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Abstract

Objective. To provide primary evidence of Trypanosoma
cruzi landscape genetics in the Mexican Neotropics. Ma-
terials and methods. Trypanosoma cruzi and discrete
typing units (DTU) prevalence were analyzed in landscape
communities of vectors, wildlife, livestock, pets,and sympatric
human populations using endpoint PCR and sequencing of all
relevant amplicons from mitochondrial (kDNA) and nuclear
(ME, 18S, 24S0)) gene markers. Results. Although 98% of
the infected sample-set (N=2 963) contained single or mixed
infections of DTUI (Tcl, 96.2%) and TcVI (22.6%), TclV and
Tcll were also identified. Sensitivity of individual markers
varied and was dependent on host taxon; KDNA, ME and 18S
combined identified 95% of infections. ME genotyped 90% of
vector infections, but 60% of mammals (36% wildlife), while
neither |8S nor 24Sa. typed more than 20% of mammal infec-
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Resumen

Objetivo. Generar evidencia primaria sobre la genética
del paisaje de Trypanosoma cruzi en el Neotropico mexicano.
Material y métodos. La prevalencia de T cruzi y de las
unidades taxonomicas discretas (DTU, en inglés) fueron anali-
zadas en comunidades simpatricas de vectores, fauna silvestre,
pecuarios, mascotas y poblacion humana mediante PCR de
punto final y secuenciacion de marcadores genéticos mitocon-
driales (kDNA) y nucleares (ME, 18S, 245a). Resultados.
A pesar de que 98% de las muestras infectadas (N=2 963)
contenia infecciones Unicas o mixtas de DTUI (Tcl, 96.2%)
y TeVI (22.6%), TclV y Tcll también fueron identificados. La
sensibilidad de los marcadores individuales varié segun el
taxon del reservorio; la combinacion de kDNA, ME y 18S
identifico 95% de las infecciones. ME tipifico 90% de las in-
fecciones por vectores, pero solo 60% de los mamiferos (36%
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tions. Conclusion. Available gene fragments to identify or
genotype T.cruzi are not universally sensitive for all landscape
parasite populations, highlighting important T.cruzi heteroge-
neity among mammal reservoir taxa and triatomine species.

Keywords: Trypanosoma cruzi; landscape; lineages; reservoirs;
Triatominae

en fauna silvestre), mientras que el 18S y el 24Sa. tipificaron
menos que 20% de las infecciones en mamiferos. Conclu-
sion. Los fragmentos de genes disponibles para identificar
o genotipificar T. cruzi no son universalmente sensibles para
todas las poblaciones de parasitos del paisaje, y destaca la
importante heterogeneidad entre los taxones de reservorios
y las especies de triatominos.

Palabras clave: Trypanosoma cruzi; paisaje; linajes; reservorios;
Triatominae

rypanosoma cruzi is a parasite of new world mam-

mals, geographically widespread in the American
continent.?It is also the etiologic agent of Chagas Dis-
ease (CD), which is a major public health problem in all
Latin American countries and increasingly in the United
States, Europe, and Asia.3*In Mexico, T. cruzi has been
characterized and molecularly identified in bugs,>!
wildlife %4!livestock and companion animals,®?as well
as in human populations.®™

Molecular markers used to identify T. cruzi and
genotype its discrete typing units (DTUs) differentiate
six different discrete typing units (TcL, II, IIL, IV, V, VI)
and one additional lineage for TcBat.!* Trypanosoma
cruzi and DTU identification in reservoirs and vectors
requires the use of multiple gene fragments, since no
individual marker is universally sensitive,'>° all have
variable levels of methodological complexity and
specificity affected by technical factors (volume and
sample conservation, DNA isolation method, amplifica-
tion conditions, gene sequences analyzed, and primer
design).’** The most commonly analyzed fragments
and for which most reference sequences exist are the
spliced leader mini-exon (ME), 185 rRNA (18S), 24Sa
rRNA (24Sa) and minicircle kinetoplast DNA (kDNA),
developed from in vitro selected South American (SA)
isolates or clones.?>* There have been few analyses and
evidence for marker sensitivity for all lineages/DTUs
from native infections across North America (NA),
or across ecotope-relevant host assemblages.®?326-2)
Natural infections are expected to be multi-clonal in all
reservoirs”-*! and hence methods to detect infections
must overcome the difficulty of simultaneously amplify-
ing multiple sequences and be specific for all parasite
DTUs and haplotypes, ideally universal (conserved
fragments) for all populations.?6*2%

The aim of the present study was to provide pri-
mary evidence of T. cruzi landscape genetics to detect
and genotype T. cruzi in vectors and primary mammal
reservoirs from seven neotropical Mexican landscapes
using a multi-locus approach, and analyze the sensitiv-
ity and specificity of key primer sets for kDNA, ME,
185, and 24Sa gene fragments. A better understanding
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of the reservoirs and diversity of T. cruzi populations
circulating in sylvatic and human modified landscapes
will allow us to design effective barriers for parasite
dispersal to humans, develop more sensitive diagnostic
tools for exposed human populations, and monitor the
parasite landscape genetics.

Materials and methods

Ethics statement

Studies were conducted in accordance with the Dec-
laration of Helsinki, and the protocol was approved
by the Instituto Nacional de Salud Piiblica (INSP), from
Mexico (Ethics Committee Projects 1063, 1237, and 1369
to Janine M Ramsey). All subjects gave their informed
consent for inclusion before they participated in the
study, and all provided approval for secondary use of
preserved blood sample aliquots. No human specimen
is connected to any personal information. Wildlife were
sampled according to international* and national (Secre-
taria de Medio Ambiente y Recursos Naturales, Sermarnat)
regulations and collection permits (FAUT-023 to Janine
M Ramsey), regional ejido community approval, and
INSP Biosecurity and Ethics Committee approvals
(#491, 1063, 1237, 1369), including informed consent by
pet or livestock owners for blood sample extractions.

Sample origin

Samples from mammal wildlife, livestock, companion
animals (pets), human population, and triatomines
within the Mexican neotropical realm were analyzed
from multiple integrated studies and sites between
2008 and 2017 in Campeche (19°50'55"N, 90°31'31"W),
Chiapas (16°24'36"N, 92°24'31"W), Oaxaca (16°53'53"N,
96°24'51"W), and Morelos (18°44'51"N, 99°04'13"W)
(figure S1, table S1 and 52%). Briefly, vectors were col-
lected either by inhabitants in and around houses or
technical personnel in landscapes which included do-
mestic fragment (housing community), or using various
collection methods (light traps, animal bait) in ecotone
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(agricultural and livestock grazing areas) and sylvatic
(conserved) habitats.®33%% Specimens of Triatoma dimidi-
ata haplogroup 1 (Hg1), T. dimidiata haplogroup 2 (Hg2),
T. dimidiata haplogroup 3 (Hg3), Triatoma pallidipennis,
Triatoma phyllosoma, and Panstrongylus rufotuberculatus
were taxonomically identified and preserved in 70%
EtOH, as previously described.® To determine which
haplogroup of T. dimidiata was analyzed, ND4 fragments
were amplified and sequenced, as previously reported.®
Wildlife specimens were collected as previously
described across landscape habitats,®® taxonomically
identified, euthanized, and tissues (exclusively from
heart tissue are reported herein) were preserved im-
mediately in 95% molecular grade EtOH or DNazol (In-
vitrogen, San Diego, California, USA). Blood samples
from livestock (5ml), pets (3ml) and one protected bat
species (Myotis velifer; 0.3 ml) were drawn in guanidine
buffer. In the framework of community-based Chagas
surveillance and prevention programs (Santos Reyes
Nopala and Salina Cruz counties in Oaxaca, Berrioza-
bal county in Chiapas, and Zoh Laguna in Campeche),
and based on self-recognition for bug exposure (correct
bug recognition, having lived with bugs in homes,
contact resulting in a “chinchoma” inflammation, or
children of infected mothers), inhabitants requested di-
agnosis for T. cruzi infection. Following informed con-
sent and assent, including permission for subsequent
use of remaining aliquots, a blood sample (5ml) was
drawn in EDTA for standard serology (2-5 tests only
for humans) and an additional sample (5ml) preserved
in guanidine buffer for molecular T. cruzi detection.®

Molecular detection of T. cruzi

Genomic DNA was extracted from mammal heart tis-
sues (approximately 50% of total tissue if small speci-
mens and 10% from medium-sized specimens) and bug
midgut contents using DNAzol (Invitrogen, San Diego,
California, USA) following manufacturer’s instructions
and from venous blood (exposed human population,
livestock, pets, and one protected bat species) pre-
served in guanidine buffer using a phenol-chloroform
protocol.® Extracted DNA was re-suspended in 80 uL
of nuclease-free water and maintained at -20 °C prior
to amplification. Primers from one mitochondrial and
three nuclear genes (four of the five genes having most
T. cruzi sequences registered in GenBank) were used to
amplify samples. The conserved region of the kDNA
(534/S67primers) was chosen as the primary multiple
copy mitochondrial fragment for T. cruzi infection in
all taxa as previously described.” Satellite (SAT) DNA
was not used due to lower specificity of amplicons from
wildlife taxa, which would have created a bias due to
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non-specific amplification of mammal DNA from most
taxa.” All samples were analyzed herein using the
kDNA and the conserved repeat of the spliced leader
mini-exon (ME), and all samples amplified using either
marker, 100% of KDNA negative vector, bat and human
samples, and a random selection of 25% of all other
kDNA negative samples were also amplified using
primers for the small subunit rDNA 18S gene using the
primers SSU561F / SSU561R (N=2103).* A random selec-
tion of 70% of kDNA positive samples and all equine
and livestock samples were also analyzed using the 24Sx
gene using the D71/ D72 primers.*’ All amplicons of
expected band size of the kDNA (120bp), those between
300 and 350 bp of the ME, all amplification products
between 520-720 bp of the 18S, and all 24S amplicons
within the range of 110 to 125 bp were sequenced. Try-
panosoma cruzi DNA from Mexican Tcl parasite strain
CARIO06 and TcVI (CL-Brener), and negative amplifica-
tion controls were run with samples, and all samples not
amplifying parasite controls were analyzed using the cyt
b;¥ samples of questionable DNA quality represented
<1% of all samples and were eliminated from analy-
ses. Electrophoresis bands of expected size from PCR
products (kDNA, ME, 18S, 24Sa) were purified using
QIAquick Gel Extraction kits (QIAGEN, Valencia, CA)
and to determine the amplification specificity of gene
marker tools (primers), capillary sequencing was carried
out on an Applied Biosystems 3730XLs (Macrogen, Ko-
rea). To avoid cross-contamination of amplicons among
specimens and positive controls, internal plate controls
for sequencing quality were included.

Forward and reverse sequences from all samples
were used to generate consensus using MEGA v.10.4!
A specimen was considered infected if the sequence
of at least one gene fragment had identity (GenBank)
to T. cruzi. Representative haplotypes were deposited
in GenBank: accession numbers for the 18S fragments:
MW326771-MW326773; accession numbers for the ME
fragments: MW520200-MW520203; accession numbers
for the kDNA fragments: 0Q236562-0Q236565.

Trypanosoma cruzi infection prevalence was calcu-
lated as the number of T. cruzi positive samples using
the combined results of the four gene markers/total
samples analyzed.

Statistical analyses

Type L error for parasite detection has been reduced by
classifying presence of T. cruzibased only on confirmed
sequence identity (not only amplification of expected
size bands), while type II error was reduced by using a
multi-locus approach. Specificity of gene markers and
sensitivity of each as well as the multiple loci approach
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were analyzed initially from vectors, since we assumed
no quantitative bias of parasite load in bugs. The success
to genotype T. cruzi samples was calculated individually
for each 185, ME, and 24Sa genes, as well as for their
combined result, using sequence identity (number of
samples amplifying /sequence with all or individual
gene/total T. cruzi samples). Sensitivity of any gene to
detect infection was calculated from the number of se-
quences with identity / total T. cruzi samples. Specificity
of individual markers for T. cruziin each host taxon was
calculated as the ratio of T. cruzi sequences/ all samples
amplifying expected-size band for the specific marker.
Trypanosoma cruzi infection rates, success to genotype,
DTU prevalence, and sensitivity or specificity of genes
were analyzed for independence at species and taxa
(order) levels, assuming all host taxa have similar aver-
age rates, using a Bonferroni-corrected chi-square, and
95% confidence intervals.

Results

Trypanosoma cruzi infection overall was 19.6%, 36.0%
from six triatomine species (N= 814; table S1%) and
13.4% from 58 mammal species (N= 2 149; table 52%).
Tcl was the dominant DTU (96.2%) followed by TcVI
(22.6%) for all reservoirs, while DTUII was identified in
only one rodent species, and DTUIV only identified in
two vector species. Parasite populations were genotyped
from 78.8% of infected triatomines but only 48.8% from
infected mammal reservoirs. Sensitivity of the ME gene
was 61.2% overall (45.0% mammals, 77.1% triatomines),
while for the 18S it was 21.0% (18.3% mammals, 23.5%
triatomines), and 14.3% for the 24Sa (18.7% mammals,
9.9% triatomines).

Trypanosoma cruzi populations in
triatomine vectors

Trypanosoma cruzi infection rates for five vector species
collected from all sites (figure S1, table S1 and 52%) are
reported in table I; a combined “other triatomine” group,
is included having three specimens of P. rufotuberculatus
and 105 specimens of T. dimidiata which had not been
individually genotyped, the latter from communities
where haplogroups Hgl (30%) and Hg2 (70%) were
sympatric. Infection prevalence was significantly high
in T. dimidiata Hgl (x*=14.64; df= 5; p<0.0001) and T.
pallidipennis (x*<7.21; df= 5; p<0.01), but significantly
low in T. dimidiata Hg2 (x*<19.15; df = 5; p<1.2E-5). Only
74.1% overall of amplified KDNA sequences had identity
to T. cruzi, the remaining infections were confirmed us-
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ing one or more of the three nuclear genes (ME, 18S, or
24Sa). By combining results from the kDNA and ME,
all T. cruzi infections were detected in three species (T.
pallidipennis, T. phyllosoma, T. dimidiata Hg3), while re-
maining infected samples (15%) of T. dimidiata Hg1 and
T. dimidiata Hg2 were detected using the 18S gene (figure
52%). Comparatively, KDNA specificity was significantly
lower for T. cruzi populations from T. dimidiata Hg2
(figure S2; x*=24.88; df=5; p<6.1E-7%).

Genotype success rates (calculated from com-
bined results of nuclear genes) and Tcl prevalence
were similar in parasite populations from all triato-
mine species, with 78.8% of all infected triatomines
genotyped (table I, figure 1A, table $3%). The TcIA
subtype was identified in 60.4% of all TcI populations,
significantly high in T. pallidipennis (81.2%; x*=29.65;
df=5; p<0.0001), but significantly low in T. dimidiata
Hg3 (0.0%; x?<5.89; df=5; p<0.01) (table I). None of
the remaining non-TcIA populations had identity to
other registered GenBank subtypes. Neither TcIV
nor TcVI were amplified from either T. dimidiata Hg3
or T. phyllosoma, while TcIV was not amplified from
T. dimidiata Hg1. Both TcIV (2.2% overall) and TcVI
(17.3% overall) were similarly prevalent in T. dimidiata
Hg?2 and T. pallidipennis (figure 1A).

Individual nuclear gene sensitivity to amplify para-
site populations among vector species was not uniform
(figure S2, table S3%). ME sensitivity was moderately
high overall (77.1%) and similar among parasite popula-
tions from all triatomine species, although that for the
18S gene was significantly low (23.5% overall). The 18S
sensitivity was significantly high in T. dimidiata Hgl
(48.0%, x*=8.30; df=5; p<0.01), and it was significantly
low in T. pallidipennis (8.8%, x*=13.83; df=5; p<0.001). The
24Sa sensitivity was significantly high in T. dimidiata Hg2
(100.0%, x*=8.93; df=5; p<0.01) and significantly nega-
tive for parasite populations in T. pallidipennis (y*=12.52;
df=5; p<0.001), also did not amplify in either T. dimidiata
Hg3 (N=10) or T. phyllosoma (N=23). Specificity of T. cruzi
amplicons was on average high using the ME (85.9%),
185 (86.3%) and 24Sa (85.3%) (table S3%).

It is worthwhile mentioning that the three P. rufo-
tuberculatus specimens included in “other triatomines”
were all T. cruzi TclA infected, and parasite populations
from the three amplified using kDNA, ME, 18S and
24Sa (2 of 3 amplified using the latter). Panstrongylus
rufotuberculatus specimens were co-collected (same
nest) with 20 infected specimens of T. dimidiata Hgl,
of which 66.7% were identified infected using kDNA,
83.3% using the ME, and 75% using the 18S (none of 20
amplified using the 24Sa).
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Table |
TRYPANOSOMA CRUZI INFECTION PREVALENCE, TOTAL POPULATION (IN), AND CONFIDENCE INTERVAL
> 95%CI FOR INDIVIDUAL DIMIDIATA AND PHYLLOSOMA COMPLEX SPECIES AND PANSTRONGYLUS
RUFOTUBERCULATUS,* SENSITIVITY OF KDNA (SEQUENCE IDENTITY GENBANK/TOTAL INFECTED), OVERALL
GENOTYPE SUCCESS OF INFECTED SPECIMENS,* PREVALENCE OF T. cRUZI LINEAGES Tcl, susTYPE TclA,
TclV AND TcVI IN GENOTYPED POPULATIONS

Infection ¢ ciivty KONA ~ OSOUPE Prevalence
Tcruzi o successt Td TclA Telv o
; % (N) o
% (N) % (N) % (N) % (N) % (N) % (N)
T dimidiata Hg| 65.85 (38) 84.0 (25) 88.0 (25) 100.0 (22) 50.0 (22) 0.0 (22) 182 (22)
T dimidiata Hg2 24.0* (308)  48.6% (74) 89.2 (74) 100.0 (66) 50.0 (66) 15 (66) 24.2 (66)
T dimidiata Hg3 24.4 (41) 100.0 (10) 50.0% (10) 100.0 (5) 0.0% (5) 0.0 (5) 0.0 (5)
T pallidipennis 43.8-(260)  81.6(114) 728 (114) 96.4 (83) 81.25 (80) 2.4 (83) 12.0 (83)
T phyllosoma 39.0 (59) 739 (23) 60.9% (23) 100.0 (14) 429 (14) 0.0 (14) 0.0 (14)
Other triatomines* 435 (108) 85.1 (47) 87.2 (47) 97.6 (41) 55.0 (40) 49 (41) 24.4 (41)
o . 360 (814) 74.1 (293) 78.8 (293) 98.3 (231) 60.4 (227) 22 (231) 173 (231)
All eriatomines [95%Cl] [32.7,39.3] [69.0,79.1] [77.7,96.8] [96.6,99.9] [54.0,66.7] [034.1] [12.422.2]

* Other triatomines includes 3 P. rufotuberculatus and 105 non-genotyped T. dimidiata (30% Hgl and 70% Hg2).
# Combined ME, 18S,24Sa. genotype success
Bonferroni adjusted X significance in bold:§ p<0.0001 (greater);# p<I.0E-5 (lower); % p<0.01 (lower);* p<0.01 (greater)

A) B)

Perissodactyla
All triatomines 4

Artiodactyla

T pallidipennis Carnivora (companion)
T. phyllosoma Rodentia
T. dimidiata Hg3 Primates
o Didelphimorphia
T. dimidiata Hg2 Chiroptera
T. dimidiata Hg| Carnivora (wildlife)
Hemiptera

0 20 40 60 80 100 % 0 20 40 60 80 100 %

B Tcd M Tc+Tcvi M TV H TV H Tc+TelV M Tcd M Tc+TeVl M TV M Tl W TV W Tcl+TclV

FiGURE |. COMPARATIVE PROPORTIONS OF T. cRUZI DTUS IN GENOTYPED PARASITE POPULATIONS FROM WHOLE
LANDSCAPE NEOTROPICAL MEXICAN TRIATOMINE SPECIES (A) AND MAMMAL RESERVOIRS (B)
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Trypanosoma cruzi populations in mammal
reservoirs

Following validation of the four molecular markers
for native Mexican T. cruzi populations in vectors, we
compared parasite prevalence, genotype success and
DTU prevalence from the most abundant small and
medium-sized mammal reservoir assemblages from the
same sites (table 52%). Since vector and mammal popu-
lations were co-collected (same transects, locations and
sylvatic, ecotone and human habitats), we expected that
most of the parasite populations found in vectors, would
be identified with similar sensitivity and specificity in
mammal taxa. However, this was not the case as sum-
marized in table Il and figure 2A. Infection prevalence
was significantly low in all synanthropic mammals: pets
(4.7%; x*=16.88, df=7, p<0.0001), Artiodactyla livestock
(6.9%; x*=7.96, df=7, p<0.01), and rodents (9.9%; x*=6.17,
df=7, p<0.01). In contrast, infection prevalence was sig-
nificantly high in wildlife: Chiroptera (18.0%; x*>=15.64,
df=7, p<0.0001) and wildlife carnivores (44.4%; x*=7.43,
df=7, p<0.01).

Parasite populations from individual taxa ampli-
fied differentially to each gene marker and no single
marker was capable of universally identifying all T.
cruzi populations (figure 2A). Although all T. cruzi
populations did amplify using kDNA, the specificity
of amplicons was moderate (61.6%). Overall, T. cruzi
specificity of ME amplicons from mammals was high
(97.7%), while it was moderate for 185 (60.9%) and

24Sa (72.0%) (table S4%). ME specificity was signifi-
cantly low only in human Primates (81.8%; x*=12.65,
df=7, p<0.001), while there was no significant dif-
ference of 18S or 24Sa amplicon specificity among
taxa. The kDNA and ME together identified 83.4%
of infections (100% of didelphids and wildlife carni-
vores), which was 98.6% if additionally considering
the 18S (figure 1B).

Although similar among most mammal taxa, KDNA
sensitivity was significantly high only in Didelphimor-
phia (100.0%; x*=8.83, df=7, p<0.01) (table II). Sensitivity
of the ME was average overall in mammals (45.0%),
although significantly high in didelphids (88.9%; x><7.01,
df=7, p<0.01), pets (83.3%; x*<7.13, df=7, p<0.01), and
livestock (80.0%; x*<7.43, df=7, p<0.01), while signifi-
cantly low in bats (34.6%; x*=6.94, df=7, p<0.01). Overall,
18S sensitivity was lower than that for the ME (18.3%),
but in contrast to the pattern for ME, it was significantly
high in bats (26.4%; x*=6.92, df=7, p<0.01) while low in
rodents (5.3%; x*=6.51, df=7, p<0.01), indicating particu-
larly distinct genetic populations in this latter taxon. The
24Sothad similar overall sensitivity to that for 185 (18.7%),
but it did not amplify in wildlife carnivores, and as was
the case for the ME, also had significantly low sensitiv-
ity in bats (10.1%; x*<7.78, df=7, p<0.01). The 24Sa was
particularly important as the only gene to amplify most
T. cruzi populations from an equine and livestock (80.0%;
x*=37.12, df=7, p<1.1E-9) (figure 2A).

Only 48.8% of mammal T. cruzi populations were
genotyped using primers for any of the three nuclear

Table 11
TRYPANOSOMA CRUZI INFECTION PREVALENCE, TOTAL POPULATION (N), AND CONFIDENCE INTERVAL
> 95%Cl, IN MAMMAL TAXA, SENSITIVITY OF KDNA (SEQUENCE IDENTITY GENBANK/TOTAL INFECTED)),
OVERALL GENOTYPE SUCCESS OF INFECTED SPECIMENS,* AND INDIVIDUAL SENSITIVITY OF
NUCLEAR MARKERs (ME, 18S, 24Sa)

Infection T. cruzi Sensitivity kDNA Genotype success*® Sensitivity ME Sensitivity |8 Sensitivity 24So.
% (N) % (N) % (N) % (N) % (N) % (N)

Primates 23.7% (135) 65.6 (32) 46.9 (32) 28.1 (32) 15.6 (32) 18.8 (32)
Chiroptera 18.08 (884) 52.8 (159) 39.0% (159) 34.6% (159) 26.4% (159) 10.1# (159)
Didelphimorphia 19.1 (47) 100.0 (9) 55.6 (9) 88.9% (9) 0.0 (9) 222 (9)
Rodentia 9.9% (575) 737 (57) 526 (57) 59.6 (57) 5.3% (57) 21.1 (57)
Carnivora (wildlife) 44.4% (9) 75.0 (4) 50.0 (4) 50.0 (4) 25.0 (4) 0.0 (4)
Carnivora (companion) 4.7% (256) 83.3(12) 91.7% (12) 83.3% (12) 83(12) 41.7 (12)
Artiodactyla 6.9% (217) 60.0 (15) 100.08 (15) 80.0% (15) 6.7 (15) 80.08 (15)
Perissodactyla 3.8 (26) 0.0 (1) 100.0 (1) 0.0 (1) 0.0 () 100.0 (1)
e DAEL Gsem s eomwmam o e

* Combined ME, 18S, 24Sa genotype success.

Bonferroni adjusted X? significance in bold greater: ¥ p<0.001 (greater);$ p<0.0001 (greater);* p<0.01 (lower);* p<0.01 (greater);* p<0.0001 (lower)
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A)

Primates

Artiodactyla = Chiroptera

o

Perissodactyla > Didelphimorphia

Carnivora Rodentia
(companion) San
Carnivora
(wildlife)
— kDNA -« ME 18S
— 24Sa === kDNA+ME =~ = kDNA+ME*18S

Primates

Artiodactyla Didelphimorphia

Carnivora Rodentia
(companion)
Carnivora
(wildlife)
— ME 18 — 24Sa ME+18S

FiGURE 2. COMPARATIVE RATIOS (20% RADIAL LINES) OF INFECTIONS IDENTIFIED BY SINGLE (KDNA, ME, 18S,
24S0) oR COMBINATIONS OF GENE MARKERS (KDNA + ME; kDNA + ME + 18S) IN MAMMAL TAXA FoOR (A)
ALL T. cruzI POPULATIONS AND (B) oNLY FOR Tcl PoPULATIONS

genes (ME, 18S, or 24Sa), being significantly high in
livestock (100.0%; x*=15.74, df=7, p<0.0001) and pets
(91.7%; x*=8.83, df=7, p<0.01), but low in bats (39.0%;
x*=6.11, df=7, p<0.01) (table II). Genotype success of
Tcl was highest by combining the ME and 18S, particu-
larly for human Primates, bats and wildlife carnivores,
while the 24Sa identified 43% of Tcl in livestock and
an equine (figure 2B). Most TcVI were typed using the
ME, the exception being 1.2% (N=83) using the 24Sa.
The single Tcll identified in a rodent specimen ampli-
fied using the ME.

Proportional DTU profiles for all taxa and specifi-
cally for mammal taxa are summarised in figure 1B and
table S3,% respectively. Generally, 93% of genotyped
populations had Tcl and 31% had TcVI, while 25% had
co-infections of Tcl and TcVI. Tcll was identified in only
one rodent species (Heteromys desmarestianus; 0.7% infec-
tion rate). Overall, 23.7% (95%CI 16.4,31.0) of TcI had
identity to subtype sequences registered in GenBank for
TcIA and no identity for any other subtype; there was no
significant difference of DTUIA prevalence among taxa.
Human population had significantly high single TcVI
infection (26.7%; x?=10.33, df=7, p<0.001) as compared to
all mammals and significantly low overall Tcl prevalence
(73.3%; x*=8.72, df=7, p<0.01). A similar trend was seen
in pets, with significantly high TeVI (72.7%; x*=8.83,
df=7, p<0.01) and combined TcI-TcVI infections (63.6%;
x*=8.88, df=7, p<0.01), but significantly low single Tcl
prevalence (27.3%; x*=15.64, df=7, p<0.0001). Livestock
also had significantly high combined TcI-TcVI (53.3%;
x*=6.53, df=7, p<0.01) and overall TcVIinfections (60.0%;
x*=5.79, df=7, p=0.016). In contrast to the three former
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synanthropic taxa, bats had significantly high single TcI
infections (88.7%; x*=12.14, df=7, p<0.001), but low TcVI
(11.3%; x*=11.45, df=7, p<0.001) or combined TcI-TcVI
prevalence (9.8%; x*=7.62, df=7, p<0.01).

Comparative parameters of T. cruzi
populations from vectors and the two
major mammal groups

Mammal taxa clustered into two subgroups based
primarily on T. cruzi infection rates (low vs. high) and
secondarily on genotype success. Mammal group 1 (LI-
HG) had low infection prevalence and high genotype
success (Rodentia, companion Carnivora, Artiodactyla,
and Perissodactyla), while mammal group 2 (HI-MG)
had high infection prevalence and average genotype
success (wildlife Carnivora, Chiroptera, human Pri-
mates, and Didelphimorphia) (table III).

The mean T. cruzi infection rate in the synanthropic
LI-HG mammal subgroup 1 (LI-HG) was significantly
low (7.9%; x*=93.59, df=2, p<3.9E-22), while that in tri-
atomines high (36.0%; x>=137.91, df=2, p<7.6E-32). While
the 24Sa sensitivity was significantly high in LI-HG
(35.3%; x*=30.75, df=2, p<2.9E-8), 18S sensitivity (5.9%;
x?=11.67, df=2, p<0.001) and 18S specificity (41.7%;
x?=6.01, df=2, p<0.01) were significantly low. Single
Tcl infections (47.4%; x*=25.13, df=2, p<5.3E-7) and the
proportion of TcIA (23.1%; x*=11.38, df=2, p<0.001) were
also significantly low in the LI-HG, although all single
TeVI (50.9%; x*=26.11, df=2, p<3.2E-7) and mixed Tcl-
TcVIinfections were significantly high (43.9%; x*=21.23,
df=2, p<4.1E-6).
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Table IlI
CoMPARATIVE T. CRUZI INFECTION PARAMETERS FOR MAMMAL SUBGROUP (1) LI-HG (Low INFECTION — HIGH
GENOTYPE sUCCESS: RODENTIA, cOMPANION CARNIVORA, ARTIODACTYLA, PERISSODACTYLA;
N), susGRouP (2) HI-MG (HIGH INFECTION — MEDIUM GENOTYPE SUCCESS: PRIMATES, CHIROPTERA,
WiILDLIFE CARNIVORA, DIDELPHIMORPHIA; N), AND ALL TRIATOMINAE (N): INFECTION RATE (%)

AND CONFIDENCE INTERVAL > 95%CI, AMPLIFICATION sPECIFICITY oF KDNA, ME, 18S AnD 24Sa (%),
% GENOTYPE sUcCEss (coMBINED ME, 18S, 24Sc)), AND SENSITIVITY OF INDIVIDUAL NUCLEAR MARKERs ME,

18S, 24S0. (% oF ALL T. CRUZI INFECTIONS), PREVALENCE OF TOTAL INFECTIONS FOR LINEAGES Tcl, TclV,

TcVI, Tcll AND suBTYPE TclA AND SINGLE oR MIXED Tcl AND TcVI INFECTIONS

Mammal | LI-HG Mammal 2 HI-MG Triatominae All Hosts
% (N) % (N) % (N) % (N) [CI]

T. cruzi infection 7.9% (1 074) 19.0 (1075) 36.0% (814) 19.6 (2963) [18.2-21.1]
kDNA specificity 71.8 (85) 57.45 (204) 74.1% (293) 67.9 (582) [64.1-71.7]
Genotype success 67.1 (85) 41.2% (204) 78.8% (293) 63.9 (582) [60.0-67.8]
ME sensitivity 65.9 (85) 36.3* (204) 77.1 (293) 61.2 (582) [57.2-65.1]
ME specificity 98.2 (57) 97.4 (76) 98.3 (230) 98.1 (363) [96.7-99.5]
18S sensitivity 5.95 (85) 23.5 (204) 23.5 (293) 21.0 (582) [17.7-24.3]
18S specificity 41.7% (12) 64.0 (75) 86.3" (80) 73.1 (167) [66.3-79.8]
24Sa. sensitivity 35.3%(85) 11.8 (204) 9.9~ (293) 14.3 (582) [11.4-17.1]
24Sa. specificity 69.8 (43) 75.0 (32) 85.3 (34) 76.1 (109) [68.1-84.2]
Single Tcl 47.45 (57) 82.1 (84) 80.5 (231) 75.8 (372) [71.5-80.2]
Total Tcl 91.2 (57) 94.0 (84) 97.8 (231) 96.2 (372) [94.3-98.2]
TclA 23.15 (52) 24.1° (79) 60.4° (227) 46.9 (358) [42.5-51.3]
Single TcVI 7.0 (57) 6.0 (84) 0.9 (231) 3.0 372) [1.2-4.7]
Total TeVI 50.9% (57) 17.9 (84) 17.3 (231) 22.6 (372) [18.7-26.4]
Mix Tcl-TeVI 43.9¢(57) 11.9 (84) 16.5 (231) 19.6 (372) [15.6-23.7]
Total Tcll 1.8 (57) 0(84) 0(231) 0.3 (372) [0.0-0.8]
Total TelV 0(57) 0(84) 2.2 (231) 1.3 (372) [0.2-2.5]

Bonferroni adjusted X? significance in bold greater: * p< |.0E-6 (lower); # p< |.0E-6 (greater);$ p< 0.001 (lower);* p< 0.05 (greater); & p< 0.01 (lower);
* p< 0.01 (greater); ® p< 0.05 (lower); 2 p< 0.0001 (lower); ® p< 0.0001 (greater); € p< |.0E-5 (greater)

In contrast to the LI-HG, there was significantly
low genotype success (41.2%; y>=45.74, df=2, p<1.3E-11),
ME sensitivity (36.3%; x*=53.22, df=2, p<3.1E-13),
KDNA specificity (57.4%; x*=10.35, df=2, p<0.001) and
proportion of TcIA (24.1%; x*<15.88, df=2, p<0.0001) of
T. cruzi populations in the HI-MG mammal subgroup
2 (wildlife and human).

Genotype success of parasite populations in triato-
mines (78.8%; x*=28.29, df=2, p<1.0E-7), ME sensitivity
(77.1%; x*=31.44, df=2, p<2.1E-8), kDNA specificity
(74.1%; x*=5.15, df=2, p<0.02), and 18S specificity (86.3%;
X*=7.08, df=2, p<0.01) were significantly high in contrast
to both mammal subgroups. The proportion of the
TcIA subtype was also significantly high in triatomines
(60.4%; x*<16.43, df=2, p<0.0001).
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Discussion

Trypanosoma cruzi and DTU profiles in
vector species

Over a decade, we have conducted landscape level
sampling and analyses to understand the complex
ecological, epidemiological and demographic com-
ponents driving T. cruzi dispersal/transmission to
human population. We have developed an inventory
of T. cruzi host assemblages from the neotropical region
(south and southeastern Mexico) in order to analyze
transmission dynamics and T. cruzi/DTU haplotype
dispersal at regional, ecotype, landscape and in habitat
subtypes. Initial studies demonstrated variable failure
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to amplify, align sequences and genotype with reg-
istered (GenBank) T. cruzi sequences using common
primers and genotype algorithms,®® which prompted
the present use of a multi-locus approach avoiding
competitive amplification using individual multiple
gene fragments for parasite detection and genotyp-
ing, and to score parasite identification based solely
on sequence identity.*>* Herein, the kDNA (534/
S67) was chosen over SAT since our focus was to use
standardized markers to detect parasite populations
across all assemblages (vectors, mammals), not just
human population, we expected far greater proportion
of TcI (for which SAT has 10% of repeats)* and high
non-specific amplification of T. cruzi SAT DNA from
most mammal reservoir DNA.18%

Trypanosoma cruzi infection prevalence in the six
principal neotropical vector species/haplogroups
was not uniform, although capacity to genotype these
parasite populations was relatively high in most spe-
cies (>80%). Although ME sensitivity was high (77%),
overall 18S sensitivity was low (24%) and 24Sa sensitiv-
ity even lower (10%), indicating a high level of gene
fragment polymorphism both at primer binding sites
and internally to sequences in vector parasite popula-
tions. Unexpectedly, only 74% of amplified kDNA in
triatomines had identity to sequences registered in
GenBank, significantly lower in T. dimidata Hg2 para-
site populations, also indicating important but previ-
ously undocumented high diversity for mitochondrial
gene haplotypes in the region, recently highlighted
in several studies using isolates.”* The T. dimidiata
complex of haplogroups, previously reported to have
significant genetic and infection prevalence differen-
tiation, also have different DTU profiles (DTUVI and
DTUIV) and TcI subtype proportions (DTUIA) and
genotyping success overall.*® Only Tcl was identified
in T. dimidiata Hg3 and in T. phyllosoma, both with
low infection prevalence, which coincided with lower
ME and nil 24Sa sensitivity. It is unclear whether this
reflects methodological failure (marker insensitivity),
or true absence or reduced presence of other DTUs
(particularly TclIl, TcIV and both hybrids) along the
southern Mexican Pacific coast (Chiapas, Isthmus
Oaxaca) where both vector species are exclusively
distributed. It is noteworthy that TcI from bats and
rodents from the same landscapes as the two vector
populations were also not genotyped using either the
ME or 24Sa.

Proportionally, the TcIA subtype was significantly
higher in triatomines as compared to mammal reser-
voirs, indicating either its selective proportional ampli-
fication in triatomines or deselection of other subtypes
in vectors or in mammals. It is surprising that no other
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Tcl subtype was identified in the vectors, although they
may have been present in lower proportions and inef-
fectively amplified, or not amplified, once again due
to binding sequence polymorphisms.'

Trypanosoma cruzi prevalence and DTU
profiles in major landscape reservoirs

Comparative analyses of parasite populations from mam-
mal taxa have been interpreted with caution since parasite
populations identified from wildlife heart tissue (excep-
tion one endangered bat species) would be expected to
have a minimum of one (10-100 parasites, 1-10pg DNA /
sample)* to five amastigote nests.*® Parasite detection and
genotyping from livestock, pets, and human populations
were identified from blood samples, which represent a
bias potentially due to low circulating parasitemia, de-
spite infectious potential.* The endpoint PCR method
used herein with ME and 24Sa (titrated in human blood)
was sensitive for >50 parasites/ ml, while that for 185 >5
parasites/ ml (Ramsey, personal communication). Lowest
infection prevalence in this study was in fact identified
from synanthropic reservoirs, i.e. from blood samples
(livestock and pets), but it was also significantly low
in rodents, for which tissue was analyzed. Therefore,
although a sensitivity bias may exist comparing parasite
populations from tissue and blood samples, differences
observed herein are also taxa-specific.

The HI-MG mammal subgroup 2, which included
most widely-dispersing wildlife, had highest parasite
prevalence, although these parasite populations were
least successfully genotyped and hence, potentially
heterogeneous as expected, particularly least amplified
using the ME (TclIl, TcIV). Single Tcl infections were
highly prevalent in these taxa (low TcVI), a similar pat-
tern to that in triatomines. Although didelphid infec-
tions were all identified using the KDNA, parasites from
other wildlife were poorly identified using the same
marker, indicating potential of alternative haplotypes in
most wildlife. Parasite populations from humans had a
similar pattern to sylvatic wildlife, in contrast to the syn-
anthropic species, despite prevalent assumptions that
the latter are the primary source of human infection.”
Brisse and colleagues*” have discussed primer-binding
sequence polymorphisms even in Tcl culture stocks
and we interpret the low sensitivity to amplify Tcl, and
TcIA in some parasite populations (variable haplotypes)
and lack of detecting alternative Tcl subtypes, a result
of these polymorphisms.*® Triatomines have a greater
DTU and haplotype diversity, which may explain less
evidence for polymorphic populations.”

Trypanosoma cruzi infection prevalence in the syn-
anthropic and less-dispersing LI-HG reservoir group of
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domesticated mammals (livestock and pets) and rodents
(dispersal capacity <10 m) was significantly lower than
in the HI-MG. Their parasite populations were success-
fully, although not completely genotyped with current
nuclear gene markers such as the ME, and particularly
using the 24Sa, indicating greater T. cruzi homogene-
ity (similar to isolates and culture-adapted strains).
Sensitivity and specificity of 185 amplicons (561bp) for
T. cruziin the LI-HG reservoir group was low, although
its use herein has evidenced its potential to simultane-
ously amplify multiple gene-specific amplicons from
T. cruzi and other co-infecting Trypanosoma species, and
spillover of T. dionisii and T. sp. in humans and synan-
thropic reservoirs (data to be published elsewhere). No
evidence for T. rangeli or TcBat has been found in bugs,
wildlife, livestock, pets or human population in these
Mexican neotropical landscapes. Since the Rhodniini are
not autochthonous to Mexico, neither were expected in
southern Mexico, despite the brief presence of invasive
domestic R. prolixus from Central America in regions
included in this study (Nopala, Palenque).

Despite significant differences to genotype T. cruzi
populations, the proportion of TcVI and mixed TcI-TeVI
infections in the LI-HG synanthropic subgroup (live-
stock and pets) was similar to that in human popula-
tion (HI-MG). Lewis and colleagues® have suggested
that TcVI most likely originated as a result of human
activities that promoted mixing in domesticated vec-
tors, while several recent studies suggest introgression
between TcIll and TcIV prior to hybridization with TcII.>*
However, TcIIl has not been sequenced from any reser-
voir specimen in Mexico, although despite inconclusive
evidence using qPCR from two specimens from T. pal-
lidipennis,® TcIV has been previously sequenced from T.
dimidiata (unspecified haplogroup)* and in the present
study. TcII has also not been previously sequenced
from reservoirs in Mexico, and in this study we report
its presence based on a sequence from only one rodent
species Heteromys desmarestianus (Heteromydae) but not
from 36 co-collected T. dimidiata Hg2, T. dimidata Hgl
or Hg3,% or 156 other co-collected mammal specimens
(79 rodents of three species, 28 specimens of the same
species, 12 didelphids of three species, 37 bats of six
species) from the same landscape directly east of the
biogeographic barriers of the Selva El Ocote Biosphere
Reserve and the Tehuantepec Isthmus. In North America
(NA), TcII has been sequenced only from two rodent
specimens from Louisiana, USA, although that study
did not identify whether the sequences were identified
from Peromyscus gossypinus or Mus musculus.”” Identifi-
cation of Tcll in rodents in both the former and present
study and its absence in sympatric vector samples will
require further analyses to characterize association
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with the rodent taxon and potential infectious barrier
in Mexican T. dimidiata haplogroups Hgl, Hg2 and
Hg3. It is noteworthy that T. cruzi populations from
three of seven co-collected infected mammal specimens
(bats, didelphids, rodents) where Tcll was identified
in the present study, were not successfully genotyped,
although both Tcl and TcVI were identified in vectors
and other reservoirs from the same landscape.*

Secondary DTUs and regional distributions

Geographic prevalence of TcVI increases from south
to north in Mexico, similar to territorial coverage of
livestock, large-scale agriculture (and rodent pests),
and human population density, with clear geographic
shift north and northwest of the Tehuantepec Isth-
mus, an important biogeographic transition barrier in
Mexico (northern limit of the Mesoamerican region).**
Antibody-mediated lytic immune responses in domes-
ticated livestock and pets to the TcI may affect subtypes
circulating by limiting their presence in blood samples,
thereby providing an “apparently” high proportion of
TcVI in these reservoirs. These patterns could also be
related to infrapopulation interactions of T. cruzi lin-
eages within hosts, since these inter-DTU interactions
could be density and tissue dependent such that the
abundance of one parasite DTU may affect the fitness
of a co-infecting DTU, and immune-mediated interac-
tions may be temporally delayed, or dependent on
host condition.> Lower TcI prevalence in rodents and
the higher prevalence of the TcVI hybrid in multiple
rodent species (agricultural pests of Cimetidae) and in
invasive domestic species of the Muridae (Rattus rattus,
Mus musculus) may provide a continuous “sylvatic” but
synanthropic source of this hybrid DTU across modi-
fied landscapes. Lopez-Cancino and colleagues® found
that Tcl decreased proportionally between sylvatic and
domestic habitats in wildlife, although to a lesser degree
in livestock (from blood), despite consistent prevalence
in vectors in all habitats. Additionally, although certain
DTUs (such as Tcl) may have reproductive advantage
in specific vectors as indicated in the present study,
thereby reducing potential infective sources of TcVI,
other vectors may be refractory to TcVI (also TeIV and
Tcll) such as in the two vector species (T. dimidiata Hg3,
T. phyllosoma) exclusively found along the southern
Mexican Pacific coast.

TcIV has been previously identified in a cultured
T. cruziisolate from a Mexican opossum from Veracruz
state (host species and collection site not reported)>®
and one T. dimidiata specimen from Quintana Roo®
using the V1/V2 primers of 185.*> We have not iden-
tified TcIV in any of 47 didelphid specimens (four
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species) in the present study but have identified it in
two co-collected vector species. TcIV was amplified
and sequenced using all three nuclear genes, albeit
differentially according to geographic region. Two
specimens of T. pallidipennis (N=38) from Morelos
amplified TcIV using the ME, while four specimens,
one of T. dimidiata Hg2 and three of either T. dimidiata
Hg1 or Hg2 (not genotyped) from southeast Campeche
amplified using the 18S; the population from T. dimidi-
ata Hg2 also sequenced using the 24Sa. Three rodent
specimens from Morelos (N=45, Baiomys musculus,
Peromyscus melanophrys, Neotoma mexicana) co-collected
with T. pallidipennis were T. cruzi infected (kDNA), but
none of their parasite populations amplified with any
nuclear marker, and no specimen among 30 sympatric
bats were apparently infected. Similarly, although TcIV
was identified using the 18S in T. dimidiata Hg2 and
Hgl from Calakmul, Campeche, it was not identified
in co-collected Tcl and TcVI-infected livestock and pets
(21) or 32 infected wildlife specimens (from all taxa).
Curiously, of the four bugs from Campeche amplifying
TcIV using 185, three did have Tcl sequenced using ME
and one additionally had TcVI. The single specimen
(genotyped as T. dimidata Hg2) that amplified TcIV
using both 18S and 24Sa, also amplified Tcl using ME,
with identity for the IA subtype.

Present analyses highlight important heterogeneity
of mitochondrial and nuclear genes in T. cruzi popula-
tions of most natural hosts in southern Mexico and sig-
nificant differences in these parasite populations among
mammal reservoir taxa, and even among vector species.
Differential population selection is not a novel concept,
but there has been little evidence for differential selec-
tive or deselective processes among multiple reservoir
species/ taxa from landscape assemblage studies in the
continent. Current molecular tools (primers) are insuf-
ficient to detect or genotype all parasite populations
across the Mexican neotropical region, which highlights
the need for different approaches to reduce uncertainty
and analyze landscape genetics and T. cruzi transmis-
sion dynamics. Despite 10 to 200 copies of the ME gene
in the parasite genome, current primers based on the
conserved region can amplify dominant populations
in 90% of vectors, but only 60% of parasite populations
across mammal hosts. Similarly, no more than 20% of
parasite populations were amplified using primers for
either the 185 or 24Sa gene fragments, in vectors and
mammals. Independent of whether this can be overcome
by redesigning primers or fragments analyzed or using
next generation sequencing (NGS)®~” or other novel
methods,*® it is evident that most studies have under-
estimated parasite detection and diversity in mammal
reservoirs and vectors in Mexico, and perhaps in other
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regions. Reservoir-specific and regional analyses of
T. cruzi populations and haplotypes, as well as other
Trypanosoma spp. reported herein will be presented in
separate publications. Without appropriate sampling
design and improved parasite detection and genotyping
tools, however, the complexity of the parasite’s popula-
tion dynamics will continue to evade representative and
appropriate analyses which could better inform current
failure to sensitively diagnose human infections.
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