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Abstract

Effective control of Chagas disease vector populations requires a good understanding of the
epidemiological components, including a reliable analysis of the genetic structure of vector
populations. Rhodnius ecuadoriensis is the most widespread vector of Chagas disease in Ecuador,
occupying domestic, peridomestic and sylvatic habitats. It is widely distributed in the central coast
and southern highlands regions of Ecuador, two very different regions in terms of bio-geographical
characteristics. To evaluate the genetic relationship among R. ecuadoriensis populations in these
two regions, we analyzed genetic variability at two microsatellite loci for 326 specimens (n = 122
in Manabi and n = 204 in Loja) and the mitochondrial cytochrome 6 gene (Cyt b) sequences for
174 individuals collected in the two provinces (n = 73 and = 101 in Manabi and Loja respectively).
The individual samples were grouped in populations according to their community of origin. A
few populations presented positive A g, possible due to Wahlund effect. Significant pairwise
differentiation was detected between populations within each province for both genetic markers,
and the isolation by distance model was significant for these populations. Microsatellite markers
showed significant genetic differentiation between the populations of the two provinces. The
partial sequences of the Cyt b gene (578 bp) identified a total of 34 haplotypes among 174
specimens sequenced, which translated into high haplotype diversity (Hd = 0.929). The haplotype
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distribution differed among provinces (significant Fisher’s exact test). Overall, the genetic
differentiation of R. ecuadoriensis between provinces detected in this study is consistent with the
biological and phenotypic differences previously observed between Manabi and Loja populations.
The current phylogenetic analysis evidenced the monophyly of the populations of R. ecuadoriensis
within the R. pallescens species complex; R. pallescens and R. colombiensiswere more closely
related than they were to R. ecuadoriensis.
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1. Introduction

The hemipteran species of the subfamily Triatominae are vectors of the protozoan parasite
Trypanosoma cruzi, the etiological agent of Chagas disease. According to the latest WHO
data updated on March 2017, this disease currently affects about 67 million people, mostly
on the American continent (WHO, 2017). At least 151 Triatominae species have been
reported worldwide (Schofield and Galvéo, 2009; Justi and Galvéo, 2017) from which 16
were described in Ecuador, and at least seven are likely vectors of Chagas disease to humans
(Abad-Franch et al., 2001; Villacis et al., 2010) among which the most important Chagas
disease vectors are Triatoma dimidiata and Rhodnius ecuadoriensis. Populations of R.
ecuadoriensis are widely distributed in the central coast and southern Andean regions from
Ecuador (Villacis et al., 2010; Grijalva et al., 2015), and northern Peru (Cuba-Cuba et al.,
2002). In Ecuador these occupy domestic, peridomestic as well as sylvatic habitats (Suarez-
Davalos et al., 2010; Villacis et al., 2010), and abundant sylvatic populations can be found in
nests of the Guayaquil squirrel (Sciurus stramineus) and the fasciated wren bird
(Campylorhynchus fasciatus) in both the coastal and southern Andean regions (Grijalva and
Villacis, 2009; Suarez-Davalos et al., 2010; Grijalva et al., 2010, 2012).

Among the Triatominae, populations of the same species frequently present distinctive
phenotypic expression across their geographical distribution (Catala et al., 2005; Abrahan et
al., 2008; Hernandez et al., 2008; Dujardin et al., 2009; Schofield and Galvéo, 2009; Villacis
et al., 2010). Morphometric studies based on antennal phenotype and wing geometry of R.
ecuadoriensis demonstrated strong phenotypic differences between Manabi (central coast)
and Loja (southern Andean) provinces (Villacis et al., 2010), which correlated with
differences in size and behavior also observed between individuals from the two provinces
(Villacis et al., 2008, 2010). The results of the morphometric analysis pointed to an incipient
speciation process between the populations of these provinces and the hypothesis of
disruptive selection acting upon R. ecuadoriensiswas proposed (Villacis et al., 2010).

Molecular tools, such as mitochondrial cytochrome b gene (Cyt b) sequences and
microsatellite markers have the advantage of addressing species phylogeny and population
genetics (Mas-Coma and Bargues, 2009). Previous studies with the Cyz b of several species
of the Rhodniini tribe revealed two significant clusters, one including the species belonging
to the Rhodnius. prolixus complex (R. prolixus, R. robustus, R. neglectus and R. nasutus),
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another one clustering the species of the R. pallescens complex (R. colombiensis, R.
ecuadoriensis and R. pallescens). However other species were not clustered in any
significant group, and the complete hierarchy of species in the genus RAodnius remains to be
elucidated (Monteiro et al., 2000). Among several studies on species of the genus 7riatoma
using mitochondrial sequences, genetic structure of 7. /nfestans populations collected before
and after spraying was elucidated with Cyt 6 sequences (Quisberth et al., 2011). Moreover,
with a different mitochondrial gene (COJ), studies detected the genetic differentiation of
three Colombian T7riatoma dimidiata populations from different ecogeographical regions
(Gémez-Palacio et al., 2015). For R. ecuadoriensis, a first study based on Cyt b sequences of
some Ecuadorian and Peruvian populations (four from Ecuador and one from Peru) found
that Peruvian bugs present a markedly divergent haplotype, and suggest an incipient process
of speciation within R. ecuadoriensis (Abad-Franch et al., 2003, 2004; Abad-Franch and
Monteiro, 2005). Moreover, cytogenetic analysis of the chromosomal location of ribosomal
genes in R. ecuadoriensis populations also suggests differentiation between Peruvian and
Ecuadorian specimens (Pita et al., 2013). Nevertheless, in both studies the exact origin of the
populations of Ecuador remains elusive, so it is not known whether the Peruvian population
is distinguished from those of central coast, or southern Andean of Ecuador.

Microsatellites are short DNA sequences that are repeated in tandem at one or more
locations in the genome (Hartl, 2000). Microsatellite loci have been described for several
triatomine species: 7. dimidiata (Anderson et al., 2002), 7. infestans (Garcia et al., 2004;
Marcet et al., 2006), 7. brasiliensis (Harry et al., 2009), 7. pseudomaculata (Harry et al.,
2008a), R. prolixus (Harry et al., 2008b) as well as for R. pallescens (Harry et al., 1998;
Diaz et al., 2014). The latter were successfully assayed in individuals of other species within
the R. pallescens complex. A study of R. nasutus using microsatellites demonstrated high
genetic differentiation between two groups of specimens collected in different ecotopes
(different palm tree species in two sites with distinct abiotic features) (Dias et al., 2011). A
similar study of R. pallescens evaluated allelic polymorphism in field and laboratory
individuals (Gomez-Sucerquia et al., 2009), suggesting genetic differences between them
were due to a strong founder effect occurring in laboratory colonies. Moreover,
microsatellite markers applied to Venezuelan R. prolixus populations to understand the
house infestation process revealed a lack of genetic structure between sylvatic and domestic
ecotopes, indicative of unrestricted gene flow between the bugs in both ecotopes (Fitzpatrick
et al., 2008). Similarly, high levels of gene flow were demonstrated between wild and intra-
peridomestic populations of 7. infestansin the Bolivian Andes (Breniére et al., 2013).

In this context, the present study aimed to perform preliminary exploration of the genetic
diversity and structure of R. ecuadoriensis populations at the regional level, comparing
several communities in two provinces (Loja and Manabi) from the central coast and southern
Andean regions of Ecuador, using both microsatellites and Cyt b gene sequences as genetic
markers.
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2. Materials and methods

2.1. Geographic origin and collection of R. ecuadoriensis

The two areas studied are located in the central coast (Manabi province) and southern
Andean (Loja province) regions in Ecuador (Fig. 1). The central coast region has both
subtropical dry and tropical humid climates, a flat landscape with some low hills, and mostly
agglomerate habitat. Agriculture is the main economic activity with a predominance of sugar
cane, oranges, bananas, yucca, corn and rice. In addition, some palms such as cade or tagua
(Phytelephas aequatorialis) and coconuts are cultivated. The walls and floor of the houses in
this region are for the most part constructed with bamboo cane “cafia guadia” (Guaaua
angustifolia) or wood, the roof is commonly made of cade palm fronds, with a few made of
zinc (Black et al., 2007). The samples studied were collected in six communities, ranging
from 65 to 400 m in elevation, located in a single county (Fig. 1). In contrast, the southern
Andean region has a dry temperate climate, with high mountains and scattered habitat. The
vegetation is dominated by bushes and prickly and herbaceous plants (Sierra, 1999). The
main agricultural crops are corn, kidney beans, yucca, papaya, peanuts, bananas and coffee.
Houses are typically made of adobe walls, with a dirt floor, and the roof is made of ceramic
tile (Black et al., 2007; Grijalva et al., 2015; Nieto-Sanchez et al., 2015). The R.
ecuadoriensis specimens studied from Loja province were collected in 11 communities in
five counties (Fig. 1); these communities ranged from 710 to 1601 m in elevation (Grijalva
etal., 2015).

Triatomines were collected in domiciles (D), peridomiciles (P) and sylvatic areas (S) in both
provinces, during summer times between 2005 and 2008. In domiciles and peridomiciles,
the bugs were manually collected by two-person teams of trained field workers from the
National Chagas Disease Control Program, using the one-man-hour method as previously
described (Grijalva et al., 2005, 2011, 2015). In sylvatic areas, manual searches were
performed around the communities of Bejuco and Maconta Abajo in Manabi (Suarez-
Davalos et al., 2010) and La Ciénega, Naranjo Dulce, Santa Rosa and Galapagos in Loja
(Grijalva and Villacis, 2009; Grijalva et al., 2012, 2015). Triatomines were collected under
the collection permit numbers: 002-171C-FAU-DNBAPVS/MA and 010-IC-FAU-
DNBAPVS/MA.

2.2. DNA extraction and PCR amplification

DNA was extracted from one to three legs of R. ecuadoriensis individuals, using the
DNeasy® Blood & Tissue Kit (Qiagen, Valencia, CA, USA), following the manufacturer’s
recommendations for DNA isolation from animal tissue. The DNA concentration was
determined using a NanoDrop 1000 Spectrophotometer V3.7 (Thermo Fisher Scientific,
Wilmington, DE, USA) and stored at —20 °C.

Six previously described microsatellite markers (L3, L9, L13, L25, L43, L47), specific to R.
pallescens and recommended to R. ecuadoriensis (Harry et al., 1998) were evaluated with 70
current R. ecuadoriensis individuals and amplification conditions were modified when
necessary for optimization. These markers were amplified in a 15-ul reaction volume
containing 1.2 pul dNTPs (2.5 mM), 1.5 pl GoTag® 5% Buffer, 0.5 pl MgCl, (25 mM), 0.105
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ul GoTag® DNA polymerase ([5 u/ul] Promega®), 3.75 ul each primer (20 ng/ul reverse; 5
UM fluorescently labeled forward) and 10 ng of DNA template. Amplifications were
performed in a thermocycler (Bio-Rad, Hercules, CA, USA) with a first step at 94 °C for 5
min; followed by 30 cycles (94 °C for 30 s, the annealing temperature according to each
primer set for 30 s, 72 °C for 1 min) and a final elongation step at 72 °C for 10 min. One
microliter of PCR product mixed with 10 pl of HiDi Formamide and 0.5 pl of standard
weight marker 500 ROX™ (Applied Biosystems, Van Allen Way, Carlsbad, CA, USA) was
analyzed on an automated DNA sequencer (Applied Biosystems® 3130xL Genetic
Analyzer, Foster, CA, USA). Allele fragment lengths for each sample were determined using
GeneMapper 4.0 (Applied Biosystems®).

The Cyt b gene fragment was amplified with the primers CYTB7432F (5'-GGAC-
G(AT)GG(AT)ATTTATTATGGATC) and CYTB7433R (5" GC(AT)CCAATTCA(AG)
GTTA(AG)TAA) (Monteiro et al., 2003), using a 10-ng template of the DNA isolated from
each insect in a 25-pl reaction volume: 2 pl dNTPs (2.5 mM each), 5.0 pl 5x buffer GoTaq,
Promega® 1 ul of MgCl, (25 mM) Promega®, 0.125 pul Go Taq DNA polymerase (5 u/pl,
Promega®) and 1 pl of each primer (10 pmol/ul).

Amplifications were carried out in a thermocycler (Bio-Rad, Hercules, CA, USA) under the
following conditions: one step at 94 °C for 5 min; followed by 35 cycles: 94 °C for 30 s, 47
°C for 30 s, 72 °C for 1 min and a final elongation step at 72 °C for 10 min. PCR products
were purified with MultiScreen PCR purification plates (Merck Millipore, Billerica, MA,
USA) following the manufacturer’s recommendations. Both fragment strands were
sequenced on an automated DNA sequencer (Applied Biosystems® 3500xL Genetic
Analyzer).

2.3. Data analysis

Individual microsatellite multilocus genotypes were obtained for 326 R. ecuadoriensis
specimens. These were grouped into 17 populations according to their community of origin
(Table 1). However, only 12 collection sites had sufficient samples (at least six bugs
collected) to be considered for subpopulation analyses (Table 2). The significance of the
microsatellite genotype association between pairs of loci in the overall sample (linkage
disequilibrium) was tested using the Fstat 2.9.3.2 software (Goudet, 2001). Analysis of
genetic variability per locus, per population and per subpopulation and overall loci consisted
of following descriptive indexes estimated using Fstat: the number of alleles (Nall), the
allelic richness (aRich), which is a measurement of the number of alleles independent of
sample size, the unbiased expected heterozygosity (He) and the observed heterozygosity
(Ho). To explore deviations from Hardy Weinberg (HW) expectations within populations,
subpopulations and within each locus, the A index, which measures the heterozygote
deficit or excess, was tested after 2400 random allele permutations among individuals within
the samples using Fstat. The isolation by distance model between populations was tested by
the Mantel test using the Cavalli-Sforza and Edwards (1967) genetic distance between the
populations estimated with the R software (R Core Team, 2016). The level of geographical
genetic structuring among populations was estimated through hierarchical analyses of
molecular variance (AMOVA), with the Arlequin software v. 3.5.1.2 (Excoffier et al., 2005).
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The pairwise Fst were computed with Arlequin and differentiation between populations and
subpopulations was tested by permutation procedures of multilocus genotypes between
populations or between subpopulations (1000 permutations).

A Bayesian approach was implemented to determine the number of genetic clusters that best
fit the data set using STRUCTURE v. 2.2 (Pritchard et al., 2000; Falush et al., 2007). Several
runs with a burn-in period of 50,000 iterations, 10,000 iterations in length, with variable
genetic clusters (k = 2—-17) were carried out to identify the best assignment; this procedure
places individuals in k clusters chosen in advance and membership coefficients are
calculated for each individual in inferred clusters. The “admixture” (individuals may have
ancestry from various populations) and “no admixture” (each individual comes from one of
the k populations) models for the ancestry of individuals were applied to the set of data with
the “Allele Frequencies Correlated” option (meaning that allele frequencies in the different
populations are most probably similar) while the other parameters were left at their default
values. These models were also tested with the LOCPRIOR option, which allows clustering
by using sampling locations of individuals as prior information. This option is more
appropriate for data sets with few markers and small sample sizes. Fifteen independent runs
for each k were produced to assess the consistence of the results across runs, which is one of
the criteria to estimate the best k (Pritchard et al., 2000). The k fitting best with the current
set of data was selected using the Structure Harvester web v06.94 (Earl and VonHoldt,
2012).

The Cyt bgene fragment was obtained for a total of 174 specimens captured in 19 different
communities in Manabi and Loja. SegMan Software (DNAstar Lasergene 8, v8.1.2)
(Kleywegt, 2005) was used to assemble and align forward (F) and reverse (R)
chromatograms, and to correct them to obtain the consensus sequence for each individual.
MEGA 5 software (Tamura et al., 2011) was used to align multiple sequences and to study
the phylogenetic relationships among sequences. Standard genetic variability (haplotype
diversity, Hd and nucleotide diversity, PJ) and differentiation among sequences were
evaluated using DnaSP version 5.1 software (Librado and Rozas, 2009). The Fisher’s exact
test for testing the null hypothesis of independence of the haplotype distribution between the
two provinces or between habitats was performed with R software. The least complex
phylogenetic trees (maximum parsimony) was constructed using the program NETWORK
v.4.6.1.2 (available at http://www.fluxus-engineering.com/sharenet.htm) with the following
options: median-joining algorithm that allows nucleotide multistate characters, same weight
for each site (set to 10), epsilon factor set to the same value as the highest site weight (10) as
recommended by the program’s authors and the others option set at the default. Post
processing option (maximum parsimony calculation) was used to draw the networks
containing all the shortest trees. External rooting of the network was applied using R.
pallenscens sequence as an outgroup (accession number, KC543512).

For the construction of a phylogenetic tree, all available GenBank sequences of the
Rhoadnius genus were downloaded. Those that aligned with over at least 500 bp of our
sequences were retained, limiting the number of sequences per species to a maximum of five
different haplotypes. A total of 26 GenBank haplotypes of the Rhodnius genus were
included in the study: R. ecuadoriensis (accession numbers KC543507-510), R. pallescens
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(KC543512, FJ229359, JQ686687, JQ686684, GQ850481) R. colombiensis (F1229360,
KC543506), R. pictipes (IX273157, FJ887792), R. stali (FI887790-91, KT805172), R.
prolixus (KP126733, KC543514, EF011726, EF011723), R. neglectus (JX273156), R.
nasutus (JX273155), R. robustus (JX273158, KC543515, EF071583, EF011722). Also, two
haplotypes of 7. infestans (HQ848648, JIN0O06796) were added as an outgroup. The best-
fitting substitution model for the data set was determined using JMODELTEST 0.1 (Posada,
2008). To build the tree, the maximum composite likelihood method was used. The
reliability of the inferred tree was tested by the bootstrap resampling technique with 100
replicates.

3. Results

3.1. Microsatellite analysis and population structure

3.1.1. \Variability and Hardy Weinberg equilibrium in R. ecuadoriensis
populations—Of the six published sets of microsatellite primers recommend for .
ecuadoriensis (Harry et al., 1998), two were discarded because of inconsistent amplification
(L3 and L43), two others gave monomorphic results for a subsample of 70 individuals (L9
and L25) and were not included in the analysis, and two were polymorphic (L13 and L47).
Data from these last two microsatellite loci were analyzed for a total of 326 R. ecuadoriensis
specimens.

The overall loci amplification success was >95%, with 96.3% for L13 and 96.9% for L47.
No significant association between the two loci genotypes among the overall data and within
each population was found, a result supporting the statistical independence of the two loci. A
summary of the genetic variability per locus and population is presented in Table 1. No
private allele was registered throughout the populations for the either loci. The allelic
richness was similar for the two loci, varied from 1.6 to 4.3 for L13 (3.0 + 0.8) and from 1 to
4.6 (2.5 £ 1.2) for L47 locus. Significant deviations from HW expectations, overall loci, due
to a heterozygote deficit (positive Fs) were observed in each province (all Manabi, all Loja)
and overall specimens (all Loja + Manabi) (Table 1). When each population was analyzed
separately, three of the 17 (MBJ, LCG, and LSS) presented a significant deviation from HW
expectations due to a heterozygote deficit (Table 1). To determine if deficits in heterozygote
could be due to Wahlund effect, Fs-values were calculated per subpopulations
corresponding to collection site (a single GPS point), which presumes the smallest panmictic
unit. Only 12 subpopulations of different habitats including at least six specimens were
available from the total current sample, and none of them were in HW disequilibrium (Table
2).

3.1.2. Genetic differentiation between populations and subpopulations—For
the following analysis only 12 of the 17 community populations with ten and more

specimens were included (eight populations from Loja and four from Manabi, see Table 1).
A significant A7 value of 0.17 (p < 1074) was observed among the populations (AMOVA).
Moreover, of a total of 67 pairwise FsT population comparisons, 73.1% were significant. In
the provinces, the Fgt values between pairwise populations were also significant for 66.6%
in Manabi and 76.2% in Loja. The correlation between the geographic and genetic distance
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matrices calculated between the 12 populations, testing the isolation by distance model, was
significant (r = 0.83, p< 1073). As7 values were also calculated between the 12
subpopulations (habitats) analyzed in Table 2, and most of them were significant (73.1%).

3.1.3. Geographical and ecological genetic differentiation—A hierarchical
AMOVA procedure using the two loci and the 12 populations that included at least 10
individuals was applied, using the following hierarchies: between provinces, populations
within a province, individuals within populations and among individuals throughout the
sample (Table 3). Most of the genetic variation was assigned to differences among
individuals within the total sample (59.2% of the total variation). The variation attributed to
differences between the two geographic groups (18.3%) was significant, reflecting the
genetic differentiation among the populations of the two provinces. Moreover, although
lower, the variation attributed to differences between the populations within the groups
(4.4%) was significant (Table 3), reflecting diversity within the provinces. Considering the
12 subpopulations two types of hierarchies were evaluated grouping them according to (i)
their province of origin, and (ii) their habitat (peridomicile versus sylvatic area) (Table 4).
Significant genetic differentiation between provinces was obtained, but no between habitats.

The best model detected by STRUCTURE, with all models evaluated, to explain the genetic
structure of the total sample (including all specimens) was for a k value of 2 (Fig. 2),
indicating that all individuals could be grouped into two significantly distinct genetic
clusters. Indeed, the first cluster included most of the individuals from Loja province and the
second, most of those from Manabi; few individuals (~8%) had admixture genotypes.

3.2. Mitochondrial Cyt b gene variability in R. ecuadoriensis

3.2.1. Indices of genetic diversity in communities and provinces—Partial
sequences (578 bp) of the Cyt b gene were obtained for a total of 174 specimens of R.
ecuadoriensis from the provinces of Manabi (73) and Loja (101). As expected for
intraspecific mitochondrial sequences, no insertion or deletions, “indels” were observed.

Table 5 summarizes the genetic diversity obtained among all the sequences, within each
community and within each province. The high haplotype diversity observed within the
entire set of sequences (174 specimens) (Hd = 0.93 for 34 haplotypes identified) was quite
similar within the set of sequences from each province. The overall nucleotide diversity
expressed by the Pivalue was 0.017 ranging from 0.0003 to 0.02 among populations. The
large majority of the nucleotide substitutions were parsimoniously informative (46 of 49
variable sites). Of the 49 nucleotide substitutions, 17 (34.7%) were shared between the two
provinces. The genetic diversity was further evaluated by community for seven and four
populations from Loja and Manabi provinces, respectively, considering at least five
specimens per community (Table 5). Although more than one haplotype was observed in all
populations, haplotype diversity was highly variable among them, ranging from 0.182 in the
LSS to 0.917 in the MBJ population.

3.2.2. Geographical Cyt b haplotype distribution in Manabi and Loja

provinces—The geographic distribution of 34 haplotypes among the different
communities is presented in Table 5. Of them, seven (H01, H04, HO6-H08, H13, H16)
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comprised 70% of the 174 sequences. Most of the other haplotypes (20 haplotypes) were

detected in only one or two specimens. There were 18 Cyt b haplotypes identified in Loja
and 19 in Manabi, and only three were found in both provinces (H04, HO8 and H26). The
Fisher’s exact test revealed a significantly different distribution of the haplotypes between
the two provinces (p < 0.01).

A median joining network was constructed with all the R. ecuadoriensis sequences under
study with the option of external rooting with one sequence of R. pallescens as the outgroup
(Fig. 3). The network was composed of only two shortest trees and the topology of the two
trees did not differ. In network representations, the nodes corresponded to haplotypes or to
hypothetical sequences (median vector, mv) linking the current haplotypes; internal nodes
are assumed to be ancestral while terminal nodes are assumed to be recent (Posada and
Crandall, 2001). The position in relationship with the root in the network suggests that the
most ancestral 7. ecuadoriensis sequences would be the haplotypes H19, H16 found in
Manabi. Moreover, most of the haplotypes only found in Loja have a derivated node position
(peripheral) from the haplotypes H26 and H08, which were found in both provinces.

The sampling was selected primarily to assess the genetic diversity of R. ecuadoriensis, and
therefore was not well suited to analyze the data according to habitat. However, considering
the three communities with sufficient number of specimens collected in a single collection
site (Table 6), it was found that the haplotype distribution was significantly different
between domicile and sylvatic area in one community of Loja (p < 0.05) and not
significantly different between peridomicile and domiciles together versus sylvatic area in
two communities of Manabi (Fisher’s exact test).

3.3. Phylogenetic analysis of R. ecuadoriensis based on Cyt b sequences of the
Rhodnius genus

The sequences of the 34 haplotypes identified in this work were aligned with 26 GenBank
sequences of nine Rhodnius species including the four sequences of R. ecuadoriensis
available in GenBank and two sequences of 7. infestans selected as the outgroup. The best
model of evolution for this data set was Hasegawa-Kishino-Yano with discrete gamma
distribution and the | option (HKI + G + ). All 34 haplotypes obtained here clustered with
the four R. ecuadoriensis sequences previously deposited in GenBank with a bootstrap of
100% (Fig. 4). This cluster included the haplotypes HO7 and H22 that differ clearly from the
others. At the upper level of the tree, two significant clusters were observed, the first
included R. ecuadoriensis, R. pallescens and R. colombiensis, corresponding to the R.
pallescens complex, the second included the species of the R. prolixus complex: R. robustus,
R. neglectus, R. nasutusand R. prolixus. The two other species that were included in the
analysis, R. pictjpes and R. stalithat belong to the R. pictipes complex, clustered together
with a lower bootstrap value of 81%. Within the R. pallescens complex, R. pallescensand R.
colombiensis were more closely related than they were to R. ecuadoriensis.

4. Discussion

Transmission of 7rypanosoma cruzito humans is a complex phenomenon that involves
interplay between the parasites, vectors, reservoirs and humans. Environmental factors, type
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of dwelling and other anthropogenic factors play important roles in the creation of optimal
conditions for disease transmission (WHO, 2002; Black et al., 2007; Grijalva et al., 2010;
Ocafia-Mayorga et al., 2010; Nieto-Sanchez et al., 2015).

The rural areas in the southern Andean region of Ecuador are among the poorest in the
country; most people live in substandard housing, under conditions that influence the
presence of vectors indoors in Chagas endemic areas. This context combined with reports of
widespread infestation in sylvatic areas (Grijalva et al., 2012) and frequent reports of re-
infestation after control intervention (Grijalva et al., 2015) indicate a need for monitoring
effectiveness of vector control in this province. A similar situation probably occurs in
northern Peru where R. ecuadoriensis has been reported, in an environment and human
habitat conditions that are very similar to Loja (Cuba-Cuba et al., 2002).

In Manabi the situation is quite different. The presence of R. ecuadoriensis is mostly
reported in the sylvatic and peridomestic habitats and not indoors (Suarez-Davalos et al.,
2010; Grijalva et al., 2011). The socioeconomic level is higher than in Loja, dwellings are
modest, with guadla cane walls, giving little opportunity for insects to hide and the common
palm roofs are increasingly replaced with zinc. Nevertheless, the peridomestic areas offer
abundant microhabitats for triatomines. The molecular evidence presented here, although
preliminary, indicate that gene flow is likely occurring between domestic/peridomestic and
sylvatic habitats within Manabi (see below). In this context, vector transmission is more
likely caused by occasional incursions of triatomines in the domestic habitat rather than
vector—human contact with established colonies inside the house.

4.1. Genetic variability, panmictic unit and spatial structuring of R. ecuadoriensis
populations

The analysis herein performed is based on two microsatellite loci and sequences of a single
gene; therefore the results must be interpreted cautiously.

The first step of the analysis was to determine the panmictic unit within R. ecuadoriensis
through analysis of microsatellite data. When the individuals were grouped in populations
according to their community of origin, pooling bugs captured in different habitats
(domestic, peridomestic or sylvatic), most of the populations were in HW equilibrium, but
the absence of rejection of the null hypothesis may be due to the low number of loci applied.
Nonetheless, with only these two loci, HW disequilibrium were detected in the overall
sample and in a few communities of both provinces, all due to heterozygote deficit, and
probably caused by Wahlund effect. Interestingly, the analysis of subpopulations composed
of individuals captured at a single collection site did not reveal any HW disequilibrium. This
result shows that the panmitic unit may be at the individual structure/house level rather than
at the community, as previously observed for other species of triatomines (Marcet et al.,
2006; Breniére et al., 2012).

The second step was to explore the genetic differentiation between the two provinces, which
was clearly supported by the results of both microsatellite and Cyt 6 sequence analyses. The
hypothesis of regional genetic differentiation of R. ecuadoriensis is supported by previous

observations of several phenotypic differences between the populations of Loja and Manabi
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(Villacis et al., 2010) which includes the high differentiation of wing shape, considered a
characteristic determined by genetic factors (Dujardin et al., 2009). In addition, the behavior
traits of these regional populations are very different; in Manabi R. ecuadoriensis is more
associated with sylvatic habitat, while in Loja this species tends toward domiciliation
(Grijalva et al., 2005, 2015). A speciation process between the two geographical populations
may be proposed to the extent that it is supported by a genetic differentiation between these
populations in addition to several contrasting morphological and biological properties.

4.2. Origin of R. ecuadoriensis and dispersion

According to the nucleotide diversity measurement for Cyt b, gene fragments showed that ~.
ecuadoriensis exhibits a similar genetic variability (P/=0.017) than wild 7. infestans (Pi =
0.014), although the sample of the latter species was from a larger geographic area (Waleckx
et al., 2011). However, if including samples considering the complete geographical
distribution of R. ecuadoriensis (i.e. from Esmeraldas (northern Ecuador) to northern Peru
(Cuba-Cuba et al., 2002)), the genetic diversity of the species could be significantly
increased. The phylogenetic tree including the available sequences species of Rhoadnius,
shows a clear clustering of R. ecuadoriensis and distinction from the rest of the species.
Consistent with previous reports, R. ecuadoriensis shares common ancestry with 7.
pallescens and R. colombiensis (Diaz et al., 2014), although R. ecuadoriensis reflects higher
divergence from the other two species. The geographic distribution of R. ecuadoriensis is
limited to the Pacific region, separated from R. pallescens and R. colombiensis by the Andes
in Colombia and Panama. The divergence time of R. ecuadoriensis from the two other
species was estimated to have occurred in the late Miocene period (~11 to 7 Mya) (Diaz et
al., 2014).

The genetic diversity within a species is greater in ancestral populations than in more recent
ones, and measuring the genetic diversity across the species distribution can help determine
its origin (Avise et al., 1987; Emerson et al., 2001). In this sense, the current data shows a
similar genetic diversity among Manabi and Loja populations, but the Manabi sample was
spatially limited to only one county (Portoviejo) and the Loja sample was more
geographically extended, including all the counties of this province. Moreover, the
relationship between the haplotypes was explored through the construction of a network
using R. pallescens as outgroup. Indeed, its topology favored the hypothesis that the Manabi
populations were more ancestral than those from Loja. Indeed, the majority of Loja
haplotypes are derived by a few mutations from 2 haplotypes (H26, H08) found in both
Manabi and Loja. The divergent haplotype (HO7) found only in Loja, differed substantially
from the other haplotypes. Interestingly, this divergent haplotype was only found in two
communities (LHY and LEX), located close to each other (7 km) in the same valley. One
hypothesis to explain this divergent haplotype is a possible earlier wave of dispersion from
Manabi to Loja (by birds or mammals) followed more recently by other waves (by human
and others). Expanded sampling could help define whether there are intermediate haplotypes
between HO7 and the others observed and also determine the actual distribution of this
haplotype, or if it is limited to this valley.
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4.3. Population genetics and ecology of R. ecuadoriensis populations

Genetic markers as well as phenotypic markers have been proposed to analyze movements
of triatomines between habitats. In the present study, although the topic was explored, the
available samples only allowed us to partially address this question. The populations
collected in domiciles and sylvatic areas in Loja were genetically differentiated; this is in
agreement with a situation of ancient colonization, and posterior restriction of gene flow
between domestic and sylvatic habitats, from which genetic drift has been the main process
for differentiation. In Manabi, the populations of these two habitats were not genetically
differentiated, which would suggest that active gene flow occurs among them, probably
through sporadic incursion of sylvatic populations to peridomiciles and domiciles. However
the limited number of samples could be affecting these results, which should be reevaluated
with a larger sample set including more sites of each habitat type with enough individuals
collected per site.

Finally, we recommend additional collections of R. ecuadoriensis over its entire distribution
area, including samples from Peru, to conduct population genetic studies at a major
geographic scale. Also in the future, additional markers must be introduced: new
microsatellites are needed for R. ecuadoriensis, and genes previously used such as the
mitochondrial ones CO/ and the large subunit ribosomal-16S RNA gene (LSUrRNA) or
nuclear ones such as D2 region of the 28S nuclear RNA can be further considered (Monteiro
et al., 2003; Calleros et al., 2010; Breniére et al., 2017). Therefore, additional studies should
be conducted in Peru to better understand the distribution and ecology of endemic triatomine
species and to further implement an integral and coordinated vector control program
considering specific heterogeneity.

4.4. Conclusion

The current results showed that R. ecuadoriensis populations are highly structured in space
(significant genetic differentiation between communities), in both provinces evaluated. This
means that, like other triatomine species, the panmictic unit could be limited to triatomine
colonies. The results support the hypothesis of genetic differentiation between the Manabi
and Loja population previously proposed after the observations of biological and
phenotypical differences. The differentiation between the provinces could be explained by
geographic distance. The idea of an incipient speciation process between populations of
these two provinces remains open. Finally, to improve the knowledge of the R. ecuadoriensis
genetic structure, ad-hoc designed sampling is required to guide fieldwork.
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Fig. 1.

Lc?cation of samples. Map of Ecuador (in box) and location of the communities where the ~.
ecuadoriensis were collected in the central coast (Manabi province) and southern Andean
(Loja province) regions. The codes in the maps indicate the communities. Manabi province:
MBJ, Bejuco; MCA, Cruz Alta; MJM, Jesus Maria; MMB, Maconta Abajo; MNA, Naranjo
Adentro; MZP, Zapallo, MLE, La Encantada. Loja province: LAB, Algarobillo; LAH,
Ashimingo; LBR, Bramaderos; LCG, La Ciénega; LEX, La Extensa; LGL, Galapagos; LHY,
El Huayco; LND, Naranjo Dulce; LSS, Santa Rosa; LST, Santa Ester; LTR, Tuburo, LLM,
El Limon.
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Deltak = mean(|L"{K)|) / sd(L(K)) b L{K) (mean +- SD)
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Fig. 2.
Result of STRUCTURE analyses. a) Delta K value (Delta K = mean ((|L” (K)|)/SD(L(K)))

plotted for K values from 1 to 17 in Structure Harvester software for R. ecuadoriensis. b)
Mean of estimated Ln probability of data, plotted for K values from 1 to 17 in Structure
Harvester software for R. ecuadoriensis. ¢) Bar plot estimates of membership coefficients for
each R. ecuadoriensisindividual, in each of two inferred clusters (k = 2; best fitting with the
current set of data). Each individual in the data set is represented by a single vertical line,
which is partitioned into different colored segments representing the individual membership
estimate in each of the inferred clusters. The current bar plot is one of those obtained with
the admixture model and the prior location option, the other options being left as default.
Each number in the bar plot correspond to one population: 1, LAB; 2, LAH; 3, LBR,; 4,
LCG; 5, LEX; 6, LGL; 7, LHY; 8, LND; 9, LSS; 10, LST; 11, LTR; 12 MBJ; 13, MCA; 14,
MJIM; 15, MMB; 16 MNA,; 17, MZP.
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a  Root (R pallescens)

R. ecuadoriensis

HO7

Fig. 3.
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Cyt bgene median joining network. The network was resolved from 34 haplotypes found in
R. ecuadoriensis collected in two provinces (Manabi and Loja) and two haplotypes of R.
pallescens used as the outgroup. Black circles are median vectors (mv) that are hypothesized
sequences not found in the sample and required to connect the existing haplotypes. The
other cycles are nodes corresponding to one haplotype found in the current data set; their
size is proportional to the number of haplotypes that form the node. Blue nodes are
haplotypes of R. pallescens, green and orange nodes are R. ecuadoriensis haplotypes from

Manabi and Loja, respectively. a) General figure of the network; b) enlarged figure that

shows only the R. ecuadoriensis haplotypes.
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__ R. pallescens complex

R. pictipes complex

— R. prolixus complex

Cytochrome b gene phylogenetic analysis using maximum likelihood method. The analysis
includes the current R. ecuadoriensis haplotypes (from Loja and Manabi provinces) and
GenBank sequences of Rhodnius genus with their accession number. The alignment was 578
bp long and the analysis included 62 nucleotide sequences. The best model of evolution for
this data set of sequences was Hasegawa-kishino-Yano with a discrete gamma distribution
and the I option (HKI + G + 1). The values next to the branches represent the percentage of
trees in which the associated sequences clustered together (only values N 75% are shown).
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Table 6
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Cyt b haplotype distribution of Rhodnius ecuadoriensis collected in different habitats in two communities in
Manabi and one in Loja provinces.

Haplotype

Loja Manabi

LCG MBJ MMB

HO1
H02
HO3
HO04
HO05
H08
H09
H10
H11
H13
H14
H15
H16
H17
H18
H19
H21
H23
H24
H26
H27
H28
H29
H30
H31
Total

w o o o olog
o o NN P lW;

12 16 8 4 17 6 2 16

p-Value for Fisher Exact test (D/S) 0.035
p-Value for Fisher Exact test (P + D/S) 0.83 0.43

Habitats from where the specimens were collected, peridomicile (P), domicile (D) and sylvatic area (S); see Fig. 1 for the localization of the

communities.
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