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Abstract.

A novel method using vector blood meal sources to assess the impact of control efforts on the risk of

transmission of Chagas disease was tested in the village of El Tule, Jutiapa, Guatemala. Control used Ecohealth
interventions, where villagers ameliorated the factors identified as most important for transmission. First, after an initial
insecticide application, house walls were plastered. Later, bedroom floors were improved and domestic animals were
moved outdoors. Only vector blood meal sources revealed the success of the first interventions: human blood meals
declined from 38% to 3% after insecticide application and wall plastering. Following all interventions both vector blood
meal sources and entomological indices revealed the reduction in transmission risk. These results indicate that vector
blood meals may reveal effects of control efforts early on, effects that may not be apparent using traditional entomolog-
ical indices, and provide further support for the Ecohealth approach to Chagas control in Guatemala.

INTRODUCTION

Triatoma dimidiata is the most important Chagas insect
vector in Central America, and to interrupt Chagas transmis-
sion, a main goal of the Central American Control Initiative
(IPCA) is to reduce T. dimidiata domiciliary infestation,'
although the traditional approach of application of residual
insecticides has shown mixed results in Central America. In
some localities it has successfully reduced infestation; how-
ever, in other localities insects rapidly reappear in houses
after insecticide application.>* A new Ecosystem approach to
human health (Ecohealth) has been proposed as a more sus-
tainable method of control, where the communities actively
participate in ameliorating the conditions identified as most
important in Chagas transmission.*”

Transmission of Chagas disease is dependent on a complex
set of biological, environmental, sociological, and economic
factors. House construction plays a particularly important role.
First, houses are often constructed using forest materials,
which, if they contain insect vectors, introduce the vectors into
the domicile. Second, many rural houses have characteristics
that make them attractive to the insect vectors. Cracks and
crevices in the walls or clutter provide ideal hiding places, and
the dust from dirt floors is used by some species as camouflage
and often harbors eggs.® Indeed, unplastered or deteriorated
plastered walls and poor hygienic conditions have been shown
to be the most important out of many factors in predicting
T. dimidiata house infestation in Guatemala.” We believe that
encroachment and deforestation reduces sylvan blood meal
sources and replaces those with human and domestic animal
blood sources, which could support a higher insect density.

Traditionally, entomological indices have been used to
assess the effects of vector control efforts. Because other fac-
tors besides simply the presence of vectors in the houses influ-
ence transmission (e.g., whether the vectors are feeding on
humans or are infected with the parasite Trypanosoma cruzi,
the causative agent of Chagas), we decided to test whether
vector blood meals could be an indicator of the effectiveness
of control efforts on the transmission risk. The purpose of this
study is to test if the Ecohealth intervention reduces the risk of
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transmission of Chagas disease to humans by examining
changes in the feeding patterns of vectors. We compare this
novel assessment method to the traditional method of moni-
toring entomological indices. This article is a companion paper
to Lucero and others,® which addresses how the Ecohealth
intervention limited triatomine reinfestation in another village
within the same study area.

MATERIALS AND METHODS

Study design. We evaluated a new integrated Ecohealth
intervention to determine its effectiveness in reducing the risk
of Chagas transmission to humans by assessing changes in
vector blood meals and compared this assessment to tradi-
tional entomological surveys. We applied the Ecohealth inter-
vention to homesteads in El Tule, Jutiapa, Guatemala during
four periods between 2004 and 2009, with a final assessment
in 2011. Our approach consisted of four sequential interven-
tions conducted in two phases: Phase 1 (2004-2006) included:
1) an initial insecticide application, followed by 2) wall plas-
tering. Phase 2 (2008-2009) included: 3) “cementing” the dirt
floor in the bedroom and 4) moving the domestic animals
outside of the houses and into wire pens. A fifth intervention,
5) educating the community about Chagas disease and its
vector, was ongoing throughout the study (Figure 1). More
details of the intervention may be found in Monroy and
others*®; we compared the feeding patterns of the insect
vectors to traditional entomological surveys to measure the
transmission risk before and after each phase. We then con-
ducted final entomological and vector blood meal surveys
(in 2011) to assess long-term effects of interventions.

Study site, environmental and sociological surveys, and
insect vector collections. The Ecohealth intervention was
implemented in 90% of the houses in the village of El Tule,
Quesada, Jutiapa, Guatemala (14°19'35" N 90°01'46” W) in
two phases, 2004-2006 and 2008-2009. EI Tule is rural, largely
agricultural with small areas of remnant dry forest, and a
Spanish-speaking Ladino population that, although it is mixed
Mayan-European, has lost the Mayan cultural practices. Some
families’ relatives work in the United States, and therefore
have more resources for house improvements.

At the start of phase 1, before any intervention, all home-
steads were surveyed where homeowners gave permission
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Ficure 1. Decrease in the percentage of Triatoma dimidiata feed-
ing on human blood (clear bar) and infected with the parasite (black
bar) after the interventions. Arrows indicate the timing of the differ-
ent interventions. Results of the statistical tests that showed signifi-
cant differences between years can be found in Table 2.

(~90% of the houses in the village). The condition of the
house, e.g., interior walls, floor, and roof construction, as well
as living conditions, socio-economic status, animals within the
house, and knowledge of villagers about Chagas disease and
its insect vector were collected and recorded on standardized
surveys. For the purposes of this study a house was classified
as “at risk” for colonization if it had at least one indoor
unplastered wall or plastered wall in poor condition. Follow-
ing the house classification, 7. dimidiata was collected inside
houses (intradomiciliary) and in the areas surrounding the
houses (peridomestic) by the traditional person-hour method
(usually two people searching for half an hour per home-
stead). All insect vectors were placed in individual labeled
vials and taken back to the laboratory at the University of
San Carlos, Guatemala. Entomological indices were calcu-
lated following the World Health Organization (WHO)
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FiGure 2. Decrease in the percentage of Triatoma dimidiata feed-
ing on pig (grey), dog (grid), and rodent blood (black) after the
interventions. Arrows indicate the timing of the different interven-
tions. Feeding on birds (clear) did not change significantly. Results of
the statistical tests that showed significant differences between years
can be found in Tables 2.
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FiGure 3. Decrease in the number of blood sources found in
Triatoma dimidiata after interventions. Percentage of 7. dimidiata
containing > 1 blood source (black), one (grey), or no detectable
blood source (clear). Arrows indicate the timing of the different
interventions. Results of the statistical tests that showed significant
differences between years can be found in Table 3.

recommendations for Chagas vectors’: Infestation index =
([number of infested houses/number of houses investi-
gated] x 100); intradomiciliary infestation index = ([number
of infested intradomiciles/number of intradomiciles investi-
gated] x 100); peridomiciliary infestation index = ([number
of infested peridomiciles/number of peridomiciles investi-
gated] x 100); colonization index = ([number of houses with
triatomine nymphs/number of houses investigated] x 100);
and density index = ([number of triatomines captured/number
of houses examined] x 100).

The insect vectors were preserved at room temperature in
95% ethanol/5% glycerol (2004 and 2006) or directly frozen
at —20°C (2008, 2009, and 2011) for later DNA isolation.

Interventions. Phase 1 (Figures 1-4): Following the
searches (latter part of 2004 into early 2005), all houses
and peridomestic areas were sprayed with the insecticide
Deltametrin (5% water-soluble powder at 25 mg of active
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FiGure 4. Decrease in entomological indices <-infestation and X-
density (x107") after interventions (P < 0.01). Arrows indicate the
timing of the different interventions. Results of the statistical tests that
showed significant differences between years can be found in Table 3.
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ingredient per m?) by staff from the Guatemalan Ministry of
Health.> Villagers then improved their walls (2005-2006) by
plastering them to cover cracks and crevices, thus eliminating
hiding places for the insect vectors. The plaster was made
from local materials (sand and clay). To assess the effects of
insecticide application and wall improvements, a search for
T. dimidiata in all houses and peridomestic areas was
conducted in 2006 and 2008 as described previously and the
vectors’ blood meals and infection with 7. cruzi determined.

During phase 2 (Figures 1-4) villagers “cemented” their
bedroom floor using mostly local materials. They covered the
dirt floor with a mixture of volcanic ash, lime, and soil, and
then a layer of sand containing a small amount of cement was
used to seal the surface. The municipality provided transpor-
tation of the local materials to the houses. Once the floors
were cemented, chicken wire was supplied to the villagers
and they were asked to remove all domestic animals from the
house. Many villagers built outdoor wire pens to house the
chickens or other animals.

In 2009 and 2011 all houses and peridomestic areas were
again searched for 7. dimidiata to assess the results and
long-term effects of all the interventions.

Determination of 7. cruzi infection and blood meals
present in insect vectors. To determine the presence of differ-
ent blood meals and 7. cruzi in the T. dimidiata specimens, we
extracted DNA from the last two segments of the abdomen
from third stage nymphs through adults following the manu-
facturer’s protocol (DNeasy Blood and Tissue kit, Qiagen,
Inc., Valencia, CA). For years in which > 36 specimens were
collected (2004, 2006, and 2009, Table 1) we randomly
selected 7. dimidiata specimens for blood meal analysis and
T. cruzi testing. In 2008 and 2011, all specimens were tested.

The presence of different blood meals in 177 7. dimidiata
was assessed using polymerase chain reaction (PCR).!® We
tested for blood from humans, pigs, birds, rodents (primers
amplify mouse and rat in one PCR reaction), dogs,''™"* and
opossums (Walker J, personal communication) in individual
PCR reactions. Samples that were negative for all seven PCR
reactions (7. cruzi and six blood meals) were “spiked” with
T. cruzi DNA to test for PCR inhibition, and none showed
inhibition (data not shown). For the positive controls, human
DNA was extracted from dried human blood spots on filter
paper, pig and chicken meat was purchased commercially,
rodent and opossum tissue was obtained from dead specimens
donated by villagers, and the University of San Carlos of
Guatemala Veterinary Hospital provided discarded dog tissue.

The DNA was extracted from these samples according
to manufacturer’s instructions (DNeasy Blood and Tissue Kit,
Qiagen, Inc.).

The presence of 7. cruzi in the extracted DNA was assessed
by PCR in 177 T. dimidiata as in Reference 14, except we used
primers TCZ1 and TCZ2" in this study. All PCR assays
included a positive control (DNA extracted from the abdo-
men of a microscopy positive T. dimidiata specimen) and a
negative control (water); all control reactions gave the
expected results. Amplified products were visualized by aga-
rose gel electrophoresis followed by UV transillumination.

Statistical analysis. A logistic regression was used to model
the odds of T. dimidiata infection with T. cruzi, and the odds
of bugs having fed on a specific blood meal source (six in
total) using the command glm in R.'® Year was used as the
explanatory variable, and the proportion of bugs infected, or
blood-fed with a specific source, was the response. The
assumption of over dispersion was evaluated, and if found, a
quasibinomial option was used to model the relationship
between the mean and the variance.'”

Because the database was used for multiple comparisons
(T. cruzi and the six blood sources) we used the Bonferroni
correction, and considered a corrected P value < 0.01 as indi-
cating statistical significance.

We used a proportion test in R to determine if there was
a significant difference among years in the proportion of
“at risk” houses, the entomological indices, and the number
of blood sources.'® A y? test was used to study the associa-
tion between each blood source and infection with 7. cruzi
in the bugs.

For the rodent blood meals we used a Fisher exact test (JMP
ver. 9, SAS Institute, Inc., Cary, NC) between years, because
the zero result in 2009 interfered with the logistic regression.

RESULTS

There was a high level of participation as most villagers
implemented the Ecohealth changes (plastered their walls,
cemented their floors, and removed the animals from the
houses). This is reflected in a statistically significant reduction
since 2004 in the percentage of “at risk” houses (Table 1).
The number of chicken coops increased during the study
because the construction of wire coops was promoted as part
of the project; therefore, there was a significant reduction
in the percentage of chicken coops “at risk” for harboring

TaBLE 1

Survey and collection information

Year

2004 2006 2008 2009 2011
Houses Surveyed, n 214 197 223 231 200
% “at risk” Houses 38.8 22.8% 17.9% 17.8%* 20.5%
Chicken coops, n nd nd 60 164+ nd
% “at risk” chicken coops nd nd 16.7 3.7% nd
Insects collected, n 90 127 36 65 5
Insects used for blood meal and 37 (41) 44 (35) 36 (100) 55 (85) 5 (100)

Trypanosoma cruzi analyses, n (%)

Female, n (%) 12 (32) 5(11) 6 (16) 10 (18) 1(20)
Male, n (%) 14 (38) 4(9) 10 (28) 13 (24) 1 (20)
Nymphs, n (%) 11 (30) 35 (80) 20 (56) 32 (58) 3 (60)

*P < 0.01 compared with baseline (2004).
+P < 0.01 compared with 2008.
nd = no data.
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TABLE 2

Logistic regression results indicating the years that showed statistically significant differences (P < 0.01) in the odds of Triatoma dimidiata feeding

on human, pig, or dog, or infected with Trypanosoma cruzi*

Model Deviance; df The odds of T. dimidiata feeding on human in: Parameter estimate (OR) Confidence interval
1 173.79; 171 2008 vs. 2004 0.05 0.003-0.26
2009 vs. 2004 0.13 0.03-0.4
2008 vs. 2006 0.05 0.003-0.27
2009 vs. 2006 0.14 0.04-0.42
The odds of T. dimidiata being infected with 7. cruzi in:
2 186.57; 171 2006 vs. 2004 0.17 0.05-0.47
2009 vs. 2004 0.21 0.08-0.53
The odds of T. dimidiata feeding on pig in:
3 188.92; 171 2009 vs. 2004 0.23 0.07-0.65
2008 vs. 2006 0.18 0.05-0.55
2009 vs. 2006 0.18 0.06-0.48
The odds of T. dimidiata feeding on dog in:
4 237.30; 171 2009 vs. 2004 0.21 0.08-0.51
2009 vs. 2006 0.20 0.08-0.46

The probability of 7. dimidiata feeding on mice is different between:

2008 vs. 2004
2009 vs. 2004
2008 vs. 2006
2009 vs. 2006

Fisher’s exact test

*The probabilities of T. dimidiata feeding on mice were compared with Fisher’s exact test, and the years that showed statistically significant differences (P < 0.01) are shown.

df = degrees of freedom; OR = odds ratio.

T. dimidiata (Table 1). The number of bugs collected in the
village decreased drastically in 2011 (Table 1).

Blood meal analysis revealed a reduction in the risk of
human transmission by a statistically significant decrease in
the percentage of T. dimidiata feeding on humans in 2008 and
2009, in comparison to 2004 (Table 2). This reduction was
evident following phase 1 interventions (Figure 1). Human
blood was not found in any of the five bugs collected in 2011.

Before the interventions, 7. dimidiata had fed on all ver-
tebrates tested (Figures 1 and 2). Dog blood was found most
frequently, followed by human, pig, bird, and rodent, the
latter four with about the same frequency. Opossum blood
was also found at a very low frequency. Following all inter-
ventions, there was a decrease in all vertebrate blood
sources except birds. This reduction was significant follow-
ing phase 1 interventions for all vertebrates except birds
(Figure 2, Table 2). In the small number of bugs found and
tested in 2011, dog blood was still the most frequent blood
meal (3 of 5 bugs); bird, rodent, and opossum were found
with equal frequency.

A statistically lower prevalence of 7. cruzi infection in the
vectors is also evident following all interventions (Figure 1);
there was a significantly lower prevalence in 2006 compared
with 2004 (Table 2). None of the five bugs collected in 2011 was
positive for 7. cruzi. The absence of T. cruzi in the T. dimidiata
specimen was significantly correlated with the presence of
human blood (P < 0.01). No other blood meal source showed a
significant association with the presence or absence of 7. cruzi.

The number of different blood sources found in a single bug
also decreased throughout the study period (Figure 3). A
decrease in the frequency of multiple blood sources was sta-
tistically significant (Table 3) and was accompanied by an
increase in the frequency of bugs with no detectable blood
sources (Figure 3).

Entomological indices also decreased with the interven-
tions (Figure 4). Initially 9.3% (20 of 214) of the houses were
infested and this dropped to 5-7% between 2006 and 2009,
and finally to 1.5% (3 of 200) in 2011. Of importance, both
domestic and peridomestic infestation were reduced. How-

ever, the infestation index reduction was only significantly
different between 2004 and 2011 (P < 0.001, Table 3). Although
the interventions resulted in a reduction in all entomological
indices except colonization, these reductions were not statis-
tically significant except for the density index (P < 0.001,
Table 3). The majority of the houses remaining infested are
the ones where the homeowners did not make improvements,
although overall infestation was reduced even in unimproved
houses (data not shown).

DISCUSSION

Our results show that the Ecohealth intervention is effec-
tive in reducing the risk of transmission of Chagas disease to
humans as measured by a significant and sustained reduction

TaBLE 3
Years showing statistically significant differences (P < 0.01) in
numbers of blood sources found in Triatoma dimidiata and
entomological indices by proportion test*

Years showing significant

differences: d, %2, df
T. dimidiata containing no 2006 vs. 2009 -0.32,12.54,1
detectable blood source:
T. dimidiata containing 2004 vs. 2008 -0.34,7.71,1
1 blood source: 2006 vs. 2008 -0.35,9.11, 1
2006 vs. 2009 -0.27,7.00, 1
T. dimidiata containing 2004 vs. 2008 0.48,15.26, 1
> 1 blood source: 2004 vs. 2009 0.49,20.84, 1
2006 vs. 2008 0.58,24.24,1
2006 vs. 2009 0.59,32.22,1
Infestation index: 2004 vs. 2011 0.08,10.68, 1
Density index: 2004 vs. 2006 -0.22,19.78, 1
2004 vs. 2008 0.26,34.48,1
2004 vs. 2011 0.40, 89.26, 1
2006 vs. 2008 0.48,100.83, 1
2006 vs. 2009 0.36,55.27, 1
2006 vs. 2011 0.62,168.93, 1
2008 vs. 2011 0.14,20.89, 1
2009 vs. 2011 0.26,49.93, 1

*d = magnitude of the difference; df = degrees of freedom.
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in vectors feeding on humans, in 7. cruzi infection prevalence
in vectors, and in house infestation.

The impact of phase 1 interventions in reducing human—
vector contact, clearly shown by vector blood meal analyses
(Figure 1), would have been missed if only entomological
indices were measured because most reductions in these indi-
ces were not significant until 2011 (Figure 3). This is impor-
tant as most Chagas control programs are designed and
evaluated based on infestation indices. Although these indices
are an important piece of information, several studies have
shown that they can be subject to substantial error'®!® and
do not always correlate with T. cruzi infection in humans.>*?!
It will be important in future triatomine control programs
to include other measures of epidemiological risk, such as
presence of human blood meals and the spatial analysis of
reinfestaion patterns Lucero and others,® in addition to tradi-
tional entomological indices. The lack of early reduction in
the entomological indices after phase 1 could perhaps be
caused by surviving eggs hatching, because they are not sus-
ceptible to insecticides. Furthermore, the high mobility of this
species®® (Stevens L, unpublished data) could mean transient
movement from the unimproved houses and peridomestic
environments to the improved houses.’

The sustained reduction in infestation over the entire study
is significant because many studies conducted in Central
America and southern Mexico show that, without other inter-
ventions, 7. dimidiata frequently reappears in houses after
insecticide application, sometimes at pre-insecticide treat-
ment levels.>** This is likely because persistence of even
residual insecticides in houses is limited perhaps to as little as
4 months,** probably less in the exposed peridomestic envi-
ronment,” which serves as a reservoir for domestic insects.2’

The reduction in human-vector contact and domiciliary
infestation is likely caused by removal of hiding places for
the vectors and improved houses now refractory to insects.*
Previously, vectors could proliferate to high levels inside the
house with abundant blood sources provided by domestic
animals,?’ but removing the animals from the houses reduces
the blood sources available. Outdoor wire pens lack hiding
places for the bugs making it easier for the chickens to
catch the bugs, which may explain the reduction seen in
peridomestic infestation; and, in turn, reduces the popula-
tion that can reinfest the houses.?® Even the ~20% of unim-
proved houses that remain “at risk” for 7. dimidiata enjoy
some risk reduction, which may be caused by the decreased
number of vectors village-wide as seen in the reduced density
index. The reduction in 7. cruzi infection prevalence in
the vectors may be correlated with a shift from feeding on
mammals, which support 7. cruzi replication, to birds, which
cannot support replication.?®

Previous studies identified human blood as a common food
source for T. dimidiata in the domestic environment, and an
important food source in peridomestic environments: 63.7%
of bugs collected indoors and 21.9% of bugs collected out-
doors in an endemic area of Costa Rica®; 37.7% of bugs
collected outdoors in Chiriqui, Panama’’; 30.6% of bugs col-
lected indoors in Santa Rosa, Guatemala®’; and 87.5% of bugs
collected indoors and 25% of the bugs collected outdoors in
Veracruz, Mexico.>! We detected human blood in almost 40%
of bugs at the beginning of this study, and this was reduced
considerably (< 10%) after the control interventions. These
data suggest that 7. dimidiata will often take human blood

when it’s available, and that the interventions have success-
fully reduced human-vector contacts. Preliminary results
from studies currently being carried out in Chiquimula,
Guatemala, showed no 7. cruzi infection in children 5 years
of age or younger, in five villages where only about 3% of
T. dimidiata had fed on humans and about 12% are infected
with T. cruzi (Monroy and others, unpublished data). This
suggests that keeping human—vector contacts under a cer-
tain threshold could prevent parasite transmission to
humans. Indeed, a recent study suggests that reduction of
domestic infestation of 7. dimidiata to < 8% correlates with
interruption of transmission to humans.?!

Blood meal sources also provide valuable information for
understanding the movement and epidemiological impor-
tance of populations of triatomines. As described previously,
T. dimidiata found in peridomestic environments contained
human blood, indicating bug movement between houses and
peridomestic environments. Domiciliary Triatoma infestans
populations showed a wide range of human blood prevalence
in South America, ranging from 15.4% to 91.7%.%* In con-
trast, other species like peridomestic Triatoma longipennis did
not contain human blood, therefore was not considered epi-
demiologically important.** Recently, human blood meals
were detected in sylvan Triatoma rubida and Triatoma
protracta in the United States,®* therefore it is now necessary
to investigate transmission risk for humans in this region.
Various factors such as season, developmental stage, and vec-
tor density, may affect the feeding patterns of vectors, thus it
would be important to monitor blood sources at different
times of the year if blood sources are to be used to evaluate
control programs,**=33%-3

Although there was a significant decrease in vectors
containing dog blood meals, dogs remain an important reser-
voir animal in Guatemala, as they are elsewhere®”; the
majority of the blood meals found before the interventions
were dog, and even after the interventions nearly 30% of
vectors had fed on dog. Usually houses have many dogs and
there is no breeding control. Future interventions should
address reducing the dog population by spaying or neutering.
Other authors have suggested that dogs could be used as
sentinels or as “bug lethal traps” by “applying lotions or
insecticide impregnated collars.”*

Another important result is the increase in the proportion
of bugs where no blood sources were detected after the inter-
ventions (among the ones tested). This may suggest that the
population is experiencing a worsening nutritional status and
this could negatively affect the fecundity of females. In a
controlled experiment, 7. infestans females living in huts with
the fewest hiding places had smaller blood meals and this
lowered their survival and fecundity.*!

In summary, our results show further evidence of the
effectiveness of the Ecohealth intervention in reducing
transmission of Chagas disease in Guatemala. A reduction
in human-vector contact after just insecticide spraying and
wall plastering, evident by vector blood source analysis,
would have been missed by traditional entomological indi-
ces. The sustainability of this approach is evident as 2 years
after the last intervention; entomological indices remain
significantly below levels before the interventions. We rec-
ommend monitoring vector blood sources in addition to
entomological indices to understand the true transmission
risk of Chagas disease. A similar approach should be useful



VECTOR BLOOD MEALS DEMONSTRATE ECOHEALTH CONTROL 643

for understanding the epidemiology and control of many
other vector-borne diseases involving hematophagous vectors.
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