer sets.
One hundred fifty samples did not produce bands with any of the three loci’s primer sets and
were considered to be negative for T. cruzi. Thirty-five samples produced one or more bands
that matched the equivalent band size to amplifications using known T. cruzi DNA. Faint bands
did not consistently produce informative, high-quality sequence data. After this determination,
the samples that produced faint bands were no longer included in downstream procedures to
produce study data as a cost-saving measure. One hundred fifteen samples produced well-
defined bands on a gel for one or more loci. Thus, gel results indicated that the proportion of
Triatoma samples infected with T. cruzi could be as high as 50%. However, the bands that did
not produce quality sequence data could not be verified as T. cruzi DNA and alternatively could
have been non-specific amplification products. Therefore only 38% of triatomine specimens
were confirmed by sequence data to be infected with T. cruzi. Subsequently, high yield and
specific amplification products from 115 samples were sequenced and compared to known T.
cruzi sequences in GenBank. Eighty-eight of the 115 samples, produced sequence data at all
three T. cruzi loci, while 27 samples produced strong bands for one or two loci only. The msh2
primer set produced more high-quality sequence results than either the COII-ND1 or TcNuc
primer sets. This indicates the msh2 primer binding sites might exhibit more uniformity between
various T. cruzi isolates. The COII-ND1 primers produced the least number of informative
sequence results, and this locus often required a third primer to obtain any sequence at all for the

middle section of the amplification product. However, in some cases, the samples that did not
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produce a COII-ND1 product did generate products with at least one of the primers sets for the

other two loci.

The lack of successful amplification for this primer set could indicate more variability in
the COII-ND1 priming regions, resulting in less effectiveness in amplifying the region.
Moreover, the COII-ND1 primer set included both a forward and reverse primer with one
degenerate position each, R (A/G) and M (A/C) respectively (34). This potentially contributed to
the lower frequency of informative sequence data generated for this locus as well. In general, the
more degenerate positions located on a primer, the higher the chance for more than one
amplification product, which could lead to further problems downstream. The same degenerate
primers were used to sequence the COII-ND1 amplification products, and this combined with
more than one PCR product would result in a low primer concentration available for the correct
template as well as potential for the additional, non-specific products to be sequenced, creating
mixed sequence data. Low primer concentration could also result in shorter sequence reads due
to the fact that less long extension products are generated prior to chain terminations. The non-
informative COII-ND1 sequence data generated in this study often consisted of short,
uninterpretable sequences or had electropherograms that appeared mixed with multiple peaks per
base pair. The additional use of non-degenerate primer designed to prime the region in the
middle of the amplicon did produce better quality data in many samples, but there were still a
considerable number of samples that either gave poor quality sequences or sequences that were

too short to substantiate identity.

Comparison of the T. cruzi sequence data with reference sequences in GenBank was not
informative. Although there are a considerable number of sequences available for comparison,

most contributors have not utilized a standardized set of loci with which phylogenetic analysis
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was consistently performed. This study endeavors to improve upon this. Initially, many T. cruzi
loci were tested, but the 3 selected loci were determined to produce the most consistent

application, and therefore would present more consistent data for analysis from any sample.

Phylogenetic Analysis

In order to analyze phylogenetic relationships evenly between samples and gene markers,
only those samples that produced high-quality sequence data with good depth of coverage for all
three Triatoma or T. cruzi loci were utilized. Relationships among samples were evaluated for
each individual gene by the construction of individual gene trees, as well as on a consensus level
between individual samples by constructing concatenated trees. The individual approach

produced similar trees to the consensus approach in most cases.

Phylogenetic Analysis of 16S rDNA, cytB, and COII-ND1 Genes

The consensus tree (Figure 8) reflected distinct genetic relationships between individual
Triatoma spp. with the exception of one T. lecticularia sample and the T. sanguisuga and T.
indictiva samples. All T. sanguisuga and T. indictiva samples were grouped together in one
clade. The T. gerstaeckeri samples were also grouped together with some divergence indicated
within the group, and the T. lecticularia samples were grouped together with the exception of
one sample which was found to have a closer relationship to T. gerstaeckeri. Both the individual
trees for the COI and 16S rDNA genes also reflected this same pattern and grouped all T.
gerstaeckeri samples together, all T. lecticularia samples together and all T. sanguisuga and T.
indictiva samples together into their own clade (Figures 9, 10). The individual tree representing
cytB gene marker denoted slightly different relationships between samples than the previous

individual trees or the consensus tree (Figure 11). This tree reflected a slightly more
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homologous relationship between different species for some of the samples. This is not
unexpected, considering the high level of conservation exhibited by cytB gene. Most of the T.
gerstaeckeri and T. lecticularia samples grouped with the expected reference sequence, and all
but one of the T. sanguisuga and T. indictiva samples grouped together as well; however, this
tree produced a very distinct clade consisting of both T. gerstaeckeri, and T. lecticularia and one
T. indictiva sample, in addition to 2 individual T. gerstaeckeri samples included with the T.
sanguisuga and T. indictiva combined group. This could suggest that the cytB locus is more
conserved between species than the other two loci. The bootstrap support values associated with
the distinctive groupings, however, were all very low, making this particular tree difficult to

interpret based on the sample size.

All three individual gene trees and the consensus tree signified that T. sanguisuga and T.
indictiva are very closely related phylogenetically and gave further evidence that these two
species are potentially the homogeneous genetically despite obvious phenotypic differences. In
all cases, the outgroup R. prolixus, was shown to be a common ancestor but distant enough in

relation to be a distinct outgroup.

Phylogenetic Analysis of msh2, COII-ND1, and Chromosome 6 Hypothetical Protein Genes

The T. cruzi consensus tree indicated that most samples were closely related to one
another with only a small amount of variation (Figure 12). The consensus tree produced two
distinct clades of T. cruzi samples with a smaller degree of distance revealed within the clades.
The concatenated reference sequence represented the CL Brener strain, and it was grouped with
the larger of the two clades. The smaller clade consisted of 9 sample sequences, and both clades

produced a bootstrap value of 95, which denoted high reproducibility. The individual gene trees
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were all organized differently from each other, with the COII-ND1 tree being almost identical in
structure as the consensus tree with bootstrap support values of 100 for both clades (Figure 13).
The tree representing the hypothetical protein gene showed virtually no phylogenetic divergence
between samples, indicating all samples were either the same strain of T. cruzi or the particular
gene is highly conserved between strains (Figure 14). The msh2 tree was very similar in
structure to the hypothetical protein tree (Figure 15). However, this tree exhibited a small
subgroup of three sample sequences, more distantly related to the predominant clade. Bootstrap
support values for this tree were low, however, with the exception of the small subgroup which

produced a boostrap support of 100.

Considering the discrepancy between individual gene trees and the consensus tree, it is
difficult to conclude with any certainty the phylogenetic relationships between the T. cruzi based
on the individual loci sequences alone. However, this is not entirely unexpected taking into
account the known heterogeneity among T. cruzi isolates. Also this study analyzed two nuclear
gene markers and one mitochondrial marker. While nuclear genes are generally thought to
evolve more slowly than mtDNA, the mitochondrial genes that code for the electron transport
chain (including COII-ND1) are highly conserved as well (35). Additionally, T. cruzi is capable
of both sexual and asexual reproduction (36, 37). T. cruzi population studies have estimated that
clonal replication occurs at a much higher frequency than sexual reproduction (38). If accurate,
this would indicate a low level of nuclear recombination which would suggest reduced
variability between generations for nuclear DNA. These factors reveal the complex nature of
phylogenetic analysis between individual T. cruzi isolates and demonstrate the necessity of

further studies into the population biology and molecular genetics of T. cruzi.
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The consensus tree concatenates all three gene sequences and analyzes each as a single
sequence (39). It does not take into account significant differences in rates of evolution between
genes. However, Gadagkar, et al, found that the concatenated approach to phylogenetic analysis
generated a much more accurate tree compared to the individual gene approach. This is due in
part to the longer sequence reads it creates for each sample which decreases variation in
evolutionary distance estimation (40). Additionally, the concatenated approach allows for a
higher resolution between internal branches due to the increased number of evolutionary
alterations on those branches which diminishes the effects of slow rate of evolution, rapid
divergence times, and short gene sequence size on small internal tree branches (40). The
consensus tree and two of the three individual trees suggest some degree of heterogeneity in the

phylogenetic relationships among T. cruzi isolates found in Texas.
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Figure 8: Concatenated maximum likelihood tree for Triatoma spp.
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Figure 9: Maximum likelihood tree representing Triatoma spp. 16S rDNA locus.
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Figure 12: Concatenated maximum likelihood tree for T. cruzi.
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Figure 13: Maximum likelihood tree representing T. cruzi COII-ND1 locus. The species of
Triatoma the sample originated from is noted in parenthesis.
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Te 98 (gerstacckeri)

Te 35 (gerstaesckeri)

T 34 (gerstasckeri)

e 294 (gerstaeckeri)

Te 280 (gerstasckeri)

Tc 275 (gerstasckeri)

T 272 (gerstaeckeri)

Te 267 (gerstacckeri)

Te 266 (gerstasckeri)

To 265 (gerstasckeri)

e 262 (gerstaeckeri)

Te 281 (gerstasckeri)

Tc 255 (gerstasckeri)

T 254 (lecticularia)

Te 236 (gerstacckeri)

Te 231 (gerstaeckeri)

To 218 (gerstasckeri)
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e 211 (gerstaeckeri)
Teo 205 (gerstasckeri)
Tc 2 (gerstasckeri)

T 107 (gerstaechkeri)
Te 122 (gerstaeckeri)
Te 129 (gerstacckeri)
Te 136 (gerstasckeri)
Tc 16 (sanguisuga)

T 173 (gerstacckeri)
Te 192 (gerstaeckeri)
Te 197 (gerstasckeri)
Te 134 (gerstasckeri)
Te 128 (sanguisuga)
Te 233 (gerstasckeri)
Tc 176 (gerstasckeri)
T 217 (gerstaeckeri)
T BEVWT (gerstaeckeri)
. LT. cruzi strain CANIII cl1 MSH2

T. cruzi strain CL Brener MSH2

Te 72 {lecticularia)

Te 1 (gerstasckeri)

Tc 118 (gerstaesckeri)
To 125 (gerstaachkeri)

sg | To 137 (gerstaeckeri)
Te 15 (sanguisuga)

T 178 (gerstasckeri)
Te 26 (indictiva)

Te 280 (lecticularia)

Tc 279 (gerstaeckeri)
T 287 (gerstasachkeri)
To 44 (gerstaeckeri)

Toc 46 (gerstaeckeri)

T 77 (gerstaeckeri)

Te 82 (gerstacckeri)

Te 92 (gerstaeckeri)

Te EVVAT (gerstaeckeri)
Tc 256 (gerstaeckeri)

T. cruzi strain Ga Sk 1 MSH2

I— Te 253 (lecticularia)

o0 Te 111 (gerstaeckeri)
| To 228 (gerstasckeri)

I. brucei MSH2

o1

Figure 15: Maximum likelihood tree representing T. cruzi msh2 locus. The species of Triatoma
the sample originated from is noted in parenthesis.
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Geospatial Distribution Modeling

GPS coordinates for all triatomine collection locations combined with environmental
variable data from WorldClim were entered into MaxEnt to create species distribution models
for T. gerstaeckeri, T. sanguisuga, T. lecticularia, and T. indictiva. Models were not created for
T. protracta and T. rubida because each was only represented by a single specimen in the
collection. An additional model was run for the distribution of T. cruzi infected triatomines
based on the geographic collection site and the same environmental variables. The model
included all Triatoma spp. infected with T. cruzi as a single group. Since the majority of
specimens collected, and thus found to be infected with T. cruzi, were T. gerstaeckeri, the
number of non-gerstaeckeri specimens infected with T. cruzi was too low to create reliable and
informative models for each individual Triatoma spp (10). The Maximum Entropy method was
chosen because it makes occurrence predictions relative to background environmental
parameters (in this case, 15 Bioclim layers and altitude), in contrast to estimating distribution
based on geographic presence only (41). The environmental layers were designed specifically to
be recognized by ArcGIS software, which was utilized to generate maps reflecting the MaxEnt

distribution probabilities.

Each Triatoma species distribution model produced similar yet distinct maps with
individual occurrence probabilities for each cell on the map. Occurrence probabilities ranged
between zero (no probability) and one (highest probability). The probability ranges were
represented in ArcMap by a color wheel spanning from dark to light. Performance of each
model was assessed using the average AUC values, or area under the receiver operating
characteristic (ROC) curve. Each time MaxEnt runs a distribution model, it calculates a response

curve and the corresponding AUC value. The AUC value represents how well the performance
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of a particular model compares to another model. The closer the value is to one, the better the
model functions in predicting reliable probability distributions (10). Probability distributions
computed at random would have an AUC value of 0.5, so this number or below would imply less
than optimal performance of the model (29). All AUC values for each Triatoma spp. model and
the T. cruzi model were above 0.9 for each of the 100 bootstrap replication runs. This indicates
performance of each model was optimal in its predictions. MaxEnt also determines which
environmental variables are most important in influencing prediction probabilities in 2 ways. It
evaluates how well a model performs using each variable by itself along with model performance
using all variables except the one being tested to estimate how much the model performance

decreases in the absence of that one variable (41).

Though each Triatoma spp. model produced somewhat overlapping presence
probabilities, certain unique differences were evident. However, all models predicted a high
distribution probability for south Texas. The model for T. gerstaeckeri indicated the highest
distribution probability was concentrated in south Texas, extending up the middle of the state
towards the north central border (Figure 16). The model representing the distribution of T. cruzi
infected triatomines also followed a pattern that clearly paralleled the former model. The T.
cruzi model was distinctly confined to the southern and middle sections of Texas, however, with
very low probability shown in the far western and eastern sections and the panhandle (Figure
17). MaxEnt determined the environmental variable that increased model prediction
performance the most when used in isolation to be Bioclim layer 5, which is maximum
temperature of the warmest month. This indicates that the maximum temperature of the warmest
month had the most influence on distribution probability if all other variables were not

considered. The variable that decreased model performance the most when omitted was Bioclim
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layer 3, or isothermality, which represents how even temperature is in a given area over a period
of time. This suggests that though isothermality is not the most important variable on its own, it
is the most significant when all other variables are utilized in estimating prediction probabilities.
The models for T. lecticularia, T. sanguisuga, and T. indictiva showed a probability pattern
similar to each other, where the highest occurrence predictions were predominantly concentrated
in the eastern part of the state, ranging from the southeast coast to the far northeast/north central

border (Figures 18, 19, 20).

The similarities between the distribution models for T. sanguisuga and T. indictiva
correspond to results from the phylogenetic analyses previously discussed. If T. sanguisuga and
T. indictiva have a very close phylogenetic relationship or are potentially equivalent genetically,
as the maximum likelihood trees suggested, it could be presumed that they have similar or
overlapping geographical or ecological ranges. However, since T. sanguisuga and T. indictiva
appear to share genetics but not morphology, the notion of adaptation to divergent environments
being a significant contributing factor to the morphological dissimilarity would be much less

likely since their distribution overlaps.

The common pattern of highest probability being most concentrated in the south and
central portions of Texas, extending out to the north and east supports findings of the 2010 Texas
Chagas disease ecological risk analysis by Sarkar, et al, which was based on Triatoma
occurrence data records in Texas over several decades (10). The relative ecological risk in that
study was calculated at the county level using Triatoma presence probability estimations as
described above (Figure 21) (10). Since the level of ecological risk in that study was based on

the same methods for determining distribution probabilities and produced a comparable pattern
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of results as this study, it is reasonable to infer the ecological risk might be similar when applied

to T. cruzi presence in Texas.
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Figure 16: Species distribution map for Triatoma gerstaeckeri
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Figure 17: Probability distribution map for triatomine vectors infected with T. cruzi
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Figure 18: Species distribution map for Triatoma lecticularia
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Figure 19: Species distribution map for Triatoma sanguisuga
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Figure 20: Species distribution map for Triatoma indictiva
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Figure 21: Ecological risk map for Chagas disease at the county level (10). Darker shaded areas

indicate high ecological risk for Chagas while lighter areas indicate low risk.
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CHAPTER IV

CONCLUSION

Several different Triatoma spp. have previously been reported in Texas, and records
indicate the presence of T. cruzi found in wild mammals and domestic pets (8, 12, 42, 43). This
study provided further confirmation that various Triatoma spp. can be found in multiple regions
in Texas, and they are capable of carrying T. cruzi, with a conservative estimation of infection
being 38%. DNA from specimens morphologically identified as belonging to six different
Triatoma spp. was tested. Four Triatoma spp. were found to be carrying T. cruzi (all but T.
protracta and T. rubida), but the specimen collection only included a small number of non-T.
gerstaeckeri specimens. T. gerstaeckeri is by far the most common of all Triatoma spp.

collected for this study.

There was some limitation in comparison with well documented Triatoma references due
to the lack of pertinent sequence data in GenBank. However, for T. lecticularia, T. sanguisuga,
T. protracta, and T. rubida, there were sufficient reference sequences accessible in GenBank,
and the results of those comparisons suggested genotypic variability coincided with the
phenotypic variation between each species. This suggested that the morphological identification

of each of those samples was reliable.

In the case of T. gerstaeckeri, where sufficient reference data was not available but
taxonomic keys are very distinct, each sample sequence aligned together. Sequences for T.
indictiva aligned with the T. sanguisuga sample sequences as well as T. sanguisuga reference
sequences in GenBank, signifying that the two species may be more genetically similar than

evidenced by morphological comparison. This finding conveys the necessity of further studies
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involving T. sanguisuga and T. indictiva to resolve the taxonomic issues. This finding also
implies that standard morphological identification for T. indictiva may not be reliable and also
provides some support for the revision of current taxonomic classification. The similarities
between the T. sanguisuga and T. indictiva probability distributions provide further support of

this hypothesis.

Phylogenetic analysis of T. cruzi isolates was also limited by the lack of well
characterized comparators in GenBank and only a few references with all three loci used in this
study, but analysis revealed that while there was some variation present among isolates, it only
occurred in a small subset of samples. This finding supports the current general consensus found

in the literature about the lack of variability among T. cruzi isolates found in the US (15).

Geospatial analysis was used to explore the possibility that variation between Triatoma
spp. and among T. cruzi isolates can be correlated with geographic occurrence. The areas where
triatomine bugs are most likely to occur were predominantly in south and central Texas, which
supports previous studies (5, 10). The environmental variables determined to have the most
importance when predicting occurrence were maximum temperature of the warmest month and
isothermality, which signifies that areas of Texas distinguished by warm temperatures with
minimal fluctuations are predicted to have the highest probability that Triatoma infected with T.
cruzi can be found. This model was also concordant with previous risk analyses performed at
the county level (10) and suggested further studies specifically in the high risk areas may provide

further insight relative to the risk of Chagas transmission.

It was not possible to evaluate any association between distribution probability of a

particular Triatoma species and a high frequency of testing positive for T. cruzi because the
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sample collection included only a small number of non-T. gerstaeckeri samples. The low
number of non-T. gerstaeckeri specimens also precluded the ability to run accurate distribution
models for any individual species carrying T. cruzi other than T. gerstaeckeri. As a result, the T.
cruzi model had to be run with all species combined and was just able to predict the probability
for a T. cruzi-infected Triatoma, in general. This also meant it was not possible to evaluate if the
presence of T. cruzi is dependent upon the particular Triatoma species or environmental

variables which may affect the maintenance of T. cruzi in the enzootic cycle.

The analyses performed in this study provided some useful information on the
distribution of T. cruzi and the infection of Triatoma spp. in Texas. However, in order to fully
interpret the data and the results, there are still several issues that must still be addressed. The
current Triatoma taxonomy needs to be revisited and potentially revised in accordance with the
new genetic data described here. A larger sample size including additional areas distributed
across the state to corroborate evidence of high genetic similarity between Texas T. cruzi isolates
and to what extent those may cause veterinary or human disease. Additionally, studies utilizing
animal models are necessary to investigate factors involving transmission of T. cruzi to
mammalian hosts as well as competency of Triatoma vectors in Texas. Often, T. cruzi infections
are reported in domestic animals, so a comparison of the infection locations indicated in the
veterinary reports to the species distribution models predicting risk probability would be
informative. Additionally, more information is needed regarding documented reports of Chagas
in humans, so it could be determined if those cases arose predominantly in areas of high risk.
These future studies are necessary to obtain more information on the status of Chagas disease in

Texas and to be able to more accurately interpret the data that has already been obtained, so that
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true epidemiological risk can be determined and the most appropriate and efficient prevention

and control methods can be put in place.
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