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Abstract

Background: In the Yucatén Peninsula, Mexico, Triatoma dimidiata is the main vector of Trypanosoma cruzi, the
causative agent of Chagas disease. Little effort has been made to identify blood meal sources of T. dimidiata in natural
conditions in this region, although this provides key information to disentangle T. cruzi transmission cycles and
dynamics and guide the development of more effective control strategies. We identified the blood meals of a large
sample of T. dimidiata bugs collected in different ecotopes simultaneously with the assessment of bug infection with
T. cruzi, to disentangle the dynamics of T. cruzi transmission in the region.

Methods: A sample of 248 T. dimidiata bugs collected in three rural villages and in the sylvatic habitat surrounding
these villages was used. DNA from each bug midgut was extracted and bug infection with T cruzi was assessed by
PCR. For blood meal identification, we used a molecular assay based on cloning and sequencing following PCR ampli-
fication with vertebrate universal primers, and allowing the detection of multiple blood meals in a single bug.

Results: Overall, 28.7% of the bugs were infected with T. cruzi, with no statistical difference between bugs from the
villages or from sylvatic ecotopes. Sixteen vertebrate species including domestic, synanthropic and sylvatic animals,
were identified as blood meal sources for T. dimidiata. Human, dog and cow were the three main species identified, in
bugs collected in the villages as well as in sylvatic ecotopes. Importantly, dog was highlighted as the main blood meal
source after human. Dog was also the most frequently identified animal together with human within single bugs, and
tended to be associated with the infection of the bugs.

Conclusions: Dog, human and cow were identified as the main mammals involved in the connection of sylvatic and
domestic transmission cycles in the Yucatén Peninsula, Mexico. Dog appeared as the most important animal in the
transmission pathway of T. cruzi to humans, but other domestic and synanthropic animals, which most were previ-
ously reported as important hosts of T. cruzi in the region, were evidenced and should be taken into account as part
of integrated control strategies aimed at disrupting parasite transmission.
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Background

Chagas disease, also known as American trypanosomi-
asis, is a life-threatening zoonosis caused by the para-
site Trypanosoma cruzi. It is one of the main neglected
tropical diseases (NTDs) and a major public health
problem in the Americas, where six to seven million
people are estimated to be infected with the parasite
[1]. Trypanosoma cruzi is transmitted to more than 180
mammal species (including humans) by blood-sucking
bugs called triatomines, from which 31 species are cur-
rently reported in Mexico [2, 3]. In this country, active
transmission is reported in most of the territory and
the most recent estimates suggest a national seropreva-
lence of 3.38%, suggesting that around four million peo-
ple carry the parasite in the country, and highlighting
the urgency of establishing Chagas disease surveillance
and control as a key national public health priority in
Mexico [4].

In the Yucatan Peninsula, the main vector of T. cruzi is
Triatoma dimidiata, which is one of the most widespread
Triatominae taxa with a native range extending from
Colombia to southern Mexico [5]. While T. dimidiata
may colonize houses in some regions, it also presents
an intrusive behavior in multiple regions and most par-
ticularly in Yucatan. In this region, located in southern
Mexico, it lives mainly in sylvatic ecotopes and to a lesser
extent in peridomestic habitats, but frequently enters
inside homes, on a seasonal basis, without establishing
large colonies [6—8]. In this context, vector control based
on massive insecticide spraying has limited efficacy and is
not sustainable [9, 10] while alternative strategies, based
for example on Ecohealth/One Health approaches are
giving promising results [11, 12].

Curiously, little effort has been made to identify blood
meal sources of T. dimidiata in natural conditions in
this region, although this provides key information to
disentangle T. cruzi transmission cycles and dynam-
ics, evaluate the risk of human infection, and guide the
development of more effective control strategies. In prior
studies performed in Yucatdn, generalist feeding habits
have been reported for this species, including mammals,
birds and reptiles uncovering domestic, synanthropic
and sylvactic animals in its diet, but available informa-
tion is still limited, mainly because of sample sizes and/
or sample composition and/or techniques that have been
used [13-16]. Here, simultaneously with the assessment
of the infection of the triatomine bugs with 7. cruzi, we
identified the blood meal sources in a large sample of T.
dimidiata collected in different ecotopes using a molec-
ular assay allowing for the identification of multiple
blood meals in a single bug [17-20] to better understand
the dynamics of T. cruzi transmission to humans in the
region.
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Methods

Triatoma dimidiata specimens

A sample composed of 248 T dimidiata specimens
including 237 adults (114 males and 123 females), and
11 nymphs (all fifth-instar nymphs, N5) was used.
These were collected in the field during entomological
surveillance following a pilot vector control interven-
tion during years 2013-2015 [11] in the rural villages of
Bokobd (21°0027"N, 89°1047"W), Teya (21°02’55"N,
89°0425"W) and Sudzal (20°5219”N, 88°5920"VW), as
well as using white light traps [21] in the sylvatic habitat
surrounding these villages (up to 8 km from the villages),
and composed of low and medium subdeciduous tropical
forest (locally known as “monte”). The regional climate
in the area is warm and humid, with an average annual
temperature of 26 °C and 1150 mm of rainfall [22]. Addi-
tionally, three T. dimidiata reared in the laboratory and
fed on pigeons/doves were used as controls of the whole
process described below, from extraction of the DNA
contained in bug midguts to blood meal identification.
These include one male and two N5. Detailed informa-
tion of each T. dimidiata specimen is provided in Addi-
tional file 1: Table S1.

DNA extraction and quantification

DNA from each bug midgut was isolated by using the
DNeasy Blood and Tissue kit (Qiagen, Valencia, CA,
USA), following manufacturer instructions. Purified
DNA was quantified using a BioSpec-nano Spectropho-
tometer (Shimadzu Biotech, Kyoto, Japan).

Infection of T. dimidiata with T. cruzi

Trypanosoma cruzi infection status of the bugs was
assessed by amplifying parasite DNA from each bug mid-
gut by PCR using TCZ primers [23]. Amplifications were
performed in a T100™ thermocycler (Biorad, Hercules,
CA, USA) in a volume of 20 pl containing 30 ng of DNA,
0.2 uM of each primer, and 5 pl of 2x DreamTaq Green
PCR Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA). The cycling parameters were an initial dena-
turation step at 94 °C for 10 min; 30 cycles at 94 °C (20 s),
57 °C (10 s), and 72 °C (30 s); and a 7 min final exten-
sion at 72 °C. Positive (purified T. cruzi DNA) and nega-
tive (ultrapure H,0O) controls were included for each
PCR. After amplification, PCR products were separated
by electrophoresis on a 1.0% agarose gel containing eth-
idium bromide and visualized by UV transillumination.
The PCR was considered invalid if the controls did not
give the expected results. The presence or absence of the
specific 188-bp fragment indicated the positive or nega-
tive (in absence of PCR inhibition, see below) infection
status of the bug. Additionally, the DNA of each negative
bug was tested for PCR inhibition. For this, another PCR
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was performed as described above but adding 1 pl of pos-
itive control to the reaction mixture. If the expected 188-
bp fragment was not visualized after electrophoresis of
the PCR product, the sample was classified as “inhibited”.

Blood meal detection and identification

Blood meals were detected by amplifying the DNA
extracted from each bug midgut by PCR using L1085
and H1259 primers as previously described [17-20].
These primers are universal for vertebrate mitochondrial
DNA and are designed for the amplification of a ~ 215-
bp fragment of the 12S ribosomal RNA gene [24]. PCR
amplifications were performed as above but with ~ 60
ng of DNA and 0.35 uM of each primer in the reaction.
The cycling parameters were an initial denaturation step
at 95 °C for 5 min; followed by 35 cycles at 95 °C (30 s),
60 °C (15 s), and 72 °C (30 s); and a 10 min final extension
at 72 °C. Positive (human DNA) and negative (ultrapure
H,0) controls were always included. After amplifica-
tion, PCR products were electrophoresed as described
above and the PCR was repeated if the controls did not
give the expected results. The visualization of a ~ 215-
bp fragment indicated the presence of at least one ver-
tebrate blood meal in the corresponding bug midgut.
In this case, the corresponding bug was considered as
fed and the PCR product was purified using Wizard®
SV Gel and PCR Clean-Up System (Promega, Madison,
WI, USA), quantified as above, and cloned to enable the
detection of potential multiple blood sources in a single
bug. For cloning, the p-GEM®-T Vector System (Pro-
mega) was used following the manufacturer’s instruc-
tions, using a DNA vector ratio of 3:1 in the ligation step.
Background cloning controls were included as indicated
by the manufacturer and the cloning was repeated if the
controls did not give the expected results. After transfor-
mation, we randomly selected, when available, up to eight
transformants (white bacterial colonies) per individual
bug. DNA extraction of the transformants was then per-
formed by resuspending each selected colony in 25 pl
of ultrapure H,O and heating at 95 °C for 5 min. After
DNA extraction from the transformants, the 125 cloned
fragments were re-amplified using the same primers
and conditions described above and PCR products from
each clone were purified as described above. The direct
sequencing of both strands of PCR products was then
performed (Eton Bioscience Inc., San Diego, CA, USA).
Sequences of both strands were aligned using Clustal-W
[25] provided in BioEdit version 7.2.5 [26], and corrected
in case of any discrepancy by analyzing the correspond-
ing chromatograms. Blood meal sources were inferred
by using BLAST with > 95% identity as the criterion for
a match. In each case, the species corresponding to the
highest identity was reported as the blood meal source.

Page 3 of 11

Nevertheless, in case of ambiguity between different
species, only the identification to the genus level was
reported. This occurred when (i) a sequence presented
exactly the same highest identity with different species
(belonging to the same genus) present in Yucatdn; and
(ii) a sequence presented the best identity with a species
not reported in Yucatdn, but belonging to a genus pre-
sent in Yucatdn. Moreover, when a sequence presented
the same highest identity with different species belonging
to the same genus, but only one of these was reported in
Yucatdn, only this species was reported as the blood meal
source.

To assess blood meal sources diversity, Shannon’s
diversity index (H" = — Z(ni/N)-In(ni/N)) was calcu-
lated, with ni representing the number of individuals of
species/taxon i, N the total number of individuals, and
S the total number of species/taxa [27]. Furthermore, to
estimate the richness of vertebrate species used as blood
sources by T. dimidiata in the different ecotopes, rarefac-
tion curves were elaborated using the software Past v.3.23
and Microsoft Excel.

To assess potential transmission cycles of T. cruzi para-
sites by T. dimidiata among identified blood source spe-
cies, a feeding and parasite transmission network was
constructed using Cytoscape 3.5. It allowed visualizing
the frequency of the identified feeding sources as well
as possible pathways for parasite transmission among
species when multiple blood meals were detected, since
feeding sources can be used as evidence of vector-host
contact. Nodes of the network represent the various spe-
cies identified as feeding sources, and edges link blood
meal sources that were found in the same individual mid-
gut content.

Statistical analyzes

All statistical analyzes were performed in JMP Pro 10
software (SAS Institute Inc., Cary, NC, 2013). Associa-
tions of bug development stage, sex, ecotope and locality
with T cruzi infection or blood sources were tested using
Chi-square tests or Fisher’s exact tests, considering that
test results were significant when P < 0.05. Blood meal
diversity indices were compared using a Student’s t-test
as previously described, considering that test result was
significant if P < 0.05 [28].

Results

Infection of T. dimidiata with T. cruzi

Of the 248 T. dimidiata bugs included in this study, 64
were positive for T. cruzi infection and 159 were negative,
giving an overall prevalence of 28.7% (64/223). The infec-
tion status of the remaining 25 bugs could not be deter-
mined because of PCR inhibition (25 bugs) (Additional
file 1: Table S1). The infection prevalence was 17.9%
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(10/56) in Bokobd, 37.8% (32/87) in Sudzal and 27.5%
(22/80) in Teya. Prevalence in sylvatic bugs was 30.9%
(21/68) and prevalence in bugs collected within the vil-
lages was 27.7% (43/155). The difference was not signifi-
cant (y* = 0.228, df = 1, P = 0.633). Additionally, there
were no significant differences in infection prevalence
between adult and N5 bugs [28.2% (60/213) and 40.0%
(4/10), respectively] and between sexes [males, 26.9%
(28/104); females, 29.4% (32/109)] (y* = 0.653 and 0.156
respectively, df = 1 in both cases, P = 0.419 and 0.693,
respectively).

Nutritional status and identified blood meal sources of T.
dimidiata

Of the 223 bugs which did not show PCR inhibition, 85
(38.1%) were considered as fed because a 12§ amplicon
was obtained. A greater proportion of bugs collected in
the villages were fed compared to bugs from sylvatic eco-
topes [villages: 44.5% (69/155); sylvatic: 23.5% (16/68);
x* = 8.825,df =1, P = 0.003] (Fig. 1, Table 1).

We were able to identify at least one blood meal source
in 67 bugs, i.e. approximately in 80% of fed bugs: bugs
collected within the villages (78.3%, 54/69); bugs col-
lected within sylvatic ecotopes (81.3%, 13/16) (Table 1).
Overall, 16 vertebrate species were identified as blood
meal sources for T. dimidiata. Up to three different
blood meal species per bug were identified, and multi-
ple blood meal species were found in 15/67 bugs [22.4%,
with a similar ratio for bugs collected within the vil-
lages and those collected within sylvatic ecotopes, 22.2%
(12/54) and 23.1% (3/13), respectively]. Six blood meal
species were identified from bugs collected in the local-
ity of Bokobd, 14 from bugs collected in Sudzal, and five
from bugs collected in Teya. For bugs collected within

60 - | |

T

FY
(=}
i

Fed bugs (%)
N
o

0

Villages Sylvatic ecotopes

Fig. 1 Nutritional status of T. dimidiata collected in three rural
villages of the Yucatan Peninsula, Mexico, and in the sylvatic ecotopes
surrounding these villages. Error bars represent the upper limit of

the 95% confidence interval, according to Newcombe, without
correction of continuity [29]. The asterisk indicates a significant

difference between groups ()(2 =8.825,df=1,P=0.003)
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the villages, 12 blood meal species were identified while
8 blood meal species were identified from bugs collected
within sylvatic ecotopes (Table 1). The average number
of blood meal sources per bug and the diversity of blood
meal sources identified (Shannon’s diversity index H’)
were similar between bugs collected in the villages and in
sylvatic ecotopes (average number of blood meal sources
per bug: 1.24 vs 1.25; H" 1.87 vs 1.89, respectively;
t=0.17,df =18, P> 0.05).

Among the 12 blood meal sources identified from bugs
collected in the villages, human, dog and cow were the
three most important (Table 1). Blood of at least one
of these vertebrates was found in 77.8% (42/54) of the
bugs collected in the villages (Table 1, Additional file 1:
Table S1). In this group of bugs, we also identified a
variety of other domestic animals (cat, pig and poultry),
synanthropic animals (mouse, dove and bat) and sylvatic
animals (grison and peccary). There was no significant
difference in feeding sources between bugs collected
inside and outside the households (Fisher’s exact test,
P > 0.05). As for bugs collected in the villages, bugs col-
lected in sylvatic ecotopes were mainly fed on humans,
dogs and cows, and blood from at least one of these ver-
tebrates was found in 69.2% (9/13) of the bugs (Table 1,
Additional file 1: Table S1). In this group of bugs, all
other identified blood meal sources corresponded to syl-
vatic (squirrel, frog, porcupine and deer) or synanthropic
(dove) animals. Overall, there was no significant differ-
ence in feeding sources between bugs collected within
the villages and bugs collected within sylvatic ecotopes
(Fisher’s exact test, P > 0.05). Detailed information of
blood meal sources identified in the bugs collected in
each village and ecotope is provided in Additional file 1:
Table S1. All the curated sequences obtained in this study
for blood meal source identification are provided in
Additional file 2.

Nutritional status and blood meal sources of T.
cruzi-infected and uninfected T. dimidiata

Table 2 provides the number of infected and non-infected
insects that were fed and their identified blood meal
sources. No statistical difference was found between the
nutritional status of T. cruzi-infected and non-infected
bugs [infected: 39.1% (25/64); uninfected: 37.7% (60/159);
X* = 0.034, df = 1, P = 0.854]. Interestingly, almost one
third of the bugs fed on humans were infected with T.
cruzi (27.3%, 9/22). When looking for an association
between T. cruzi infection and blood meal sources, we
found that it almost reached significance (Fisher’s exact
test, P = 0.051), while when removing blood meals taken
on incompetent hosts (frog, dove, chicken and turkey),
it reached significance (Fisher’s exact test, P = 0.019),
suggesting that some host species may be particularly
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Table 1 Nutritional status and blood meal sources of T. dimidiata collected in three rural villages of the Yucatan Peninsula, Mexico, and

in the sylvatic ecotopes surrounding these villages

Villages

No. observed/Total no. of bugs (%)

Total

No. observed/
Total no. of bugs
(%)

Sylvatic ecotopes
No. observed/Total no. of bugs (%)

PCR-inhibited bugs 18/173(10.4)

Unfed bugs 86/155 (55.5)
Fed bugs 69/155 (44.5)
Fed bugs with identified blood meal sources 54/69 (78.3)
Blood meal sources
Human (Homo sapiens) 28/54 (51.9)
Dog (Canis lupus) 13/54 (24.1)
Cow (Bos sp.) 6/54 (11.1)
Dove (Zenaida/Columba sp.) 3/54 (5.6)
Pig (Sus scrofa) 4/54 (7.4)
Mouse (Mus musculus) 4/54 (7 .4)
Cat (Felis catus) 3/54 (5.6)
Turkey (Meleagris gallopavo) 2/54 (3.7)
Chicken (Gallus gallus) 1/54 (1.9)
Bat (Artibeus lituratus) 1/54(1.9)
Peccary (Pecari tajacu) 1/54(1.9)
Greater grison (Galictis vittata) 1/54(1.9)
Squirrel (Sciurus sp.) nd
Frog (Rana sp.) nd
Porcupine (Coendou sp.) nd
Deer (Odocoileus virginianus) nd

7/75(9.3) 25/248 (10.1)
52/68 (76.5) 138/223 (61.9)
16/68 (23.5) 85/223 (38.1)

13/16 (81.3) 67/85 (78.8)

5/13 (38.5) 33/67 (49.3)
2/13(154) 15/67 (22.4)
3/13(23.1) 9/67 (13.4)
2/13(15.4) 5/67 (7.5)
nd 4/67 (6.0)
nd 4/67 (6.0)
nd 3/67 (4.5)
nd 2/67 (3.0)
nd 1/67 (1.5)
nd 1/67 (1.5)
nd 1/67 (1.5)
nd 1/67 (1.5)
1/13(7.7) 1/67 (1.5)
1/13(7.7) 1/67 (1.5)
1/13(7.7) 1/67 (1.5)
1/13(7.7) 1/67 (1.5)

Notes: The sums of the percentages of the different blood meal sources are greater than 100 because of multiple blood meal sources detected in various bugs. There
was no significant difference in blood meal sources between bugs collected within villages and bugs collected within sylvatic ecotopes (Fisher’s exact test, P > 0.05)

Abbreviations: nd, not detected

important for triatomine infection. For example, tri-
atomine infection tended to be associated with feeding
on dogs, but our sample size did not allow for a detailed
analysis of all host species.

Blood sources-T. dimidiata-T. cruzi-ecotope interactions

To further analyze blood sources-T. dimidiata—T. cruzi-
ecotope interactions and assess potential transmission
cycles of T. cruzi parasites by 1. dimidiata among iden-
tified blood source species, a feeding and parasite trans-
mission network was constructed (Fig. 2). Nodes of the
network represent the species identified as blood meal
sources, while feeding frequency on each species is indi-
cated by the size of the corresponding node. Edges link
species which are found together in multiple blood meals
within individual bugs. Since birds and amphibians can-
not carry T. cruzi parasites, they only play a role as blood
meal source for triatomines, which is indicated by dot-
ted edge connections between hosts, while the solid lines
between mammals indicate potential parasite transmis-
sion pathways. The network shows that the four main

blood meal sources (human, dog, cow and dove) were
also the only species identified in bugs collected in the
villages as well as in bugs collected in sylvatic ecotopes.
Moreover, it highlights dogs as the main blood meal
source after humans and as the most frequently identified
animal together with human within single bugs.

Discussion

The current international objective concerning Chagas
disease, set within the WHO roadmap and the London
Declaration on NTDs, is to interrupt vectorial intra-
domiciliary transmission in the Americas by 2020 [30,
31]. It is now clear that achievement of this goal will be
postponed, particularly because of the role played by
intrusive triatomine species on intra-domiciliary trans-
mission, and that innovative control strategies, based
on a comprehensive understanding of the ecology of the
vectors and of local T. cruzi transmission cycles and their
dynamics, are needed to achieve such an ambitious target
[10, 32, 33].
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Table 2 Nutritional status and blood meal sources of T. cruzi-infected and uninfected T. dimidiata

Infected bugs

No. observed/Total no. of bugs (%)

Total

No. observed/
Total no. of bugs
(%)

Uninfected bugs
No. observed/Total no. of bugs (%)

39/64 (60.9)
25/64 (39.1)
22/25 (88.0)

Unfed bugs

Fed bugs

Fed bugs with identified blood meal sources
Blood meal sources

Human (Homo sapiens) 9/22 (40.9)
Dog (Canis lupus) 9/22 (40.9)
Cow (Bos sp.) 1/22 (4.5)
Dove (Zenaida/Columba sp.) 1/22 (4.5)
Pig (Sus scrofa) nd

Mouse (Mus musculus) 1/22 (4.5)
Cat (Felis catus) 1/22 (4.5)
Turkey (Meleagris gallopavo) nd
Chicken (Gallus gallus) nd

Bat (Artibeus lituratus) 1/22 (4.5)
Peccary (Pecari tajacu) 1/22 (4.5)
Greater grison (Galictis vittata) 1/22 (4.5)
Squirrel (Sciurus sp.) nd

Frog (Rana sp.) nd
Porcupine (Coendou sp.) 1/22 (4.5)
Deer (Odocoileus virginianus) 1/22 (4.5)

99/159 (62.3) 138/223 (61.9)

60/159 (37.7) 85/223 (38.1)
45/60 (75.0) 67/85 (78.8)
24/45 (53.3) 33/67 (49.3)
6/45 (13.3) 15/67 (22.4)
8/45(17.) 9/67 (13.4)
4/45 (8.9) 5/67 (7.5)
4/45 (8.9) 4/67 (6.0)
3/45 (6.7) 4/67 (6.0)
2/45 (4.4) 3/67 (4.5)
2/45 (4.4) 2/67 (3.0)
1/45 (2.2) 1/67 (1.5)
nd 1/67 (1.5)
nd 1/67 (1.5)
nd 1/67 (1.5)
1/45 (2.2) 1/67 (1.5)
1/45 (2.2) 1/67 (1.5)
nd 1/67 (1.5)
nd 1/67 (1.5)

Notes: The sums of the percentages of the different blood meal sources are greater than 100 because of multiple blood meal sources detected in various bugs. There
was no significant difference in blood meal sources between infected and uninfected bugs (Fisher’s exact test, P = 0.051). There was no significant difference in
nutritional status between infected and uninfected bugs (y?> = 0.034, df = 1, P = 0.854)

Abbreviations: nd, not detected

Here, we identified the blood meal sources of T. dimid-
iata collected in three rural villages of the Yucatin Penin-
sula and in sylvatic ecotopes surrounding these villages,
simultaneously with the assessment of the infection of the
bugs with T. cruzi, in an effort to disentangle local trans-
mission cycles and their dynamics. The molecular assay
used allowed the identification of 16 local vertebrate spe-
cies involved in T. cruzi transmission cycles and/or the
maintenance of triatomine populations. Interestingly, we
identified four vertebrates which are reported for the first
time as blood feeding sources of T. dimidiata [13-16, 19],
i.e. Pecari tajacu (peccary), Galictis vittata (greater gri-
son), Odocoileus virginianus (deer), and Rana sp. (frog).
Additionally, the assay used allowed the detection of
multiple blood meal sources in various bugs, even if the
proportion of bugs with multiple blood meals tended to
be lower than in other studies using the same assay [19,
20]. It also allowed confirming that T. dimidiata feed on
a large variety of animals [16]. The latter, combined with
the fact that once triatomines acquire infection with 7.
cruzi, they carry the parasite life-long (as illustrated by
the infected bug for which the identified blood source
was dove, an incompetent host, see Table 2), may explain

why we could not find any statistical association between
feeding sources and infection with T. cruzi, even if we
observed that dog as feeding source tended to be associ-
ated with the infection of the bugs.

Human, dog and cow were identified as the main blood
meal sources from the bugs collected in the villages as
well as from the bugs collected in sylvatic ecotopes.
Blood of at least one of these vertebrates was found in
more than 75% of the bugs, suggesting that these three
mammals may play an important role in the connec-
tion of sylvatic and domestic transmission cycles. How-
ever, there were some differences between villages. For
instance, in Sudzal, cow was not identified as a blood
source, either from the bugs collected in sylvatic eco-
topes, or in the village. On the contrary, from the bugs
collected in the sylvatic habitat around Sudzal, which is
more conserved than the other sylvatic sites sampled and
where more sylvatic species can be observed, cow was
“replaced” by a variety of sylvatic animals, which were
not identified in the other sylvatic sites. This evidences
that the feeding behavior also depends on the local avail-
ability of blood sources and the way the sylvatic ambient
is managed by villagers.
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Fig. 2 Blood meal sources of T. dimidiata and possible T. cruzi transmission network. Nodes correspond to blood meal species identified in bugs
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The presence of human blood in bugs collected within
sylvatic ecotopes was not surprising, as human blood
has previously been detected in high proportions in syl-
vatic specimens of other triatomine species such as T.
infestans in Bolivia [34, 35], or as the main blood meal
source in sylvatic T. dimidiata in Guatemala [19]. Nev-
ertheless, since there are risks of contamination with
human DNA in studies dealing with blood host identifi-
cation [17], we added laboratory-reared triatomines fed
on pigeons, which were processed simultaneously (from
DNA extraction to sequencing) with the bugs of our sam-
ple, in order to rule out or estimate the level of possible
contamination. Six percent of the obtained sequences
(one sequence from one clone from one of the three labo-
ratory-reared triatomines) after the whole procedure cor-
responded to human instead of pigeon/dove (Additional
file 1: Table S1), evidencing some low level of contamina-
tion in spite of the extreme precaution taken in sample
handling, using highest standard clean procedures. The
detection of human blood meals in bugs collected in the
sylvatic ecotopes could be explained, as previously pro-
posed, by (i) the movement of bugs between the sylvatic

environment and the villages; and/or (ii) the intrusion
of humans into the sylvatic environment [34, 36, 37].
Here, it is worth noting that in sylvatic bugs, apart from
humans, dogs (which can accompany humans in sylvatic
ecotopes during activities such as hunting), and cows
(which are close to two of the sampled sites and can enter
deeply in the sylvatic environment), no other domestic
animals were detected, suggesting that the presence of
human, dog and cow blood is more likely due to an intru-
sion of these mammals into the sylvatic environment
than to the movement of the bugs between the sylvatic
environment and the villages. This does not question the
intrusive behavior of T. dimidiata in the Yucatdn Penin-
sula which is well described [6-8, 36—38], but suggests
that the vectors invading the villages do not come back
as deep into the sylvatic environment as the sylvatic sites
sampled in the present study, or do it in a range of time
larger than our capacity to detect old blood meal sources.
In agreement with previous estimates, T. dimidiata takes
one (at least partial) blood meal every 3-7 days in natu-
ral conditions [16]. Here, we detected up to three blood
meals within a single bug. We can thus estimate that
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feeding patterns identified through our assay reflects the
feeding behavior of each bug during the last three to 21
days before being collected. Interestingly, sylvatic blood
meal sources (peccary and greater grison) were identified
from bugs collected in the villages, likely reflecting move-
ment of bugs between sylvatic ecotopes and villages.
Nevertheless, the intrusion of these sylvatic animals into
the villages cannot be discarded.

One of the proposed hypotheses to explain the seasonal
intrusion of T. dimidiata into human settlements is a
reduction in sylvatic blood sources availability [38]. Inter-
estingly, we found that the proportion of fed sylvatic bugs
was much lower than that of bugs collected in the villages
(Fig. 1), in agreement with a previous report indicating a
rather poor nutritional status of sylvatic bugs and a lim-
ited improvement in domestic bugs [38]. This somewhat
supports this hypothesis, even if the way sylvatic bugs
were collected can bias their nutritional status as only
starved bugs are expected to fly to light traps [39].

The network built from the identification of blood meal
sources and the detection of multiple blood meals in var-
ious bugs allowed incriminating dog as the main host in
the transmission pathway of 7. cruzi to humans (Fig. 2),
as in other regions [40—46] and also in agreement with
the high prevalence of infection of this host, ranging from
9.8 to 34 % in the region [47-49]. Importantly, in the
Yucatén Peninsula, dogs have also previously been identi-
fied as a risk factor for house infestation by T. dimidiata
[11, 50]. In our network, cow, mouse, pig and cat were the
other vertebrates involved in possible transmission path-
ways to humans. Apart from cow, for which no data are
available concerning T. cruzi seroprevalence in the Yuca-
tan Peninsula, all these vertebrates have been reported as
important hosts in the region, with variable but generally
high T. cruzi seroprevalence [51-55]. We thus confirm
that all these domestic or synanthropic animals should
also be considered as part of integrated control strate-
gies. Taken together, this information strengthens the
rationale for controlling T cruzi infection in domestic
animals (dogs in particular), to manage their location,
or to control synanthropic animals as part of integrated
control interventions. Controlling 7. cruzi infection in
domestic animals can be achieved by insecticide treat-
ment [56-59] or vaccination [60, 61], while manage-
ment of the domestic animals or control of rodents can
be part of Ecohealth/One Health approaches [62, 63]. On
the other hand, the network indicated that all other spe-
cies identified played a limited role in parasite transmis-
sion to humans, even if this information must be taken
with caution and more samples are needed. Interestingly,
no bug was found to have been fed on humans together
with chicken, while the presence of chickens in perido-
mestic habitats have also been reported as risk factors
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for household infestation [11, 50, 64] in the region. This
somewhat suggests that chickens could be used in zoo-
prophylactic strategies, as birds are incompetent host of
T. cruzi. Nevertheless, at this step, this has to be taken
with extreme caution as well, as (i) chickens have been
shown as a risk factor of finding infected triatomines
in households in the region in other studies [64]; (ii) we
found in the present study bugs fed on humans and tur-
keys, another poultry; and (iii) more samples are needed
to reinforce the current conclusions. To further assess the
positive or negative effects of the management of host
community, modeling of the transmission to humans is
needed, and data provided by the present study and other
dealing with the identification of T. dimidiata blood meal
sources in the region can be used to feed models includ-
ing the hosts involved in the transmission to help assess-
ing the effects of different host community managements
on T, cruzi transmission to humans [65].

Surprisingly, no blood meals were detected from opos-
sums, which have been reported with a high T cruzi
infection rate in the region [52, 55], even if infection
through other routes such as oral (by feeding triatomines
for example) or through anal glands may also play a role
for opossums. The absence of detection of opossum in
the present study may be due to the limited number of
bugs for which blood meals were identified, which may
have limited our assessment of feeding source diversity.
In this way, the rarefaction curves constructed (Addi-
tional file 3: Figure S1) show that we were not able to
identify the complete diversity of feeding sources, par-
ticularly in the sylvatic habitat. PCR primer bias may
also occur, although we successfully amplified control
opossum DNA from Yucatdn with our primers, and
opossum has been previously identified using the same
primers [19]. A diminution of opossum populations at
the times bugs were collected could also be hypothesized.
Or, finally, for some bias we could not detect in the col-
lections, our sample may not contain bugs which live in
close association with opossums.

Analysis of additional populations of T. dimidiata,
and of the seasonal variations in feeding profiles should
provide additional information to refine local feeding
and transmission networks. Interestingly, we recently
performed an innovative study using a metabarcoding
approach based on next-generation sequencing to simul-
taneously identify blood meal sources, T. cruzi genetic
diversity, T. dimidiata genetic subgroups, and microbi-
ome composition of triatomine midguts [16]. This pilot
study, performed on a small sample of the same study
area, evidenced a very high sensitivity in blood meal
source detection (up to seven host species identified
within a single bug) and highlighted the same main spe-
cies as the present study in the hypothetical transmission
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pathways of 7. cruzi transmission to humans in the Yuca-
tan Peninsula. This kind of approach, or other based on
next-generation sequencing strategies should provide
valuable information to refine feeding and transmission
networks in the future, and understand their dynamics
[16, 66—69].

Conclusions

In the present study, we confirmed the risk of transmis-
sion of T. cruzi to humans in the Yucatdn Peninsula.
Humans were the main feeding source identified in the
bugs collected, and almost 30% of the bugs that fed on
humans were infected with T. cruzi. Dog, human and
cow were identified as the main mammals involved in the
connection of sylvatic and domestic transmission cycles.
Dog appeared as the most important animal in the trans-
mission pathway of 7. cruzi to humans, but other domes-
tic (cow, cat, pig) and synanthropic (mouse) animals,
which have previously been reported as important hosts
of T. cruzi in the region, were evinced and should be con-
sidered as part of integrated control strategies aimed at
disrupting parasite transmission.
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