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Abstract. American cutaneous leishmaniasis (ACL) is a common and important vector-borne parasitic zoonosis in
Panama. Here, we study Leishmania spp. infection rates and blood-feeding patterns among common sand flies in
Trinidad de Las Minas, a rural community with hyperendemic ACL transmission, and where a deltamethrin fogging trial
was performed. Sand flies were collected from April 2010 to June 2011 with light traps installed inside and in the
peridomicile of 24 houses. We restricted our analysis to the most abundant species at the study site: Lutzomyia trapidoi,
Lutzomyia gomezi, Lutzomyia panamensis, Lutzomyia triramula, and Lutzomyia dysponeta. We detected Leishmania spp.
infection in sand flies by polymerase chain reaction (PCR) amplification of the internal transcribed spacer region 1 (ITS-1)
in pooled females (1-10 females per pool). Host species of engorged sand flies were identified using a cytochrome b PCR.
From 455 sand fly pools analyzed, 255 pools were positive for Leishmania spp., with an estimated infection rate (confidence
interval) of 0.096 [0.080-0.115] before the deltamethrin fogging which slightly, but not significantly (P > 0.05), increased to
0.116 [0.098-0.136] after the deltamethrin fogging. Blood meal analysis suggested that pigs, goats, and birds were the most
common sand fly blood sources, followed by humans and domestic dogs. DNA sequencing from a subsample of ITS-1
positive pools suggests that Leishmania panamensis, Leishmania naiffi, and other Leishmania spp. were the parasite species
infecting the most common vectors at the study site. Our data confirm an association between sand fly species, humans,

domestic dogs, and pigs and Leishmania spp. parasites in rural Panama.

INTRODUCTION

American cutaneous leishmaniasis (ACL) is one of the most
common parasitic zoonotic diseases in Panama. Around
3,000 new cases are reported per year (60-100 new cases per
100,000 inhabitants), however, the true incidence is likely
higher due to high underreporting of cases.! According to
epidemiological reports, from 1980 to 2012, 82% of cases
come from rural, marginalized, and isolated geographical
areas in the provinces of Bocas del Toro (29%), Panama Oeste
(17%), Coclé (16%), Colon (11%), Panama Este (5%), and the
Darién (4%).2 However, changing population dynamics of
vectors and reservoirs, climate change, and land use have
been identified as important factors driving ACL incidence
dynamics.®>”’

American cutaneous leishmaniasis is transmitted by sand
flies (called “chitras” in Panama), which are associated with
heterogeneous environments with abundant vegetation and
high humidity.®~'° A variety of mammal species are reservoirs
of Leishmania spp."~'* However, Choloepus hoffmanni (two-
toed sloth) has been repeatedly identified as the main
reservoir.''* The role of domestic animals in ACL trans-
mission cycle remains unclear, however, canine infections are
common in some Panamanian rural communities.'® Leish-
mania (Viannia) panamensis is the species most commonly
isolated from human ACL lesion samples in Panama."'® The
recent implementation of molecular tools for epidemiological
studies has allowed for better characterization of potential
reservoirs and vectors involved in the transmission of para-
sites, including Leishmania spp. in ACL endemic regions.’""°
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Similarly, these tools have allowed an analysis of sand fly host
use and subsequent vector dispersion patterns; which is im-
portant in the design of vector surveillance, control, and pre-
vention programs for endemic areas.2%24

This study uses molecular methods to quantify Leishmania
spp. infection rate and blood-feeding patterns of sand flies
collected inside and around houses in the community of Tri-
nidad de Las Minas (TM), a rural community with a high in-
cidence of ACL in Panama Oeste Province.?® We specifically
compare infection rates before and after a deltamethrin fog-
ging control trial, to test whether concomitant with the ob-
served 50-80% decrease in sand fly abundance there was a
decrease in the infection rate in sand flies.?® Multivariate sta-
tistical methods were used to quantify the association be-
tween habitat use, blood sources, and infection in the five
dominant sand fly species at the study site, Lutzomyia trapi-
doi, Lutzomyia gomezi, Lutzomyia panamensis, Lutzomyia
triramula, and Lutzomyia dysponeta, which accounted for
more than 80% of all the sand flies we collected during this
study.?” The information presented here is then used to
characterize ACL transmission dynamics in rural areas of
Panama.

MATERIALS AND METHODS

Study area. Sand fly collections were performed at TM
(8°46'32"N; 79°59'45"W), a rural village located in the Capira
District, Panama Oeste Province. The village is located in a
mountainous area with an altitude of 613 m; the vegetation is
heterogeneous comprising secondary forest, farmland, grass,
and herbaceous shrubs. The main economic activity in this
area is subsistence agriculture. The climate is characterized
by a dry season between the months of December and March
and a rainy season from April to November. The annual aver-
age temperature is 25°C, with annual rainfall ranging from
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2.101 to 2.200 mm, and an average relative humidity of 80%.
The study was conducted in 24 of 128 houses present in the
community (Figure 1), a sample large enough to test the im-
pact of insecticide fogging on sand fly abundance.?® Houses
were selected based on the presence of sand flies and con-
firmation of suspected wildlife reservoirs presence by resi-
dents. In addition, in 12 of these houses an intervention with
deltamethrin thermal fogging was performed.26:27

Sand fly collection. Sand flies were collected once amonth
for 15 months with light traps (HP Equipamentos e Instru-
mentos Biomédicos Industria e Comércio LTDA, MG-Brazil).
The traps were placed inside the main room and in the peri-
domicile (not exceeding 50 m from the house center) of each
of the 24 selected houses (Figure 1). Sand fly sampling was
carried out monthly between April 2010 and June 2011. In
August and November 2010, and in January 2011 sampling at
the study was not performed because of logistic and opera-
tional constraints. The houses selected for the intervention
were fogged with deltamethrin in June 2010 and January
2011, and for the analysis, pre-fogging refers to samples
collected between April and June 2010, and post-fogging to
samples collected from July 2010 until June 2011. The traps
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were located at a height of 1.5 m and operated for 12 hours
from 6:00 pm to 6:00 am. The collected specimens were placed
in labeled plastic containers with 70% ethanol. Sand flies were
transported to the Instituto Conmemorativo Gorgas de Estudios
de la Salud where they were identified according to their mor-
phological characteristics (genitalia, antenna and cibarium)
using the taxonomic key by Young and Duncan.?® Specimens
were kept at —4°C until final processing.

DNA extraction. Female sand flies, engorged and non-
engorged, were grouped in pools of 1-10 specimens. Pools
were made by species and according to collection month and
sampling environment (domicile and peridomicile). Some of
the pools exclusively included non-engorded sand flies,
whereas the remaining pools were a mixture of engorged and
non-engorged sand flies. Each sand fly pool was placed in an
Eppendorf tube, where they were first macerated in a solution
of 180 uL of 1x phosphate-buffered saline. Next, a DNA ex-
traction was performed following the protocol from Qiagen
DNeasy Blood & Tissue (Qiagen, Germantown, MD). The
isolated DNA was stored at —20°C until further use.

Detection of Leishmania spp. infection in sand flies.
Leishmania spp. detection in sand flies was performed by
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FIGURE 1.

Geographical location of the studied houses at Trinidad de Las Minas, in Capira, West Panama, where sand flies collections were

performed between April 2010 and June 2011. This figure appears in color at www.ajtmh.org.


http://www.ajtmh.org

800 RIGG AND OTHERS

amplifying the Internal transcribed spacer region 1 (ITS-1)
with LITSR (5’CTGGATCATTTTCCGATGS3) and L5.8S
(5'TGATACCACTTATCGCACTTZ') primers, following the PCR
conditions described by Schénian et al.?® and Kuhls et al.?° As
positive control, DNA from a promastigote culture of L. (Viannia)
panamensis MHOM/PA/98/WR 2306 reference strain was used.
As negative control, we used the mix of all reagents without a
DNA template.

Blood meal analysis. Sand fly pools found positive for
Leishmania spp. infection (ITS-1 PCR) were analyzed to detect
the blood meal source. A multiplex PCR that amplifies the
cytochrome b (Cyt b) gene from the mitochondrial DNA of the
following mammals: pig (453 pb), human (334 pb), goat (132
pb), dog (680 pb), and cow (561 pb).2° Negative samples for
blood meals with this protocol were further analyzed using
universal primers of Cyt b for mammals (623 pb) and birds (300
pb), following conditions described by Fornadel and Norris.!
Amplified products by PCR were analyzed by gel electro-
phoresis in 1.5% agarose in 0.5x Tris/Borate/EDTA buffer and
visualized by ethidium bromide staining.

We verified Leishmania spp. DNA amplification using be-
tween 1 and 4 ITS-1 PCR positive pools for each of the studied
species, excluding pools that were positive for blood in-
gestion. We only considered sand fly pools without blood
contents to ensure that any Leishmania spp. DNA amplifica-
tion did not come from infected blood from vertebrate hosts
but from parasites in the sand flies. The PCR-amplified
products from these pools were purified using a QIAquick
PCR purification kit (Qiagen) and then sequenced using ITS-1
forward and reverse primers,22° with an ABI Prism 3130 x
sequencer (Applied Biosystems, Foster City, CA). Resulting
sequences were then edited and aligned using MEGA 7.0.18
(Pennsylvania State University, State College, PA).3? Then,
each DNA sequence was compared with ITS-1 DNA se-
quences available in the GenBank by performing a Basic
Local Alignment Search Tool (BLAST) search of the National
Center for Biotechnology Information Database (http://www.
ncbi.nlm.nih.gov/BLAST/). The nucleotide sequences gen-
erated from the analyzed pools were deposited in the Gen-
Bank database. Our criterion to identify DNA sequences as
belonging to a given Leishmania spp. was based on greater
than 95% sequence identity in the BLAST analysis, otherwise
DNA sequences were identified to the genus level.

Statistical analysis. Leishmania spp. prevalence for the five
dominant sand fly species at our study site was estimated for
pools collected before and after the insecticide thermal fog-
ging applications. This was performed to assess changes in
the infection rate by Leishmania spp. in the dominant sand fly
species before and after the insecticide thermal fogging. We
used the maximum likelihood estimation method developed
for unequal pool size by Farrington et al.,® which can be easily
fit with generalized linear models with a cloglog link, with
confidence intervals estimated by inverting the likelihood ratio
test.%* We used this method assuming the sensitivity and
specificity of the L. panamensis diagnostic test were nearly 1,
given that our diagnostic PCR is a common gold standard to
determine Leishmania spp. infections.” The association be-
tween the presence of a blood meal, Leishmania spp. in-
fection, trap location (peridomicile or domicile), intervention
status (fogged or control houses), the collection time with
regard to the deltamethrin fogging (pre-fogging, post first
round of fogging or second round of fogging) was analyzed

through a multiple correspondence analysis (MCA).%° A sec-
ond MCA was performed to analyze the association between
specific blood meal sources, Leishmania spp. infection and
vector species. Multiple correspondence analysis was chosen
given its ability to measure the association between cate-
gorical variables.

Briefly, information for each one of the study objects, in our
study the sand fly pools, is organized in rows forming a table
where columns are the different factors whose association
wants to be studied. This matrix then goes through a sin-
gularvalue decomposition that allows to represent the data
in two dimensions by projecting the original data into the
vectors associated with the largest singular values from the
decomposition.®® Centroids for the different levels from
the categorical variables can be plotted in simple two-
dimensional graphs where proximity between levels of
different variables allows the evaluation of their association,
which is stronger as levels from different variables lie together
but farther apart from the origin, that is, when the x and y axis
equal 0, the point where levels that associate randomly are
expected to appear.®® All analyses were performed with the
statistical software R. (University of Auckland, New Zealand).

RESULTS

A total of 5,628 individuals of Phlebotomine sand flies (23
species from the genus Lutzomyia spp., and one species from
the genus Brumptomyia spp.) were collected in the 24 houses
evaluated, 2,357 inside the houses and 3,271 in the peri-
domicile.?” Dominant anthropophilic species incriminated in
ACL transmission in Panamé& were further analyzed: Lu. tra-
pidoi (1,151 = 20%), Lu. gomezi (1,146 = 20%), and Lu. pan-
amensis (967 = 17%). The most abundant zoophilic species
were also analyzed: Lu. triramula (1,150 = 20%), and Lu.
dysponeta (490 = 8%).

From 455 pools tested, 166 pools from anthropophilic
species resulted positive by the PCR technique of the ITS-1
gene: Lu. trapidoi (89 pools), Lu. gomezi (48 pools), and Lu.
panamensis (29 pools). Meanwhile 89 pools were positive for
the most abundant zoophilic species: Lu. triramula (74 pools),
and Lu. dysponeta (15 pools). The overall Leishmania spp.
prevalence in Lutzomyia spp. before the insecticide thermal
fogging application was 0.096 (Table 1). Although the infection
rate was a little higher after the intervention, 0.116, this increase
was not significant (Table 1). Among the anthropophilic species,
Lu. trapidoi had the highest Leishmania infection rate (0.135)
prior to the insecticide thermal fogging application. Interest-
ingly, this prevalence significantly decreased to 0.033 after the
intervention (Table 1). Among the zoophilic vectors analyzed,
Lu. dysponeta presented a higher infection rate prior to the
intervention, while Lu. triramula stayed the same (Table 1).

Results from the MCA considering Leishmania spp. in-
fection, blood meal presence, and variables about the delta-
methrin fogging intervention (Figure 2A) indicated that sand fly
pools with blood were more likely to be Leishmania spp.
positive, and tended to occur more often in the control houses
than in the fogged ones. The sand fly species that were more
likely to have Leishmania spp. positive pools were Lu. trapidoi
sampled inside houses after the deltamethrin fogging and Lu.
triramula sampled in peridomiciles before the deltamethrin
fogging. By contrast, Lu. gomezi, Lu. dysponeta, and Lu.
panamensis pools were more likely to be parasite free and to
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TaBLE 1

Prevalence of Leishmania spp. infection in pools of dominant Lutzomyia spp. before and after applying two rounds with deltamethrin insecticide
fogging (6 mg a.i. m™?) in Trinidad de Las Minas, Panama

Pre-fogging Post-fogging
Species Prevalence [95% Cl] Pools Sand fly abundance Prevalence [95% CI] Pools Sand fly abundance Change
Lutzomyia gomezi (Nitzulescu) 0.022[0.010-0.040] 45 399 0.037 [0.020-0.060] 59 405 NS
Lutzomyia trapidoi (Fairchild and Hertig)  0.135[0.044-0.291] 10 36 0.033[0.022-0.046] 106 891 Decrease*
Lutzomyia panamensis (Shannon) 0.037[0.021-0.059] 49 445 0.044 [0.025-0.069] 53 405 NS
Lutzomyia dysponeta (Fairchild and 0.091[0.051-0.147] 25 193 0.040 [0.007-0.117] 18 51 NS
Hertig)
Lutzomyia triramula (Fairchild and Hertig) 0.213 [0.160-0.279] 67 622 0.209[0.123-0.323] 23 111 NS
Total 0.096 [0.080-0.115] 196 1,695 0.116[0.098-0.136] 259 1,863 NS

Cl = confidence interval; NS = nonsignificant; SF = pools and sand flies. Maximum likelihood prevalence, and 95% Cl, was estimated from pools of variable size. The number of SFs for each
estimate are also presented. The column “Change” indicates whether there were NS changes, an increase or decrease in Leishmania spp. prevalence when comparing SFs caught during the pre-
and post-fogging periods. Raw data used in this analysis is presented in Supplemental Table 1.

* Statistically significant (P < 0.05).

have no blood, especially when sampled in/around fogged
houses. These inferences are based on the proximity between
the label for the different categories in the studied variables as
observed in Figure 2A.

Table 2 shows the blood meals found in the sand fly pools by
molecular methods. Pools from all species fed on birds and
dogs. None of the Lu. trapidoi pools had blood from cows,
none of the Lu. gomezi pools had blood from goats, and none
of the Lu. dysponeta pools had blood from cows or pigs. In
accordance with their description as zoophilic species, Lu.
dysponeta and Lu. triramula did not have blood from humans.

The result from the MCA between blood-feeding sources
and Leishmania spp. infection detected by PCR is shown in

Figure 2B. Lutzomyia trapidoi and Lu. triramula were more
likely to have Leishmania spp. parasites in their pools. Lutzo-
myia trapidoi pools were mainly associated with blood meals
from dogs, birds, and humans, whereas Lu. triramula and Lu.
gomezi pools were associated with pig blood. Most pools from
Lu. panamensis and Lu. dysponeta had no blood meals or fed
on goats, and had no parasites detected by PCR. According to
the MCA analysis, pools from all sand fly species had a ran-
dom pattern with respect to not having a specific blood
source, as pools negative for most blood sources were close
to the origin (Figure 2B). A point worth highlighting here is that
some of the Leishmania spp.—positive DNA samples were
from sand fly pools without blood meals (Table 3) which
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feeding of any vertebrate species (blood, Pos = positive; Neg = negative) of the pool of Lutzomyia analyzed. The cumulative variance explained by
the two dimensions projected is 22%. (B) Consider the species Lutzomyia (Lu), PCR diagnosis of Leishmania spp. (Leish) and blood meals from the
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TABLE 2
Number of pools with different blood sources for each of the dominant sand fly species at Trinidad de Las Minas, Panama

Species Vertebrate Dog Cow Pig Human Goat Poultry
Lutzomyia gomezi (Nitzulescu) 34 7 6 14 4 0 10
Lutzomyia trapidoi (Fairchild and Hertig) 22 3 0 1 11 4 7
Lutzomyia panamensis (Shannon) 14 4 1 3 3 7 2
Lutzomyia dysponeta (Fairchild and Hertig) 11 1 0 0 0 8 2
Lutzomyia triramula (Fairchild and Hertig) 29 4 3 20 0 5 2
Total 110 9 10 38 18 24 23

indicates that parasites were associated with the sand flies
and that amplified Leishmania spp. DNA did not come from
blood meals.

BLAST analysis of ITS-1 sequences suggested the pres-
ence of L. panamensis in two pools of Lu. trapidoi (99%
identity, GenBank Accession Numbers MH195209 and
MH195212, Table 4). One of the Lu. trapidoi pools and one of
the Lu. tiramula pools suggested the presence of Leishmania
naiffi (99% identity, Accession Numbers MH195211 and
MH195205, Table 4). Lutzomyia gomezi, Lu. panamensis and
Lu. dysponeta pools had DNA that suggested infections with
Leishmania (Viannia) spp. In Lu. triramula, we also detected
Trypanosomatidae DNA that could not be identified at the
genus level.

DISCUSSION

In TM, we have observed that vector control insecticide
interventions significantly reduced sand fly species diversity
and abundance.?%27 To complement these observations, here
we evaluated Leishmania spp. infection rate and blood meals
in the most abundant anthropophilic and zoophilic Lutzomyia
spp. captured inside and around selected houses from this
community before and after deltamethrin fogging. Studies by
Arias et al.,%* Miranda et al.,®® and Silva and Castellon,® in
ACL-endemic areas of Panama, found low infection rates in
sand flies, ranging between 0 and 3%, with observations
coming from areas that have been subjected to forest clear-
ance and fragmentation, like TM. In that sense, our infection
rate results are within the range of what has been observed at
similar sites and suggest deltamethrin fogging decreased the
abundance of vectors®® but did not change the overall pro-
portion of sand flies infected with Leishmania spp. parasites.

Lu. trapidoi and Lu. gomezi were the most abundant sand fly
species inside the studied households, the presence of both
species being the major risk factor for clinical cutaneous
leishmaniasis cases in this community.2® Likewise, Lu. trapi-
doi and Lu. gomezi infection with Leishmania spp. parasites
and blood meal sources, which include domestic animals,
unidentified vertebrates, and humans, suggest an important

role in ACL transmission to humans. We think Lu. trapidoi is
the main ACL vector in TM because Lu. trapidoi sand flies
captured inside households were the most frequently
engorged with blood, suggesting an ability to feed and/or rest
after a blood meal inside rural houses, thus, increasing po-
tential contacts with humans. Moreover, Lu. trapidoi was the
species that accounted for most of the detected human blood
meals. Similar observations were made in an earlier study in
wooded areas of Limbo and Aguacate, in Central Panama,
using human baits to sample adult sand flies.®” That study also
recorded 70% of Lu. trapidoi feeding on rodents, primates,
and edentates, all species commonly infected with Leish-
mania braziliensis.®” Also, for Lu. trapidoi we observed a high
prevalence of infection with Leishmania spp. (0.135) before the
deltamethrin fogging. The prevalence significantly (P < 0.05)
decreased after the deltamethrin fogging (0.033). Nevertheless,
the net effect of the intervention suggests that the reduction in
infection could have been compensated by an increased
abundance of Lu. trapidoi after the deltamethrin fogging,2®
which has the potential to lead to similar transmission levels.586°
However, these observations require further research because
the relationship between vector abundance and transmission
seems nonlinear for ACL.® The vectorial importance of Lu. tra-
pidoi at TM is furtherly supported by the observation of
L. panamensis and L. naiffi in Lu. trapidoi pools, suggesting that
Lu. trapidoi might be the main vector involved in the trans-
mission of multiple Leishmania spp.82526:66

Meanwhile, Lu. gomezi at TM had pigs as its most common
blood source, followed by poultry and dogs, then humans.
These observations for Lu. gomezi contrast with previous re-
ports about humans being the most common blood meal
source in human residences and deforested areas, where
vegetation is sparse.”®”® This vector species has likely
adapted to new environments by altering its feeding behavior,
so that ACL transmission patterns might have concomitantly
changed. Populations of Lu. gomezi are able to bite a wide
range of vertebrates, in both domiciliary and peridomiciliary
areas, making its control complicated,?>”" and suggesting an
important role in Leishmania spp. parasite circulation among
its community of vertebrate host species, as well as vectors.

TaBLE 3
Leishmania spp. ITS-1 and blood meal Cyt b PCR ampilification in pools from dominant sand fly species at Trinidad de Las Minas, Panama

Species ITS-1 (+) Gyt b (+) ITS-1(+) Cytb () ITS-1(-) Cyt b (+) ITS-1(-) Cytb ()
Lutzomyia gomezi (Nitzulescu) 24 24 0 56
Lutzomyia trapidoi (Fairchild and Hertig) 14 75 0 27
Lutzomyia panamensis (Shannon) 11 18 0 73
Lutzomyia dysponeta (Fairchild and Hertig) 27 47 0 16
Lutzomyia triramula (Fairchild and Hertig) 9 6 0 28

Cytb =cytochrome b; ITS-1 =internal transcribed spacer region 1. (+) indicates the number of pools that have PCR ampilifications and (-) indicates the number of pools without PCR ampilifications
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TaBLE 4
ITS-1 DNA sequence BLAST analysis results

803

Sandfly species

Analyzed pools

Genbank ID code

Potential parasite species

Genbank ID code of closest sequence, parasite
species and identity (%)

Lutzomyia gomezi (Nitzulescu) 2 MH195204
MH195210
Lutzomyia trapidoi (Fairchild and Hertig) 4 MH195208
MH195209
MH195211
MH195212
Lutzomyia panamensis (Shannon) 1 MH195206
Lutzomyia dysponeta (Fairchild and Hertig) 1 MH195203
Lutzomyia triramula (Fairchild and Hertig) 2 MH195205
MH195207

Leishmania (Viannia) spp.
Leishmania (Viannia) spp.
Leishmania (Viannia) spp.
Leishmania (Viannia)
panamensis
Leishmania (Viannia) naiffi
Leishmania (Viannia)
panamensis
Leishmania (Viannia) spp.
Leishmania (Viannia) spp.
L. (Viannia) naiffi
Trypanosomatidae spp.

DQ182543.1, L. naiffi, 89
DQ182543.1, L. naiffi, 88
DQ182543.1, L. naiffi, 93
CP009396.1, Leishmania panamensis, 99

DQ182543, L. naiffi, 99
CP009396.1, Leishmania panamensis, 99

DQ182543.1, L. naiffi, 93

DQ182543, L. naiffi, 89

DQ182543.1, L. naiffi, 99

JN673400.1, Trypanosomatidae sp., 97

ITS-1 =internal transcribed spacer region 1. Analyzed pools indicates the number of pools that were sequenced, Genbank ID Code indicates the accession code for the sequences generated from
the analyzed pools. Potential parasite species indicates the most likely species based on a sequence identity. For this we identified to the species level when sequences were over 95% similar,
otherwise to the genus level. Finally, Genbank ID code of closest sequence indicates the accession number for the most similar ITS-1 DNA sequence according to the BLAST analysis, the parasite
species and identity (%) indicate the percent identity between the sequences from sand fly pools that we analyzed and the sequences in the National Center for Biotechnology Information Genbank.

By contrast to Lu. trapidoi and Lu. gomezi, Lu. panamensis
was more prevalent and with higher abundance outside
houses, in peridomiciliary areas.?” Lu. panamensis showed a
greater proportion of blood meals from goats, compared with
humans, even though it is considered anthropophilic.”>~"” The
Lu. panamensis abundance pattern, in addition to its low
Leishmania spp. infection prevalence and diversity of blood
meals, suggests a small role on ACL transmission to humans
at our study site.

Surprisingly, Lu. triramula and Lu. dysponeta, zoophilic
species, which were frequently caught in peridomiciles, were
likely infected with Leishmania spp. In Panama, these two
species are zoophilic and have been captured in peri-
domiciliary and domiciliary environments, as well as in primary
and secondary forests.'®?%78 Until now these species have
not been implicated in the transmission of Leishmania spp. in
the New World. Lutzomyia triramula belongs to the subgenus
Trichopygomyia. This subgenus is characterized by species
that are attracted to light.2® The medical importance of the
subgenus is unknown because females are not anthro-
pophilic. Nevertheless, Hashiguchi et al.”® captured Tricho-
pygomyia members using human baits in a hyperendemic
ACL area in Paraguay. However, to date, no Lu. triramula in-
dividuals have been captured using human landing catch,
raising questions about their ability to transmit ACL parasites
to humans. Interestingly, in Lu. triramula we also found DNA
likely belonging to L. naiffi, a common ACL etiologic agent in
South America,®°®2 highlighting the need to better un-
derstand the role of this sand fly as a potential ACL vector.
Although L. naiffi has never been reported in human cases
from Panama, it has been previously described infecting both
Lu. trapidoi and Lu. gomezi collected in Barro Colorado, an
island located relatively near our mainland study area.®®

The blood meal analysis of Lu. dysponeta showed goats as
the main blood source whereas Lu. triramula preferred pigs.
Thus, the significance of our findings about Lu. triramula and
Lu. dysponeta for the eco-epidemiology of the ACL in Panama
should be further investigated. Our evidence is exclusively
based on Leishmania spp. parasite DNA detection by PCR,
lacking individual based information about the blood foraging
and the confirmation of infection by metacyclic Leishmania
spp. parasites in these two sand fly species, as well as vec-
torial competence experiments.®

To further contextualize our parasite infection and blood
meal results, during the study period we found domestic dogs
to be present in almost all houses and to have seroprevalence
patterns indicative of endemic transmission'® at TM. Never-
theless, we were unable to detect or isolate parasites from
dogs,'® which does not allow us to implicate this species as a
Leishmania spp. reservoir in the studied area. By contrast, we
found high parasitemia in two-toed sloths, Choloepus hoff-
mani, from which we were able to isolate L. panamensis par-
asites, a parasite species commonly causing ACL in Panama®
and the parasite whose DNA was present in Lu. trapidoi pools,
and for which circumstantial evidence suggest a reservoir role
in TM."* All domestic animals whose blood was found in our
samples were common in the study area, as well as spiny rats
Proechymis spp.,'*2® but more definitive linkages in trans-
mission will only be possible using more specific and sensitive
tools for blood meal identification, for example, developing
next generation sequencing techniques®* that will also allow
the quantification of multiple blood sources.®®

Regarding the limitations of our study, it is important to
highlight that the probability of detecting Leishmania spp. in
engorged female is increased by the potential presence of
parasites in undigested blood. By contrast the detection of
Leishmania spp. in non-engorged females implies the pres-
ence of parasites that survived the blood meal digestion, and
which became metacyclic infective forms.8887 In this study we
did not separate engorged and non-engorged females for
Leishmania spp. detection. This might slightly change the in-
fection rates we estimated, assuming infections in positive
pools were due to engorged females with parasites in blood,
but for all species we mainly had positive pools without blood
meals (Table 3), ensuring the validity of our inferences. Our
infection estimates also have the limitation of being an ap-
proximation by coming from pools.3* For Lu. triramula it is also
important to consider that our PCR results suggested that
infection could have been also due to a non-Leishmania spp.
Trypanosomatidae, given the detection of 500-900 bp band
sizes in some pools. These sizes are unusual because Leish-
mania spp. normally amplify a 300-350-bp product with this
methodology, and it is known that ITS-1 cannot discriminate
between groups of Leishmania spp. and other trypanosomes
in a contaminated sample.®8 One possibility is that we am-
plified fragments that correspond to common protozoa
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belonging to the intestinal microbiota of sand flies.®® This
limitation about parasite identification could be overcome by
evaluating other molecular markers for Leishmania spp. de-
tection.®” Similarly, our finding of L. naiffi high identity DNA in
Lu. trapidoi and Lu. triramula pools opens questions for further
research, specially to elucidate whether this parasite species
has become an ACL etiologic agent in Panam4, and whether
L. naiffi has a complex transmission cycle where Lu. triramula
might act as a bridge vector®® between wildlife, in Brazil
L. naiffi reservoirs are armadillos, Dasypus novemcinctus, and
Dasypus kapplieri,2° species we have not observed at the
study site,’ and domestic hosts although Lu. trapidoi might
be the main vector transmitting parasites to humans as sug-
gested by the blood-feeding patterns of these two sand fly
species. Unfortunately, due to the lack of resources we did not
study infections and blood meals at the individual sand fly
level, which would have been ideal to better understand the
association between specific blood meal source species and
infection. Future studies should be focused on studying in-
fections and blood meals at the individual level, also using
more refined tools for Leishmania spp. identification to better
understand the circulation and transmission of ACL parasites
between humans, domestic, and wildlife animals.

Finally, Leishmania spp. infections were common in the five
most abundant species at our study site, which included both
anthropophilic (Lu. trapidoi, Lu. gomezi, and Lu. panamensis)
and zoophilic species (Lu. triramula and Lu. dysponeta),
highlighting the need to consider the role that blood feeding by
a community of vector species has on a community of verte-
brate host species. The synergy between these two types
of feeding behaviors might play an important role in the
transmission dynamics of leishmaniasis, for example, with
zoophilic species introducing Leishmania spp. parasites in
synanthropic environments, and anthropophilic species
spreading the infection to humans,®° highlighting the impor-
tance of the sand fly species community for the transmission
of leishmaniasis,®" something that should be studied in further
detail. In conclusion, our results furtherly support the sug-
gestion that Lu. trapidoi is the main sand fly vector species
transmitting Leishmania spp. to humans in Panama. This
species is strongly associated with humans and domestic
animals, for example, dogs,'® infected by (or exposed to) ACL
parasites, and its abundance was associated with trans-
mission to humans at the household level.?® Our results also
highlight the importance of implementing active surveillance
looking at both anthropophilic and zoophilic species, to better
understand the eco-epidemiology of ACL parasite trans-
mission. This study and our previous results,?® call for more
detailed knowledge about pesticide impacts in sand fly vector
communities, to better understand the trade-offs that might
emerge by applying insecticides, where some sand fly species
can increase their proportional and total abundance,?® as we
observed for Lu. trapidoi.
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