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Abstract
The increasing rate of biological invasions resulting from human transport or human-mediated
changes to the environment have had devastating ecologic and public health consequences. The
kissing bug, Triatoma infestans, has dispersed through the Peruvian city of Arequipa. The
biological invasion of this insect has resulted in a public health crisis, putting thousands of
residents of this city at risk of infection by Trypanosoma cruzi and subsequent development of
Chagas disease. Here we show that populations of Tria. Infestans in geographically distinct
districts within and around this urban center share a common recent evolutionary history although
current gene flow is restricted even between proximal sites. The population structure among the
Tria. Infestans in different districts is not correlated with the geographic distance between districts.
These data suggest that migration among the districts is mediated by factors beyond the short-
range migratory capabilities of Tria. Infestans and that human movement has played a significant
role in the structuring of the Tria. Infestans population in the region. Rapid urbanization across
southern South America will continue to create suitable environments for Tria. Infestans and
knowledge of its urban dispersal patterns may play a fundamental role in mitigating human
disease risk.

Keywords
Triatoma infestans; Chagas disease; vector; population genetics; genetic structure

*CORRESPONDING AUTHORS: Dustin Brisson, Department of Biology, University of Pennsylvania, 433 S. University Ave.,
Philadelphia, PA 19104, USA; dbrisson@sas.upenn.edu; Michael Z. Levy, Department of Biostatistics and Epidemiology, Center for
Clinical Epidemiology and Biostatistics, University of Pennsylvania School of Medicine, 714 Blockley Hall, 423 Guardian Drive,
Philadelphia, PA 19104, USA; mzlevy@mail.med.upenn.edu.

Data Accessibility
Microsatellite data generated in this study have been deposited to DRYAD and are accessible under doi:10.5061/dryad.25gn8

Author Contributions
The authors participated in the discussions that conceived and developed this study. J A-J, K B-M, V Q-M, and M L organized the
field work; E F, J H and C K generated and analyzed the molecular data; E F, M L, and D B interpreted the results and led the
manuscript writing; E F, C K, M L, and D B contributed with edits.

NIH Public Access
Author Manuscript
Mol Ecol. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
Mol Ecol. 2013 October ; 22(20): 5162–5171. doi:10.1111/mec.12471.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Invasive species can have devastating ecologic, economic, and public health consequences
(Vitousek et al. 1996; Wilcove et al. 1998; Sala et al. 2000; Sax et al. 2005; Hooper et al.
2005; Pimentel et al. 2005). Anthropogenic activities have been responsible for species
introductions through transportation to novel environments, habitat degradation and
fragmentation (Tews et al. 2004; MacDougall & Turkington 2005), and the creation of novel
landscapes such as urban environments (Grimm et al. 2008; Walsh et al. 2011). Rapid
environmental alterations affect species differently; some species gain competitive
advantages and thrive while others become locally extinct (Strayer et al. 2006; Barbosa et al.
2010; Morris 2010). The ramifications of anthropogenic action can be amplified beyond the
initial impact by synergistic and cascading effects of new species interactions that
exacerbate the impact on the community structure (Strayer et al. 2006; Scherber et al. 2010).
For example, the disease-causing microbes vectored by an arthropod may expand into novel
habitats due to the altered ecologies of the hosts, the microbes, or the vector itself (Mott et
al. 1978; Lounibos 2002; Tompkins & Gleeson 2006; Suzan et al. 2009; Schaffner et al.
2009). Consequently, the population dynamics during the initial invasion and subsequent
dispersal can be imperative to public health risk management (Crowl et al. 2008). In this
study we examine the colonization pattern of Triatoma infestans, the primary vector of
Chagas disease, in and around the city of Arequipa, Peru.

The Chagas disease system in Arequipa, Peru is ideal to study the dynamics of a recent
invasion. The relatively recent establishment of Tria. infestans into the city of Arequipa
(Bayer et al. 2009) has led to the transmission of Trypanosoma cruzi, the etiologic agent of
Chagas disease, among domestic animals and humans (Levy et al. 2006; 2007; Bowman et
al. 2008; Levy et al. 2011; Hunter et al. 2012). Currently, many thousands of residents of
this city are at risk of contracting Chagas disease (Levy et al. 2006; Bowman et al. 2008).
The emergence of Chagas disease in urban areas further emphasizes the public health
importance of studies investigating the dynamic processes of invasion, colonization, and
spread of disease-causing agents in urban systems.

Tria. infestans disperses actively by walking or flying as adults, although both occur over
short spatial distances (< 2 km). Further, only adults in a low nutritional status or without
access to blood meals are likely to use flight as a dispersal mechanism (Ceballos et al. 2005;
Richer et al. 2007). The habitats created by the rapid development and abundant sources of
blood from domestic animals and humans make the areas surrounding downtown Arequipa
hospitable for an expanding population. Tria. infestans can also be dispersed passively
through human travel and transportation of goods. Assisted by anthropogenic activities,
Tria. infestans can travel much longer distances than it can by walking or flying.

The combination of active and passive dispersal can have dramatic effects on the population
structuring of the insects. It is possible that Tria. infestans dispersed in Arequipa through a
natural range expansion to progressively reach all of the areas in which it is currently found.
Alternatively, Tria. infestans could have arrived through sporadic, longer-range migration
events from the surrounding regions and subsequently spread through the city. Gene flow
mediated only by natural walking or flying migrations of short distances should result in a
pattern of isolation by distance (IBD). Passive, long-range migrations would lead to patterns
of genetic diversity less strongly correlated with geographic distance, and perhaps more
related to heavily traveled pathways.

In the present study, we used a population genetic modeling framework to assess the
migratory history of recently established populations of Tria. infestans in Arequipa, Peru.
We used microsatellite data to address broad but overlapping hypotheses. Specifically we
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sought to address if the Tria. infestans populations in the region are geographically
structured or form one large interbreeding population, and if the extent of gene flow among
populations is correlated with geographic distance. Each of the hypotheses leads to a distinct
population genetic pattern under an idealized model, which when compared to the
empirically observed pattern, can be used to infer the routes of dispersal. Spatial patterns of
genetic diversity within populations are indicative of the origin, evolutionary history, and
population dynamics, and allow the reconstruction of a population’s migratory history
(Sakai et al. 2001; Gaudeul et al. 2011; Sloop et al. 2011; Bronnenhuber et al. 2011). Our
results provide vital information about the dispersal patterns of a vector species that has put
thousands of people at risk for infection with Tryp. cruzi.

Methods
Description of the study site

Arequipa, the second largest city in Peru, is located in the southern region in the foothills of
the Andes Mountains (inset of Fig. 1). Arequipa has recently experienced an influx of
migrants, many of whom live in rudimentary houses on hills surrounding the original urban
center (Schuurman 1986; Paerregaard 1997). These houses, constructed primarily of stacked
volcanic stone and bricks without mortar, are highly suitable habitat for Tria. infestans
(Levy et al. 2006).

Sample Collection
Tria. infestans were collected between 2004 and 2009 from seven districts in the Arequipa
region (Fig. 1, specific years and geographic coordinates in Table S1). Cayma, Mariano
Melgar, and Paucarpata are urban districts in downtown Arequipa, Sachaca and Characato
peri-urban districts at the edge of the city and La Joya and Quequeña are rural districts. The
geographic distance between districts ranges from 1.8 km to 41 km (Table 2). The rural
districts are separated by a rock-covered desert that have few or no vectors. The urban
districts are connected by a continuous urban landscape with known vector populations.
Peri-urban districts are separated from the urban districts by farmland.

Tria. infestans were collected during a recent vector control campaign in which vector
control specialists applied deltamethrin to the interiors and exteriors of over 80,000 houses.
Bugs that were flushed out by the insecticide were collected and later placed into individual
tubes that were subsequently stored at -20 °C. Approximately 30 infested houses were
chosen at random from each district and one insect was selected at random from among all
the bugs collected from each selected house. Some districts had slightly smaller or larger
sample sizes. Each sample was uniquely geocoded. The history of efforts to control Tria.
Infestans in the region is complex. The current campaign is probably the first coordinated
effort in the urban and peri-urban districts. La Joya was previously sprayed in 1996
{Delgado:2011ep}; there was possibly an undocumented control campaign in Quequeña in
the 1980s. All districts in the study are currently under surveillance in the post-spray phase
of the Ministry of Health’s control campaign.

Genetic data
DNA was extracted from two legs of each bug following the insect tissue protocol with
extended lysis time from the Qiagen DNEasy Blood and Tissue Kit. A group of 13
microsatellites was chosen from a set of well-characterized markers (Table S2; (Garcia et al.
2004; Marcet et al. 2006). All microsatellite markers were amplified using PCR according to
reaction conditions detailed in Table S2 using a fluorescently tagged forward primer (ABI
dyes: 6-FAM, PET, VIC, or NED). Negative controls were run with each PCR reaction to
guard against cross-contamination. Fragment sizing of the fluorescently tagged PCR product
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was done at the DNA Sequencing Center at the University of Pennsylvania (Applied
Biosystems 3100 capillary sequencer and GeneMapper). All allele size electropherograms
were visualized in PeakScanner (ABI), and any peaks that were ambiguous were rerun until
clear peaks were obtained.

Population genetic analyses
The genetic diversity within each district was quantified by the mean number of alleles per
locus, the average gene diversity over all loci, and the inbreeding coefficient, FIS. The mean
observed heterozygosity and mean expected heterozygosity assuming Hardy-Weinberg
equilibrium were calculated by averaging over all 13 loci. All calculations were performed
in Arlequin v3.5 (Excoffier et al. 2005; Excoffier & Lischer 2010). A test of global linkage
disequilibrium across all possible pairs of microsatellite markers was conducted using
FSTAT v2.3.9.2 (Goudet 1995). The statistical significance level of all tests was adjusted for
multiple comparisons (Bland & Altman 1995; Abdi 2007).

Population genetic structure was assessed using four methods. The FST values between each
pair of districts and the Analysis of Molecular VAriance (AMOVA) (Excoffier et al. 1992)
were calculated in Arlequin. The proximity to downtown Arequipa was initially used to
define the regional groups in AMOVA analyses such that urban districts (CA, MM, PA)
were grouped separate from rural districts (CH, LJ, QU, SA). Post-hoc analyses using
alternate regional groupings identified by genetic structure analyses were also generated.
Statistical significance was determined by comparison to values generated from 10,000
permutations and adjustments for multiple comparisons when appropriate.

Cluster analyses were performed using the Bayesian clustering algorithm implemented in
STRUCTURE v2.3.2 (Pritchard et al. 2000; Falush et al. 2007; Hubisz et al. 2009),
assuming correlated allele frequencies, admixture, and no location data as a prior. Six
iterations of the data were performed at each K = 2–15, the number of genetic clusters, with
100,000 Markov Chain Monte Carlo (MCMC) iterations and a 25% burn-in. STRUCTURE
output was extracted using STRUCTURE HARVESTER (Earl & vonHoldt 2011),
processed with CLUMPP (Jakobsson & Rosenberg 2007) to find the optimal alignment and
remove “label-switching” differences of the six iterations, and plotted with Distruct
(Rosenberg 2004). The Evanno method was used to calculate ΔK to infer the optimal
number of clusters given the data (Evanno et al. 2005).

Isolation By Distance (IBD) was tested between districts and between pairs of individuals.
District-level IBD was tested by comparing the FST matrix and the geographic distance
matrix (both in Table 2) using a Mantel test with 1,000 permutations (Sokal & Rolf 1995;
Peakall & Smouse 2006). IBD at the individual level was tested by comparing the matrix of
pairwise geographic distances using GenAlEx (Peakall & Smouse 2006) between all pairs of
individuals to either the matrix of genetic distance values calculated in GenePop (Raymond
& Rousset 1995; Rousset 2008) (a statistic that approximates F/(1-F), (Rousset 2000)) or the
matrix of pairwise codominant genetic distances (GenAlEx). Mantel tests of both genetic
distance matrices against the geographic distance matrix as well as the natural log of
geographic distance, which has been shown to improve the linearity (Rousset 1997), were
performed in R (R Development Core Team 2012). The Mantel statistic was based on the
Pearson’s product-moment correlation and significance of each Mantel test was determined
by 10,000 permutations (Sokal & Rolf 1995).

Spatial autocorrelation was performed and visualized using Mantel correlograms in
PASSaGE v.2 with 42 distance classes of equal distance (Rosenberg & Anderson 2011).
Both genetic distance matrices (approximation of F/(1-F) and codominant genetic distance)
were tested against geographic distances. The pairwise codominant genetic distance matrix
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was also used in a principle coordinates analysis in GenAlEx following the procedure
described by Orloci (1978). The centroid of each district and its standard error were
calculated and plotted in R to assess differentiation among districts.

Results
The 13 microsatellite loci were in linkage equilibrium and were sufficiently polymorphic to
be informative in population genetic analyses. The number of alleles at each locus ranged
from 4 to 11 and the mean number of alleles per locus was similar among districts (Table 1).
Interestingly, the majority of alleles were found in most districts indicating a recent shared
evolutionary or migratory history among districts. Significant departure from Hardy-
Weinberg equilibrium was found in all seven districts as a consequence of considerable
heterozygote deficiency. The districts showed statistically significant inbreeding (FIS > 0, p-
val < 0.001) indicative of population substructure within each district. The global FIS for all
of the districts combined was 0.39571, showing statistically significant substructure in the
total population as well (Excoffier 2007).

Gene flow among districts has been appreciably restricted resulting in significant population
genetic structure among even very proximal districts (Table 2). Nearly all (20 out of 21) of
the pairwise comparisons indicated significant Fst after correction for multiple comparisons.
Only the districts of Sachaca and Cayma did not have significantly different frequencies of
alleles (p=0.00554, a value greater than the value adjusted for multiple comparison
p=0.00238). The pairwise FST values between these two districts and each of the other
districts were also relatively low. Quequeña, a rural district about 20 kilometers from the
city, appeared to be the most genetically distinct with relatively high FST values in all
pairwise comparisons. Surprisingly, the most geographically distant district, La Joya, had
low FST values when compared to the districts downtown. The year samples were collected
did not have a measurable effect on population genetic structure among districts (Fig. S2).

The genetic differentiation among districts was also evident in principal component analyses
(PCA, Fig. 2). Each district was centered in a distinct area of the PCA space and no two
districts occupied the same area with one exception; the genetic diversity from the bugs
sampled in Cayma and Sachaca, districts near downtown separated by 10.3 km, were
similarly described in the first two axes of the PCA. These two districts also did not
demonstrate statistically significant population genetic differentiation (Table 2). The
contiguous districts, Mariano Melgar and Paucarpata, occupied distinct locations in the PCA
space despite their geographic proximity. Interestingly, the genetic diversity in La Joya was
similar to most other districts despite being geographically remote. The district of Quequeña
was the only district that occupied two locations in the PCA space which correspond with
the two distinct communities in the district: a northern, more recently established
community near a thoroughfare and an isolated southern community founded centuries ago.
The genetic diversity in the samples collected in the more connected community was similar
to that in other districts, while the diversity in the samples collected in the older isolated
community was distinct in terms of its placement in PCA space.

Results from the AMOVA analyses confirmed that, despite the significant population
genetic differentiation, the majority of the genetic diversity was found within each district
(Table 3). However, significant genetic variation was found among the districts within
groups regardless of the ‘regional’ groupings of districts in AMOVA analyses. The
significant differences among districts were driven by the differences in the frequencies of
alleles suggesting current limits to gene flow but a recent shared history among districts.
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The difference among districts in the frequency distribution of alleles was evident at all
population clustering levels in STRUCTURE analyses (Fig. 3). Although the majority of the
clusters were found in most districts, the most frequent population cluster differed across
districts as did the frequencies of minority clusters. Those districts in the city center
(Paucarpata and Mariano Melgar) were similar to each other at all values of K. The peri-
urban districts (Sachaca, Cayma, and Characato) differed slightly in both composition and
frequency of population clusters from the downtown areas, especially at low values of K.
The rural districts are the most distinct from the city center (La Joya and Quequeña),
although La Joya was much more similar to the urban districts.

The district of Quequeña was consistently different from the other districts at all values of
K. The insect population was predominantly composed of individuals assigned to a unique
cluster corresponding to the two sampling locations within the district. Two of the other peri
urban districts, Sachaca and Characato, also have geographically distinct communities and
similar internal geographic genetic structuring (Fig. S3). The internal substructure in these
communities was not sufficient occupy two locations in the PCA space. Although the
optimal value of K=4, as determined by the Evanno ΔK method, was not significantly more
likely by the log-likelihood ratio test (Fig. S1), similar patterns were observed at most values
of K.

The population genetic structure inferred from the genetic data does not follow a simple
isolation by distance (IBD) model at all spatial scales. At course between–district scales,
geographic distance was not correlated with genetic distance (r = -0.0001, R2 = 0.000128).
Similarly, the geographic distance matrix describing the distance among individuals was not
significantly correlated with either the F-statistic matrix (Mantel r = 0.1071, p < 0.0001) or
the codominant genetic distance (Mantel r = 0.1497, p < 0.0001). However, there is
significant spatial autocorrelation at distances less than 5 km with the strongest correlations
at very short distances (Fig. 4). No spatial autocorrelation was detected at distances greater
than 5 km (r ≈ 0).

Discussion
Biological invasions have devastating ecologic, economic and public health consequences,
and in many cases are due to the unprecedented movement of human populations and
human-mediated changes in environmental landscapes (Vitousek et al. 1996). The kissing
bug, Tria. infestans, has recently colonized the Peruvian city of Arequipa likely due to the
rapid urbanization of the surrounding areas (Bayer et al. 2009). The biological invasion of
this insect has resulted in a public health crisis, putting thousands of residents of this city at
risk of infection by Tryp. cruzi and necessitating a large and expensive vector control
campaign. Our analyses show that insect populations in the districts within and around this
urban area are genetically structured. Further, geographic distance alone cannot explain this
population genetic structuring, suggesting that a range expansion by means of Tria. infestans
walking or flying cannot account for the shared evolutionary history among bugs in each
district. While it is likely that several human, ecological, and historical factors with complex
interactions have shaped the genetic structure in this system, the data presented here were
consistent with the hypothesis that human movements have played a central role in the
structuring of the Tria. infestans population in the region.

The microsatellite loci investigated in this study are variable even over the small spatial
scales and the short temporal scales examined. However, without an empirically
parameterized mutation model for each microsatellite, a reliable estimate of the time to the
most recent common ancestor of Tria. infestans in the city, and thus the date of the initial
invasion, cannot be obtained. Regardless, these microsatellite loci were sufficiently variable
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to investigate the current and historical patterns of gene flow in Arequipa. The majority of
the alleles at all microsatellite loci were found in all districts suggesting a recent shared
ancestry of all bugs or extensive gene flow.

Despite shared alleles among districts, bugs sampled from Arequipa are not a large
panmictic population. Gene flow is limited such that the frequency of alleles differed
significantly among districts and strong signatures of population genetic structure were
observed in the differentiation of PCA centroids, STRUCTURE clustering analysis, and
AMOVA analyses. Both the STRUCTURE clustering analysis and AMOVA analyses that
demonstrated that although much of the genetic variation was contained within districts, a
significant amount of variation was among-district (Table 3). Regardless of how districts
were grouped into ‘regions’ in AMOVA analyses, among-district variation was always
statistically significant while among-region variation was negligible, even when the most
genetically distinct district, Quequeña, was in a grouping by itself.

Patterns of isolation by distance (IBD) were apparent at spatial scales relevant to the natural
dispersal capabilities of Tria. infestans (≈ 1km). Spatial autocorrelation of genetic distances
was apparent over short distances (< 4km) and pronounced at very short distances (< 1km).
The spatial autocorrelation at short distances suggests that Tria. infestans can migrate among
neighboring houses, which confirms previous observations in trapping studies (Levy et al.
2008).

The patterns of spatial autocorrelation and the population genetic structure of the Tria.
infestans populations at among-district scales did not support the IBD expectation that
genetic and geographic distances correlate as would be seen if bugs dispersed only through
walking or flying. Some geographically distant districts were genetically similar to the
populations in the city while others were distinct (Fig. 3). For example, the genetic distance
between the two adjacent downtown districts (Mariano Melgar and Paucarpata) was similar
in magnitude to the genetic distance between either district and La Joya, the most
geographically distant district about 33.7 km away from both (Table 2). Similarly, the
genetic distance between Characato and Paucarpata was relatively high (FST = 0.15369,
separated by 6.3 km), while the genetic distance between Characato and La Joya was much
lower (FST = 0.03432, separated by 35km). These data suggest that long- distance gene
flow, well outside the migratory capacity of Tria. infestans, occurs frequently in the area.
These data suggests a factor beyond physical separation significantly influenced gene flow
across the region.

The patterns of genetic similarities among districts are correlated with the degree to which
districts are connected. The urban districts are highly connected to each other by the
continuous urban environment that is hospitable to vectors and allows some degree of gene
flow. These urban districts are also connected with the rural areas to varying degrees due to
the road and highway system. The regular travel of people from rural areas to the city
diversifies the urban area. The district of La Joya, though geographically remote, is situated
along the main highway connecting Arequipa to the capital Lima, a road that is heavily
traveled. Additionally, La Joya was sprayed with insecticide in 1996 (Delgado et al. 2011).
It seems likely that the insect populations that re-emerged following control originated from
the larger populations in the city, which were not treated with insecticide until a decade later
and that the reemergence was facilitated by the district’s high level of connectedness.

The peri-urban and rural areas investigated (Characato, Sachaca, and Quequeña) are less
connected to other areas by roads and the residents, may travel less frequently to the city.
Further, there is internal socioeconomic stratification within these regions that is
geographically demarcated leading to population genetic substructuring of Tria. infestans
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populations. For example, the district Quequeña is comprised of two main human
communities: an older community in the southern region and a newer, more connected
region, to the north. Tria. infestans samples from the isolated southern community were
consistently assigned to a unique cluster in STRUCTURE at all values of K (Fig. 3) and
formed a unique cluster or points in the PCA analysis (Fig. 2). The existence of a single,
unique genetic cluster of Tria. infestans in the isolated human community suggests that there
is little admixture in this population of vectors. The Tria. infestans samples from the
northern community, however, were similar in allele presence and frequency with all other
sampled communities and clustered with subpopulations from other districts in
STRUCTURE and PCA analyses (Fig. 2 and Fig. 3). The genetic similarity of the Tria.
infestans from the northern community to the bugs in the other districts suggested that
human travel from this interconnected community to the city center or other districts
resulted in the concomitant migration of bugs from other districts.

The differences in the degree of genetic relatedness among pairs of populations along with
the lack of correlation between genetic and geographic distances suggested that human
activity patterns are an important factor in the movement of Tria. infestans among districts.
Further research into the volume of human movement among these communities is
necessary to adequately address this hypothesis. Nevertheless, these findings emphasize the
importance of urban ecological studies that investigate the interplay between ecological,
historical, environmental, and human factors that shape the genetic structure of disease
systems.

The processes that shape the patterns of gene flow in insects can be important in guiding
vector control strategies. In particular, our results suggest that surveillance for the return of
Tria. infestans following insecticide control should focus especially on highly-connected
districts of cities. These hubs of human movement are both at higher risk of recolonization
by Tria. infestans, and pose a greater risk to elimination campaigns as a whole, because they
facilitate dispersal of vectors over a large geographical area. Previous studies that have
aimed to optimize the ordering of vector control strategies, including timing and placement
of insecticide application (Levy et al. 2010), need to be further expanded to consider
dispersal of insects along road networks in addition to simple Euclidean distance. Additional
studies on the finer scale of urban environments are necessary to improve surveillance and
control of Tria. infestans and to eventually achieve the goal of disruption of transmission of
Tryp. cruzi and prevent the accumulation of cases of Chagas disease in cities.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Map of the study area. The locations of sampled Tria. infestans individuals are represented
as white dots. The roadways are represented as black grey lines. Inset shows the general
location of the study area.
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FIG. 2.
A principal components analysis (PCA) of the microsatellite data from each sampled
district. The dots represent the centroid location of the individuals from each district along
with the standard error on the estimate of the centroid. All districts occupy a unique location
on the PCA plot except Sachaca and Cayma, which are also the pair of communities that
have a nonsignificant FST (Table 2). Despite being geographically distant, the La Joya
district occupies a similar location in PCA space to the other districts. The Quequeña district
is split into two distinct groups based on sampling location with the northern location similar
to the other districts while southern location is distinct. The first two principal component
axes explain 42.2% of the total genetic variation.
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FIG. 3.
Proportional membership of each Tria. infestans sample in clusters for K = 3–7 as identified
in STRUCTURE. Individuals from the Quequeña district are separated into two distinct
groups at all values of K, one of which is comprised of individuals assigned to a cluster not
found in other districts. The other districts are comprised of bugs from the same clusters but
at different frequencies. The most likely estimate of K is 4, as determined by the ΔK method
(Evanno et al. 2005).
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FIG. 4.
Spatial autocorrelation of genetic distance and geographic distance. There is significant
spatial autocorrelation at distances less than 5 km. The spatial autocorrelation rapidly
dissipates with distance and is not significant at distances greater than 5 km.
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Table 3

Population genetic structure of Tria. infestans within and between districts region (AMOVA)

Groupings Source of Variation Variance Components Fixation Indices Percentage of Variation

[CA, MM, PA] [CH, LJ, QU,
SA] Among Groups 0.02497 Va FCT = 0.00844 0.84

Among Districts within Groups 0.27824 Vb* FSC = 0.08039* 7.97

Within Districts 3.18299 Vc* FST = 0.08815* 91.18

[CA, CH, LJ, MM, PA, SA]
[QU] Among Groups 0.21287 Va FCT = 0.05877 5.88

Among Districts within Groups 0.22629 Vb* FSC = 0.06637* 6.25

Within Districts 3.18299 Vc* FST = 0.12124* 87.88
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