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RESUMEN

El estudio de las enfermedades zoonodticas desde una perspectiva ecoldgica, ha
tomado una gran importancia en los estudios epidemioldgicos, debido a la ventaja que
implica conocer las variables involucradas en los ciclos de transmision y la dinamica de las
poblaciones involucradas, para poder optimizar el disefio, implementacién y monitoreo de

intervenciones de prevencién y control.

Desde esta perspectiva, este proyecto de tesis tiene como finalidad hacer una
valoracién de la situacion de la transmision de leishmaniasis en México, por medio de la
utilizacién de métodos de analisis que van desde predicciones de distribucion e interaccion
de especies, hasta pruebas moleculares de deteccidn del parasito en tejidos de mamiferos

silvestres.

En un primer capitulo, se reunidé la informacion conocida sobre las especies de
vectores y reservorios que han sido implicados en la transmisién de leishmaniasis en el pais
y se superpusieron sus distribuciones a las areas de transmision, con el fin de generar
hipétesis sobre las especies que pueden estar sosteniendo los ciclos de transmision en las
diferentes areas en las que se sabe que hay casos en humanos. La informacién sobre la
distribucion de vectores y reservorios confirmados no es suficiente por si sola para poder
explicar las dinamicas de transmisidén y generar estrategias de control de la enfermedad. Sin
embargo, la asociacion de ciertas especies de vectores con las areas de transmision permite
suponer que hay variaciones en la eficiencia de ciertas especies y que esto se podria ver

reflejado en el numero de casos.

Con base en esta informacién, el segundo capitulo consistio en hacer una busqueda
de los métodos de muestreo y deteccion de mamiferos silvestres con el fin de establecer una

metodologia sélida con la que fuera posible obtener la informacion sobre mamiferos



infectados en las areas de transmision. En esta revision, fue evidente no solo que no existe
un consenso sobre los métodos de muestreo y deteccidén de Leishmania en mamiferos
silvestres, sino que las publicaciones sobre el tema en ocasiones tienen la informacion
incompleta o se contradicen. Adicionalmente, las pruebas preliminares de deteccion de
parasitos en mamiferos llevadas a cabo en el laboratorio, demostraron que existia una
homologia entre los oligonucledétidos que estaban siendo utilizados y el ADN de raton sano,
lo que nos estaba llevando a la obtencion de falsos positivos. A partir de estas conclusiones,
surgid la necesidad de estandarizar una técnica de deteccion que pudo finalmente ser

aplicada en las muestras obtenidas en campo.

El tercer y cuarto capitulo, se enfocaron en hacer valoraciones sobre dos focos
conocidos de transmision de leishmaniasis. Por una parte, en el tercer capitulo hizo una
valoracion de la variacion ecoldgica entre las areas de transmision del sureste con especial
énfasis en el estado de Tabasco que, a pesar de tener la mayor incidencia de casos
histéricos, tiene la menor cantidad de informacién sobre las especies de vectores y
reservorios involucrados. Pudo constatarse que existe una variacion importante en el estado
de Tabasco en el clima y la composicién de especies. Adicionalmente, se encontré que
mamiferos como los murciélagos, cuyo papel como reservorios es incierto, pueden estar
involucrados en la transmision del parasito, modificando las premisas sobre las dinamicas de
transmision y abriendo nuevas posibilidades en los procesos de domiciliaciéon de la

enfermedad.

Por ultimo, el cuarto capitulo se enfocé en hacer una valoracion de la informacion
conocida sobre el foco del norte de México que, aunque no presenta un numero de casos
alarmante desde la perspectiva epidemioldgica, tiene caracteristicas ecoldgicas que permiten

suponer que la transmision en esta area es muy particular y podria incluso estar involucrando



especies (0 cepas) de parasitos distintas a las del resto del pais. Este capitulo involucré un
analisis de la posibilidad de dispersion de la enfermedad en Norte América bajo escenarios
de cambio climatico, debido a que existen evidencias de que, aunque los primeros casos
parecen provenir de México, notificaciones recientes demuestran que la ocurrencia de
infeccion se esta desplazando hacia el norte, involucrando nuevas especies de mamiferos

gue antes no habian sido registradas como reservorios.

Con este panorama general de la leishmaniasis en México, basado en analisis eco-
epidemioldgicos, se abre un nuevo campo de investigacion que posiciona al pais entre los
pioneros de los estudios de este tipo, involucrando una gran variedad de disciplinas y
profesionales con el objetivo final de brindar las herramientas necesarias para enfrentar
situaciones de gran importancia en salud publica como lo son las enfermedades emergentes

y en particular aquellas transmitidas por vectores.



Capitulo 1

Current knowledge on Leishmania vectors and reservoirs in México: how species'

geographic distributions relate to transmission areas

INTRODUCTION

Understanding transmission cycles of vector-borne diseases is rather complex as
frequently many actors are involved, including the parasites, their hosts and vectors. In this
way, detecting the ecological and geographic patterns of vector-borne diseases occurrence
become relevant for understanding modes of parasite transmission. * Recent research in
ecological niche modeling, integrating point occurrence data with digital environmental maps,
provides a useful and powerful framework for understanding the eco-epidemiological
geography of zoonotic diseases, as their transmission cycles involve different sylvatic
(enzootic) and domestic reservoir and vector species, each susceptible to environmental
variations. >***® The ecological niche is defined as the set of environmental conditions in
which species can maintain populations without immigrational subsidy, and provides an
ecological framework for testing hypotheses regarding roles of environmental variables in
shaping distributional patterns of species, and also to evaluate how different species’
ecological niches relate to one other. *’

An interesting and complex disease system from the point of view of the variety of
species involved in the transmission cycle and public health relevance are the leishmaniases,
a group of diseases with different clinical manifestations caused by parasites that are in turn
transmitted by sand fly vectors (Diptera: Psychodidae: Phlebotominae), maintained in the wild
by transmission among mammal reservoir hosts. Both vectors and reservoir hosts may differ
depending on the geographic regions where they occur. 82101

In the New World, insect vectors known to be responsible for Leishmania transmission



to humans belong to the genus Lutzomyia. Although the taxonomy of sand flies has seen
major changes in nomenclature, following Galati’s (1995) proposal, however, throughout this
paper we use the name Lutzomyia (sensu Lewis et al. 1977) in a more conservative sense.
1213 Most sand fly species are only classified as suspected leishmaniasis vectors, since
ultimate proof of involvement is rather difficult to achieve. >4

In Mexico, at least for the cutaneous form of the disease (CL), one subspecies,
Lutzomyia olmeca olmeca (Vargas & Diaz-Najera, 1959) has been incriminated, but several
others are suspected. *® Previous studies in the state of Campeche documented L. olmeca
olmeca infected with Leishmania parasites, Lutzomyia cruciata (Coquillett, 1907) was also
found infected with similar parasites, although the particular Leishmania species could not be
identified. *” Lutzomyia cruciata is also a suspected leishmaniasis vector in Nicaragua and
Belize, and its abundance at some collecting sites in the Yucatan Peninsula exceed those of
the known vector species. 819202122 Other species that feed on humans and that have been
found infected with Leishmania parasites in the wild in Central America include L. panamensis
(Shannon, 1926), L. shannoni (Dyar, 1929) and L. ylephiletor (Fairchild & Hertig, 1952). %3
Finally, L. gomezi (Nitzulescu, 1931), has been found infected with L. panamensis in Panama.
2425 |n northern Mexico and the southern United States, sand fly species suspected of being
involved in parasite transmission to humans are Lutzomyia diabolica (Hall, 1936) and L.
anthophora (Addis, 1945). ?°?” The former species is suspected as a vector of L. mexicana,
and has been infected experimentally with L. infantum. The latter was able to transmit L.
mexicana parasites experimentally to mice. 22293°

The visceral form of the disease (VL), is caused by Leishmania infantum (= L. chagasi)
and it is transmitted in the New World to humans by Lutzomyia longipalpis and L. evansi. The

former species is considered the main vector of L. infantum, and is known to comprise a

species complex distributed in the Neotropics from Mexico to Argentina. 3323334 Whereas, L.



evansi is considered a secondary vector, given its lower transmission potential; it has been
found from Mexico south to Colombia and Venezuela. 323°30:2>37

In Mexico, the first clinically-documented records of cutaneous leishmaniasis (CL), were
from forested parts of the Yucatan Peninsula. *%3%4° Currently, although cases are not
reported by public health authorities, they are nonetheless a significant public health problem.
VL cases have been reported in several foci in the Mexican state of Chiapas and the Balsas
River Basin, where tropical dry forests occur (Becker | Laboratorio de Inmunoparasitologia,
UNAM and Ramsey J Centro Regional de Investigacion en Salud Publica (CRISP),
unpublished data). Hence, in Mexico, knowing the ecology and geography of vector species
involved in Leishmania transmission is of great relevance to public health. Since
entomological surveillance is one of the most important intervention strategies and is a part of
the Norma Oficial Mexicana sobre la Vigilancia Epidemiolégica, Prevencion y Control de las
Enfermedades Transmitidas por Vector (PROY-NOM 032-SSA2-2000) of vector borne
diseases, the official policy of the Mexican government’s public health agency.

The aim of this study was to estimate the likely distributions of all sand fly species with
potential medical importance for leishmaniasis transmission in Mexico, and to relate these
distributions to known transmission areas. By this means, we identify vector and reservoir
species likely to be involved in Leishmania transmission cycles. Since Mexican leishmaniasis
cases have not been followed up with research on local transmission, information regarding
leishmaniasis etiology in the country is very scarce. Distributional maps on a national scale
will facilitate the understanding of the relative roles of different sand fly vectors and reservoir
host species; the ultimate aim is to help with the identification of high-risk areas and in the

design of control and prevention strategies.



METHODS

Eleven sandfly species (Lutzomyia) of, at least, potential medical importance occur in
Mexico — these species were identified based primarily on their vector status and public
health relevance in nearby countries, and also by the findings obtained by different authors in
recent years in Mexico. For CL, we included nine species: the proven vector L. olmeca
olmeca and eight suspected vectors: L. cruciata, L. shannoni, L. ylephiletor, L. gomezi, L.

diabolica, L. ovallesi, L. panamensis , and L. anthophora. ¢:19:2141:10.23.42:43.2527,44.4546.29 ¢

the visceral form, we included the two known vectors, L. longipalpis and L. evansi. 3%

A database summarizing known occurrences for these species in Mexico was
assembled from a variety of sources, such as scientific publications, records of the
entomological collections of the Instituto de Diagnéstico y Referencia Epidemioldgica (INDRE)
and the Universidad Autbnoma de Yucatan (UADY), and personal communications with Dr.
Oscar Velasco-Castrejon (Departamento de Medicina Experimental, Facultad de Medicina,
UNAM). Geographic coordinates were added to each record based on the Instituto Nacional

de Estadistica y Geografia 2000 locality database (INEGI; www.inegi.gob.mx), Biogeomancer

(www.biogeomancer.org), and Falling Rain Genomics, Inc. (www.fallingrain.com/world/). 4’

Ecological niche modeling. We modeled ecological niches and estimated potential
geographic distributions for each species using the computer algorithms Genetic Algorithm for
Rule-set Prediction (GARP) and Maxent. “**° We used both algorithms because using
different methodological approaches reduce the bias introduced by individual method’s
idiosyncrasy . **°*°2 We integrated the two model results by identifying areas predicted by
both methods as fitting the predicted geographic distribution of the species.

To include information on reservoir host distributions, we used ecological niche models
for rodent species so far found infected with Leishmania mexicana in North America:

Neotoma micropus, N. albigula, Peromyscus yucatanicus, Ototylomys phyllotis, and



Sigmodon hispidus. °3°**>°%%" Models were provided by the Laboratorio de Anélisis
Espaciales at UNAM and were built based on researchers’ collection data.

Ecological niche models were developed for each sand fly species for which at least 10
records were available; the remaining species were not modeled, since only 1-3 records were
obtained. GARP models were built based on 75% of records in these vectors and 50% in
reservoirs, reserving the remainder for model refinement and evaluation. For each species,
we developed 100 replicate models, and chose a “best subset” of these models based on
optimal error distributions for individual replicate models, according to published
recommendations *%; a threshold of omission error was set to 5%, above which models were
discarded; from the remaining models, median area predicted across all replicate modes was
calculated, and the 10 models with predicted areas closest to the median were selected.
Models generated using Maxent were run choosing 500 maximum iterations and a 25%
random test percentage in vectors and 50% in reservoirs.

For all model outputs, we then calculated a cumulative binomial probability based on a
threshold for presence that was set such that 90% of the occurrences on which the model
was based were included in the predicted area (i.e., e = 10% in the terminology of Peterson et
al 2008), and remaining areas were classed as absent.

Areas were calculated by counting numbers of pixels (each pixel in Mexico is
approximately 1.0991 km?). ®

Worldclim climatic coverages used for modeling were chosen to minimize inter-
variable correlations measured based on 5000 random points in Mexico. We generated a
correlation matrix in JIMP 6.0 among all variables in the WorldClim dataset version 1.4 (1 km

resolution; www.worldclim.org), and retained only those variables that were relatively

uncorrelated (r>0.75). We also included slope, aspect and topographic index from the Hydro-

1K dataset. % ©°



Areas of public health importance. To define important areas for leishmaniasis
transmission in Mexico, we used the states historically known to report cases of leishmaniasis
clipped with the Mexican ecoregions to set geographical limits with ecological meaning. ®* Two
transmission levels were set such that states with recurrent transmission had annual records
for at least 15 consecutive years and states with occasional transmission had sporadic
records (Fig 3). Further, predicted distributions for each vector species was overlapped with
the map produced depicting the areas of transmission, to estimate the percentage of the
distribution of each vector to recurrent and occasional transmission areas (Table 1). Reported
cases were obtained from the Sistema Unico de Informacién para la Vigilancia

Epidemioldgica, Direccion General de Epidemiologia, Secretaria de Salud.

RESULTS

Presence records for Leishmania vector species in Mexico were assembled (Fig 1).
Not surprisingly, we found that sampling of phlebotomines was focused in the southeastern
parts of the country. Among states, phlebotomine sampling was most intense in Campeche (n
= 86), Oaxaca (n = 47), and Quintana Roo (n = 40). In contrast, only single phlebotomine
sampling localities were available for the states of Coahuila, Chihuahua and Tamaulipas. The
species most commonly collected were Lutzomyia cruciata (n = 102) and L. shannoni (n =
61), while only very few satially unique records exist for L. anthophora (n = 2), L. ylephiletor (n
= 3), L. gomezi (n = 3), and L. evansi (n = 1). L. olmeca olmeca, the only demonstrated CL
vector in Mexico, has been collected in 29 localities, all in the southern part of the country (Fig
1). Overall, patterns of sand fly species richness of potential vectors reflect a clear tendency
of high species density in southeast Mexico, including the States of Veracruz, Tabasco,

Campeche, and Quintana Roo (Figs. 1 and 2).



Ecological Niche Modeling. The 12 climatic variables chosen to build the models
were: mean diurnal range, isothermality, maximum temperature of warmest month,
temperature annual range, mean temperature of wettest quarter, mean temperature of driest
guarter, precipitation seasonality, precipitation of warmest quarter, and precipitation of coldest
quarter, all from Worldclim.

Five out of the seven species modeled had larger predicted areas by GARP than those
predicted by Maxent. However, this tendency was not absolute, as L. ovallesi and L. diabolica
showed larger prediction areas in the Maxent models (Fig. 2).

The potential distribution of L. olmeca olmeca was restricted to Campeche, Quintana
Roo, Tabasco, and southern Veracruz, as well as some areas in Chiapas and Yucatan.
Lutzomyia cruciata was the species with the largest predicted area of potential distribution,
ranging across the Yucatan Peninsula and the states of Chiapas, Oaxaca and, Veracruz, and
along the Pacific Coast north to Nayarit. Surprisingly, L. shannoni showed smaller area of
potential distribution, even though the two have broadly overlapping distributions. The
potential distribution of L. panamensis was restricted to the Yucatan Peninsula, southern
Veracruz, and the Chontalpa region of Tabasco. L. ovallesi had a small predicted potential
distribution restricted to Campeche and Quintana Roo (Fig. 2). In northern Mexico, the most
broadly distributed species was L. diabolica. Its potential distribution reached the southern
part of the United States, supporting the idea of its potential importance as a vector in Texas
(Fig. 2).

The predicted distribution for S. hispidus (1.14 x10° km?) coincided in high proportion
with potential distributions of all vector species occupying: 99.7% of L. panamensis, 98.9% of
L. olmeca olmeca, 95% of L. ovallesi, 84% of L.cruciata, 77.7% of L. shannoni, 77% of L.
longipalpis, and 56.7% of L. diabolica. The rodent P. yucatanicus was predicted to occur only

in the Yucatan Peninsula (110,569 km?), but its distribution coincided in good measure with all



of the vectors except for L. diabolica, varying from 84.5% with L. panamensis to 31.6% with L.
shannoni. O. phyllotis was also restricted to the Yucatan Peninsula and adjacent portions of
Tabasco and Chiapas (145,533 km?), and overlapped with vector species from 88% with L.
panamensis to 41% with L. shannoni. N. albigula was distributed in the northwestern part of
the country and occupied a broad predicted area (366,265 km?), where it coincides only to
some degree with the predicted distribution of L. diabolica (4.7%). N. micropus occupied the
northeastern corner of Mexico (257,477 km?) and displayed low levels of coincidence with
three vector species, the highest being with L. diabolica (12.7%; L. cruciata 1.6% and
L.shannoni 0.5%).

Areas of public health importance. The Yucatan Peninsula holds areas of recurrent
leishmaniasis transmission (Fig. 3). In those areas, P. yucatanicus and O. phyllotis had almost
70% of their distributional area and the sandflies L. olmeca olmeca, L. panamensis, and L.
ovallesi almost 80% of theirs (Table 1). Widely-distributed vector species such as L. shannoni
and L. cruciata were present in all transmission areas, and were dominant in the Southeast
and Veracruz regions with recurrent transmission rates. In general, all vector species were
distributed in areas with recurrent transmission, except for L. diabolica which appeared
related only to areas of occasional transmission (Table 1).

Cases in the north related to the presence of L. diabolica and N. micropus. All of the
predicted distribution of N. micropus was in occasional transmission areas; in contrast, no
transmission has been recorded in N. albigula dominated areas.

Interestingly, areas of recurrent transmission were focused in the moist forest
ecoregions, while occasional transmission areas were mainly distributed in the tropical dry

forests and tamaulipan mezquital ecoregions (Fig. 4).



DISCUSSION

Studies of geographic and ecological distributions of hosts, vectors and cases of
diseases offer powerful tools for identifying risk zones and exploring potential interactions
between hosts and parasites. * Our results provide a baseline against which to improve
research on Leishmania parasites and their vectors and reservoirs in Mexico. Since one of
the criteria set by the World Health Organization for linking species to disease transmission is
that vector and reservoir geographic distributions must coincide with human case
distributions, our comparisons of modeled potential distributions allowed us to assess disease
transmission in places where entomological surveillance and reservoir searches have
scarcely been conducted. *

The distribution of the only proven CL vector in Mexico, L. olmeca olmeca, does not
overlap all of the known CL case occurrences in the country, suggesting that other sand fly
species must be involved as primary vectors in those areas. Based on numbers of records
and broad geographic distributions, we suggest that L. cruciata and L. shannoni would be the
most suitable candidates: both broadly range in the southeast and in the coastal lowlands.
Note that L. shannoni occurs north well into the United States, so incorporation of
occurrences in the United States into next-generation models would be wise. %2

Leishmaniasis transmission in the states of Campeche and Quintana Roo is related to
areas of moist forest, suggesting that infection is occurring by human proximity to areas with
original vegetation coverages. %% A curious variation occurs in the state of Yucatan, where
case incidence is very low compared to the rest of the Peninsula, even though the known
reservoirs are present. In addition, the proven vector L. olmeca olmeca has been reported in
this state, although, the population abundance of this species is very low compared with other
sandflies in the area (e.g. L. cruciata); it may be possible that the number of human cases

arising from infectious bites of L. olmeca olmeca are minimum. ®*



In Tabasco, most of the original vegetation coverage has been replaced, especially
with cacao crops. There, L. olmeca olmeca has been identified as the primary vector, and
clinical cases with a high prevalence of diffuse cutaneous leishmaniasis have been recorded.
® In this area, no reservoir studies have been conducted previously, and known reservoirs
are not present, suggesting that other reservoir species could be involved in this area. Areas
with homogenous coverages such as crops, offer less complex habitat where only
disturbance-tolerant species can survive. Vector species with medical importance have shown
to have the ability to recolonize perturbed areas after human interventions and rodent
species, not only can be found in crops but also can become pests increasing their relative
abundances. * In the modified environments, where cases are known to occur, landscape
analysis should be conducted to establish population dynamics of vectors and reservoirs and
their impact in parasite incidence and persistence.

In Nayarit, cases have been related to coffee plantations. In that region, as occurs in
Tabasco, no reservoir sampling has ever been conducted, and then other reservoir species
not identified yet must exist. From our predictions, S. hispidus can be present in that region.
Given their geographic distribution, vector species responsible for transmission in this state
could be limited to L. shannoni, L. diabolica and L. cruciata.

In the northern part of the country, where few cases are known to occur, only the
reservoir Neotoma micropus seems to play an important role in the transmission since its
predicted distribution coincides with the presence of cases. In spite of its vast distribution, N.
albigula does not seem to be related in zoonotic cycles in Mexico, since its distribution does
not coincide with case occurrence. The suspected vector related to this species in Arizona is
L. anthophora; however, this species has been collected only in northeastern Mexico, in the
states of Nuevo Ledn and Tamaulipas. Given the low number of records for L. anthophora in

Mexico, ecological niche models could not be developed. However, models based on



collection points in the USA, predict potential distributional areas for this vector in the Mexican
states of Sinaloa, Sonora, and Baja California Sur. ® Lutzomyia anthophora is a non-
anthropophilic feeder, so although no human cases have been recorded in these states,
sylvatic transmission may be occurring. >* The absence of an anthropophilic vector species
provides a barrier for parasite transmission to humans. However, cases occurring in the
Mexico-US border must be monitored carefully as other vector species can be incriminated in
the parasite transmission to humans. For example, the spread of L. diabolica from the east
can favor the appearance of zoonotic transmission foci in the western states. Clearly,
intensive monitoring of sand fly species along the US-Mexican is crucial to identify potential
risk areas of infection in the region.

For VL very little is known. The recognized vector L. longipalpis is distributed in dry
forests corresponding to areas of VL transmission. No parasite isolations from either vectors
or reservoirs have been achieved and no surveillance has been undertaken by governmental
health authorities. We consider initiation of research on visceral leishmaniasis in Mexico to be
of paramount importance.

Although leishmaniasis distribution and incidence in Mexico is likely underestimated,
the general picture is one of focal regions with recurrent transmission. In Quintana Roo and
Tabasco, where most cases have historically been reported, cases are usually related to
areas with changing land use, suggesting the possibility of a domiciliation process. It is critical
to evaluate the course of disease transmission under dynamic scenarios related to land use
or climatic change °® More generally, for leishmaniasis ecological complexity, the presence of
specific transmission areas occurring in the northern foci, the Balsas river basin, the
southeastern region and Nayarit, where particular species interactions seem to be occurring,

we believe that different Leishmania strains are involved in varying foci.



Figure 1. Data collection points of Lutzomyia species with medical importance in Mexico.
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Figure 2. Ecological niche modeling of the species of Lutzomyia with medical importance.
Grey areas show the coincidence between the predicted distributions generated by GARP
and Maxent models where 90% of the collection data occur.
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Figure 3. Leishmaniasis transmission areas. In black areas of
transmission, in gray areas of occasional transmission.
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Figure 4. Ecoregions where leishmaniasis transmission is known to occur.
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Table 1. Percent of the predicted area of distribution for each species by
transmission levels.

Species Recurrent% |Occasional%
O. phyllotis 69.1 22.4
P. yucatanicus |68.5 28.4
S. hispidus 23.5 25.7
N. micropus 0.4 40.1
N. albigula 0 0.9
L. olmeca 81.8 9.2
L. ovallesi 79.3 16.9
L .panamensis |76.5 21.3
L. cruciata 67.3 14.4
L. shannoni 60.5 17.9
L. longipalpis |43 44.5
L. diabolica 8.1 25.7
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Capitulo 2

Incriminacion de reservorios de Leishmania en México: revision de
técnicas de muestreo y deteccion de Leishmania mexicana

(Kinetoplastida: Trypanosomatidae) en mamiferos silvestres

INTRODUCCION

Dentro del ciclo de transmision de los parasitos del género Leishmania,
los mamiferos reservorios juegan un papel fundamental, debido a que sus
caracteristicas bioldgicas y ecolbgicas pueden estar directamente relacionadas
con el curso de la infeccion. Disney (1968) definié a un reservorio como aquel
gue no solo adquiere la infeccion, sino que, ademas, es fuente de infeccién
para los insectos vectores, mientras que un hospedero accidental solamente
adquiere la infeccion. En otra definicidn, un reservorio primario es un mamifero
responsable de mantener la infeccion en un foco enzodtico mientras que, un
reservorio secundario, es un animal que, a pesar de infectarse, no puede
sostener el ciclo enzodtico (Saliba et al. 1999, Shaw 1988). Los humanos y los
animales domésticos, como caballos, cerdos y gatos son, en principio,
hospederos accidentales (Silva et al. 2005), aunque se ha debatido que dentro
del proceso de domiciliacibn de la enfermedad, los animales domésticos
pueden estar actuando como reservorios Unicos como ocurre con la
leishmaniasis visceral, en donde el perro parece estar en capacidad de
mantener por si mismo el ciclo de transmisién. Ashford (1996) asi mismo,
considera una categoria llamada hospederos de enlace (liaison hosts), los
cuales servirian como puente en la infeccibn entre un ciclo netamente
enzobtico y uno antropozoonatico rural.

En el caso de leishmaniasis cutdnea, Reithinger y Davies (1999)



revisaron de manera minuciosa la literatura concerniente al papel como
reservorios desempefiado por los perros domésticos y se concluyé que, al
menos en esa fecha, no habia los suficientes elementos para considerar a los
canidos domeésticos como hospederos reservorios y que mas bien
corresponderian a hospederos accidentales.

Existen cinco criterios delineados originalmente por la Organizacion
Mundial de la Salud (OMS) para incriminar a una especie de mamifero como
reservorio de Leishmania spp.: a) debe existir una coincidencia en el area de
distribucion geogréfica de la enfermedad y la especie de mamifero, b) el
parasito aislado del mamifero debe ser el mismo aislado de casos en humanos,
c) el mamifero debe tener una alta parasitemia para poder infectar a los
vectores, d) la especie del mamifero debe tener una prevalencia de infeccion
de al menos 20%, y e) la especie de mamifero debe sobrevivir o suficiente
para mantener el ciclo el ciclo de transmision.

Biologicamente, un buen reservorio debe tener un contacto frecuente
con los insectos vectores (i.e ser capaz de transmitir el parasito a los insectos v,
por lo tanto, ser su fuente alimenticia), mantener el curso de la infeccion
durante largo tiempo sin enfermarse drasticamente y albergar los mismos
parasitos que infectan al humano (Chaves et al. 2007, Rotureau 2006, Saliba
1999). Las especies que actuan como reservorios deberian ser abundantes,
ocupando un alto porcentaje de la biomasa de mamiferos, ser gregarios y tener
una longevidad suficiente para pasar el parasito de una estacion de transmision
a la siguiente (Ashford 1996).

Desde este punto de vista, las especies de roedores y murciélagos

revisten una particular importancia, ya que reinen caracteristicas ecologicas de



importancia como reservorios. Con respecto a los murciélagos, su papel como
reservorios de la leishmaniasis no esta claro, aunque esto podria reflejar que
existen muy pocos estudios al respecto. Por una parte, la abundancia y
distribucion de los murciélagos los coloca en un lugar importante dentro de la
comunidad de mamiferos y existe evidencia en laboratorio, de que Lutzomyia
longipalpis puede alimentarse de la sangre de ellos (Lampo et al. 2000).
Rotureau (2006b) reporté la ausencia de infeccidbn en 216 especimenes
analizados pertenecientes a cuatro familias; mientras que, recientemente, se
reportd en Venezuela infeccion en un murciélago Carollia perspicillata, con
Leishmania infantum (= L. chagasi) de once ejemplares analizados
pertenecientes a tres géneros: Carollia (8), Phylloderma (2) y Rhynophylla (1)
(De Lima et al. 2008).

En América, numerosas especies de mamiferos tanto silvestres como
domeésticos, pertenecientes a diversos grupos taxonomicos (roedores,
marsupiales, primates, canidos, murciélagos, lagomorfos y edentados) han sido
encontradas infectadas con diferentes especies de Leishmania (Ashford, 1996).
Sin embargo, estas especies pueden ser tanto reservorios como hospederos
accidentales y su confirmacion requiere de un proceso complejo y dificil de
llevar a cabo bajo condiciones controladas (Rotureau 2006, Travi et al. 2002).

Las asociaciones entre un parasito y una especie de mamifero no son
exclusivas, por lo tanto, puede encontrarse una especie de reservorio
albergando distintas especies de parasitos (Saliba et al. 1999), como ocurre
con Choloepus didactilus en Brasil, que se ha encontrado con infecciones
concurrentes de Leishmania braziliensis (Calvopina et al. 2004), L. shawi

(Gramiccia y Gradoni 2005) y L. guyanensis (Rotureau 2006).



A una escala geogréafica mayor, un mamifero de distribucion amplia
puede albergar diferentes especies de parasitos en distintas regiones
geograficas, como es el caso de Didelphis marsupialis que ha sido encontrado
infectado en Brasil con L. guyanensis y L. amazonensis (Rotureau 2006,
Lainson et al. 1981), en Colombia con L. chagasi (Travi et al. 1994, Davies et
al. 2000, Travi et al. 2002), en Guyana con L. guyanensis (Rotureau 2006) y en
Venezuela con L. garnhami (Davies et al. 2000). Por otra parte, una misma
especie de parasito puede encontrarse en diferentes especies de mamiferos de
distintos grupos taxondmicos como ocurre con Leishmania braziliensis que
infecta animales silvestres (Zeledon et al. 1977, Telleria et al. 1999, Davies et
al. 2000) y domésticos, principalmente al perro (Canis familiaris) (Davies et al.
2000, De Lima et al. 2002).

En Meéxico, el parasito causante de la mayoria de los casos en
pacientes, es Leishmania (Leishmania) mexicana (Biagi, 1953). Esta especie
tiene una amplia distribucion que va desde el sur de los Estados Unidos de
América (EUA), en donde ha sido aislada tanto de pacientes como de los
roedores Neotoma albigula, Neotoma floridiana y Neotoma micropus (McHugh
et al. 2003), hasta la parte norte de América del sur (Sierra et al. 2006). En
Centroamérica, L. mexicana ha sido aislada de reservorios silvestres en Belice
(Heteromys desmarestianus, Sigmodon hispidus, Heterogeomys hispidus
(actualmente Orthogeomys hispidus), Oryzomys couesi y Nyctomis sumichrasti)
(Disney 1968, Williams 1970) y Costa Rica (H. dermarestianus) (Zeledon et al.
1977). Adicionalmente, esta reportada en Honduras, Nicaragua, Panama y
Republica Dominicana (Young y Duncan 1994). Es importante mencionar que

en México se ha detectado la presencia de perros domésticos infectados con



Leishmania mexicana en los estados de Oaxaca, Tabasco y Quintana Roo
(Velasco et al. 2009). Al igual que en otros estudios, el aislamiento del parasito
se llevo a cabo por medio de improntas y de aspirado de las lesiones y la
deteccién a nivel de especie se llevd a cabo por medio de anticuerpos
monoclonales (Solano-Gallego et al. 2001, Velasco et al. 2009).

La informacién existente sobre las especies y ordenes de mamiferos
infectados con pardasitos de Leishmania no permite definir la existencia de
patrones comunes dentro de los ciclos de transmision ya que por ejemplo, en
ocasiones los reservorios son especies endémicas y en otras especies de
distribucion amplia. En cada regidn geografica existen especies particulares
que pueden estar actuando como reservorios y su papel dentro de la
transmision debe ser valorado en cada foco, ya que la dinamica de la
transmision es compleja y esta sujeta a las variaciones poblacionales de los
mamiferos presentes en la zona y de los insectos vectores transmisores del

parasito.

Técnicas de muestreo

En el area de distribucién de Leishmania mexicana, los trabajos sobre la
ecologia de transmision de la leishmaniasis son escasos Y, por lo tanto, pocos
estudios han estado orientados hacia la busqueda de los reservorios de este
parasito en los diferentes focos de infeccion (Van Wynsberghe et al. 2009,
Raymond et al. 2003, Van Wynsberghe et al. 2000, Canto-Lara et al. 1999,

Chable-Santos et al. 1995, Kerr et al. 1995, McHugh et al. 1990).

En EUA, los trabajos con reservorios se orientaron a la busqueda de

roedores en Arizona, en donde se detectd transmision enzodtica y en el estado



de Texas se han reportado casos en humanos (McHugh et al. 1996). Los
muestreos se llevaron a cabo cerca de las madrigueras de los roedores o en
los corredores utilizados para desplazamiento, con el fin de lograr un mayor
éxito de captura. Kerr y colaboradores (1995) indican que, gracias a su
estructura, los nidos de Neotoma micropus pueden albergar al vector
Lutzomyia anthophora, que se encontré infectado con Leishmania mexicana
(McHugh et al. 1993). Por este motivo, la estrategia de enfocarse en los nidos y
madrigueras puede ser de gran utilidad en los estudios de busqueda de

reservorios y vectores.

Los muestreos se llevaron a cabo principalmente con trampas Sherman
(12,5 x 38 cm) cebadas con frutas y avena, y los animales capturados fueron
pesados y sexados, para ser posteriormente liberados en el sitio de la captura.
De cada uno de los ejemplares capturados, se obtuvo una biopsia de cada

oreja con un sacabocado de 2 mm para ser procesada por cultivo y PCR.

En Arizona, Kerr y colaboradores (1999) llevaron a cabo un muestreo
para buscar roedores infectados con L. mexicana entre septiembre y octubre
de 1998. Se utilizaron trampas Sherman, colocadas cerca de madrigueras y
huecos de arbol en donde pudieran encontrarse los roedores, no se especificd
cual fue el cebo utilizado. En Texas, se ha establecido que la época de
transmision es en otofo, particularmente en octubre, y la presencia del parasito
es focal (cuatro de 16 localidades muestreadas) (Kerr et al. 1995). En un
estudio llevado a cabo entre agosto de 1998 y febrero de 2000, Raymond y
colaboradores (2003) hicieron un muestreo de roedores, poniendo dos trampas
Sherman cerca de cada nido. Se realiz6 un maximo de tres intentos por nido en

cada estacion, tomando una biopsia de cada oreja con un sacabocado de 2



mm de diametro.

En México, existen pocos trabajos en los que se ha llevado a cabo la
deteccidn de parasitos en mamiferos silvestres y se ha identificado hasta ahora
Leishmania mexicana aislada de roedores silvestres por medio de cultivo de los
parasitos presentes en las lesiones (Van Wynsberghe et al. 2000) o detectada
por medio de anticuerpos monoclonales (Canto-Lara et al. 1999). En 2009, Van
Wynsberghe y colaboradores, publicaron un estudio con datos desde 1994
hasta 2004, en donde se incluyeron datos de colectas intermitentes de
roedores en cuatro localidades de Campeche y se buscéd la presencia de
Leishmania, inicialmente por aspirado y cultivo, y a partir de las muestras de
2001 por medio de la técnica de PCR. En total, siete roedores fueron
encontrados positivos para Leishmania a lo largo del estudio: H. gaumeri, H.
desmarestianus, O. phyllotis, O. melanotis, P. yucatanicus, S. hispidus. R.
gracilis y un marsupial: Marmosa mexicana.

En Belice, en estudios llevados a cabo desde la década de los afios
1960, se hicieron numerosos esfuerzos por identificar los actores involucrados
en la transmision de la leishmaniasis encontrandose infectados en campo
Ototylomys phyllotis, Heteromys desmarestianus, Nyctomys sumichrasti y
Sigmodon hispidus (Strangways-Dixon y Lainson 1962, Lainson y Strangways-
Dixon 1964, Disney 1968). En el trabajo de Disney (1968) se hizo una
comparacion de los métodos de muestreo de mamiferos y evalud la atraccion
de los insectos hacia ciertas especies de mamiferos silvestres. También
comparo el numero de capturas con trampas ubicadas en el piso y en los
arboles notando una diferencia importante en el numero de ejemplares de

algunas especies capturadas en cada uno de los sitios. Por ejemplo, O.



phyllotis fue capturado en su mayoria en las trampas de los arboles (96/118)
mientras que H. desmarestianus fue capturado exclusivamente en el suelo.

En otros paises de Centroamérica (El Salvador, Honduras, Nicaragua) si
bien el parasito ha sido aislado de pacientes, no se han llevado a cabo estudios
sobre los reservorios involucrados en la transmision.

En Colombia, L. mexicana solo ha sido aislada de pacientes (Corredor
1990, Montoya-Lerma 1999) y con respecto a los reservorios, aunque se han
llevado a cabo estudios sobre ellos tanto en zonas de cultivo como en areas
silvestres, nunca se ha reportado Leishmania mexicana en mamiferos
(Alexander et al. 1998). El bajo numero de estudios sobre roedores, hace
inminente la necesidad de identificar los mamiferos involucrados en los ciclos
de transmision de L. mexicana con el fin de generar las hipoétesis sobre la

distribucion de este parasito en el pais y el resto de Suramérica.

Métodos de deteccion

El desarrollo de métodos de deteccion de Leishmania ha estado
orientado principalmente a proporcionar técnicas para el diagndstico de la
enfermedad en pacientes. Sin embargo, estas técnicas no siempre resultan
directamente aplicables a la deteccion del parasito en mamiferos silvestres,
debido a la baja tasa de infeccidn en reservorios y la marcada estacionalidad
en la prevalencia de infeccion. Ademas, la parasitemia no se mantiene
constante en la poblacién de mamiferos y su estacionalidad esta determinada
por la abundancia relativa de individuos susceptibles en la poblacion. Por lo
tanto, solo los individuos recientemente infectados podrian actuar como

reservorios (Travi et al. 2002).



La correcta asignacion de una especie como reservorio es un proceso
complejo y en muchas ocasiones puede darse la situacion de que los
mamiferos infectados sean sintomaticos o asintomaticos y con ello, que se
reporten falsos negativos (Rotureau 2006, Van Wynsberghe et al. 2000).
También es usual encontrar bajas tasas de infeccion en condiciones naturales,
lo que hace dificil el proceso de deteccion (De Lima et al. 2002).

En general, la deteccidon de Leishmania en los ejemplares capturados en
el campo se hace a partir de biopsias de diferentes érganos o de tejidos de
lesiones que sugieran la presencia del parasito (Raymond et al. 2003, McHugh
et al. 2003). La presencia de lesiones en los animales silvestres resulta
interesante ya que pocos individuos las presentan. En el estudio llevado a cabo
por Chablé-Santos y colaboradores (1995) en el estado de Campeche, se
describen las caracteristicas de las lesiones siendo en general puntos rojos o
blancos de 3 a 5 mm de diametro en la piel en areas en las que se ha perdido
el pelo, principalmente en la base de la cola.

En un ejemplar de S. hispidus capturado en Campeche, se documento
que las lesiones curaron espontaneamente después de un mes (Chablé-Santos
et al. 1995). Sin embargo, en casos en los que se ha registrado diseminacion
de la enfermedad, los animales no se han recuperado de la infeccion (McHugh
et al. 2003). Un estudio detallado sobre el curso de la infeccidbn en los
mamiferos silvestres podria proporcionar valiosas pistas a nivel de respuesta
inmune entre las diferentes especies y de los factores inmunolégicos del
hospedero que pueden ser determinantes sobre la evolucion de la infeccion

(Rotureau et al. 2006).



Las principales herramientas en el diagnéstico de la leishmaniasis son la
observaciéon al microscopio de muestras de tejido de la lesion o cultivos en los
que se observan los promastigotes. Sin embargo, a pesar de que estas
técnicas son relativamente rapidas y de bajo costo, resultan poco sensibles
(Bensoussan et al. 2006). Los cultivos, aunque son mas sensibles, son
susceptibles a la contaminacion (Belli et al. 1998).

En los trabajos de deteccion de L. mexicana, las técnicas mas utilizadas
son el diagnostico por PCR acompafiado de cultivo de los parasitos.

La técnica de cultivo utilizada en los trabajos de EUA utiliza diferentes medios:
Schneider para Drosophila con 20% (v/v) de suero fetal bovino inactivado, 500
unidades/ml de penicilina, 500 Og/ml de estreptomicina y 500 Cg/ml de 5-
fluorocitosina (Kerr et al. 1995, Merkelz y Kerr 2002) o medio M199 (Kerr et al.
1999). Los aislados de Leishmania obtenidos en estos trabajos fueron
identificados por medio de andlisis de isoenzimas en la Walter Reed Army

Institute of Research en Washington, DC.

PCR en la deteccion de Leishmania en mamiferos silvestres

La reaccion en cadena de la polimerasa (PCR por sus siglas en inglés)
es una técnica molecular de gran sensibilidad que permite hacer
simultdneamente la deteccion y caracterizacion de Leishmania (Belli et al.
1998). Resulta de gran utilidad en la deteccion de parasitos en reservorios ya
que ha probado ser mas sensible que las otras técnicas utilizadas, elevando
considerablemente el porcentaje de muestras positivas obtenidas.

Existen diferentes oligonucleotidos para la deteccion, tanto de género

como de especie, que utilizan blancos diferentes. Cada grupo de investigacion



ha adaptado la técnica de acuerdo al tipo de muestras que se quieran procesar,
de los mamiferos muestreados y del parasito que quiera detectarse
(Bensoussan et al. 2006, Vergel et al. 2005). Sin embargo, aunque en la
literatura se han reportado varios oligonucel6tidos para la identificacion de
Leishmania en distintos reservorios, hay controversia sobre la especificidad y la
sensibilidad en pruebas diagndsticas. Con el fin de unificar criterios y
protocolos, faltaria realizar un estudio en laboratorio para comparar
directamente los diferentes oligonucléotidos disponibles sobre las mismas
cepas de parasito y evaluar atributos como la especificidad y sensibilidad.

En México y los EUA, los oligonucleotidos que han sido utilizados mas
comunmente para detectar parasitos del género Leishmania en mamiferos
silvestres, son los 13A (GTGGGGGAGGGGCGTTCT) vy 13B
(ATTTTACACCAACCCCCAGTT), disefiados por Rodgers (1990) para
muestras de humanos y que identifican una region del cinetoplasto (kDNA) de
Leishmania y amplifican 120 pares de bases. Con éstos se ha detectado
Leishmania a partir de biopsias de oreja de Neotoma micropus, Neotoma
albigula y Neotoma floridiana en los focos de transmision de Texas y Arizona,
EUA (Raymond et al. 2003, McHugh et al. 2003, Kerr et al. 1999).

En un ensayo en el que se comparo la sensibilidad y la especificidad de
oligonucleotidos que anillan en diferentes regiones (kDNA, SLME e ITS1), se
confirmé que los iniciadores 13A y 13B resultaron ser los mas sensibles
(98.7%), pero a su vez los menos especificos con seis falsos positivos
(Bensoussan et al. 2006). Es importante sefialar que los oligonucleotidos
iniciadores publicados en el trabajo de Bensoussan y colaboradores (2006)

estan invertidos con respecto a nombre y secuencia y el iniciador 13B que



corresponderia al 13A tiene dos bases cambiadas. Bajo estas discrepancias,
no puede establecerse si en realidad se utilizaron secuencias diferentes o si
hubo errores tipograficos en la publicacion. Si bien los autores consideran que
los falsos positivos podrian ser positivos verdaderos debido a que la técnica es
demasiado sensible, es probable que esto se deba a la homologia que
presentan con monocitos de humano, como lo reportan Vergel y colaboradores
(2005). Estos resultados deben considerarse con particular atencidén ya que en
el caso de busqueda del parasito en mamiferos podria estar ocurriendo lo
mismo sin que sean detectados los falsos positivos porque no utilizan otras
técnicas que sirvan como control o porque no usan un verdadero control
negativo con ADN de ratdn sano. Los trabajos de Kerr et al. (1999), McHugh et
al. (2003), Raymond et al. (2003) y Van Wynsberghe et al. (2009), no presentan
imagenes de los geles obtenidos y no utilizaron como un control negativo una
muestra de ADN de raton sano. Dada la alta homologia, es necesario incluir
controles de raton sano con el fin de confirmar que los resultados positivos se
deben estrictamente a la presencia de ADN del parasito y no de raton.

Otros iniciadores que estan siendo utilizados recientemente para
deteccion por PCR en muestras de mamiferos, son LMC1S (5'-
CTRGGGGTTGGTGTAAAATAG-3) y LMCI1IR (5-TWTGAACGGGRTTTCTG-
3’), disefiados a partir del cinetoplasto de Leishmania. Estos tienen una alta
sensibilidad (0.1 — 1 parasitos) y amplifican una region de 700 pb (Kato et al

2005).



CONCLUSIONES

Debido a que la transmisién de la leishmaniasis es un proceso focal e
involucra un gran numero de variables bidticas y abidticas, la deteccion del
parasito en los mamiferos silvestres deberia ser optimizada mediante los
siguientes criterios: 1) identificar las areas de muestreo basadas en evidencia
de presencia del parasito por reportes previos de casos en humanos, 2)
conocer la estacionalidad de la transmision, es decir, en qué épocas del afio
ocurren los picos de infeccion; y 3) caracterizar la fauna existente en el lugar de
muestreo con el fin de establecer el tipo de mamiferos que van a capturarse.
Por lo general, en los trabajos en los que se ha detectado L. mexicana, el
muestreo esta dirigido a pequefios mamiferos (i.e menores de 500 g), siendo
los mas abundantes y los mas faciles de capturar. Adicionalmente, seria
adecuado considerar estimaciones estadisticas que permitan conocer atributos
poblacionales de las especies (e.g numero de especies, sus abundancias
relativas y estructura de edades), calcular un tamafio de muestra representativo
por cada especie de interés, ademas de llevar a cabo muestreos verticales
distribuyendo trampas a diferentes alturas con el fin de ampliar el rango de
especies analizadas y poder detectar ciclos de transmision diferentes.

Dadas las controversias sobre la especificidad y sensibilidad de los
distintos oligonucledtidos (iniciadores) reportados en la literatura, es prioritario
generar un consenso y optimizar métodos que permitan el diagnostico
molecular de Leishmania en reservorios silvestres. Por medio de pruebas en
laboratorio, podrian realizarse comparaciones de sensibilidad y especificidad

sobre tejidos de roedores infectados con diferentes concentraciones de



parasitos de L. mexicana y con otros trypanosomatidos.

Finalmente, es importante remarcar que la deteccion del parasito en los
mamiferos no es evidencia suficiente de su papel como reservorios y que el
término reservorio deberia solo utilizarse cuando exista evidencia ecologica de
su papel y otros criterios de incriminacion hayan sido validados (Disney 1968).
La incriminacion de un mamifero como reservorio hace parte de un proceso
dinamico, susceptible a cambios en el espacio y el tiempo, por lo tanto, de
acuerdo con Chaves et al. (2007) es necesario desarrollar criterios de
incriminacién que permitan demostrar que existe una dinamica de transmision
en la que un hospedero vertebrado puede transmitir a otro el parasito por
medio de un insecto vector.

Si bien las aproximaciones ecoldgicas a los estudios de transmision de
enfermedades son un campo relativamente nuevo, analisis multidisciplinarios
en los que se haga una valoracion de los focos de transmision involucrando la
mayor cantidad de variables posibles y en los que se tengan en cuenta las
dinamicas poblacionales de las especies involucradas, van a permitir tener
mayor claridad sobre las condiciones eco-epidemioldgicas de los focos de
transmision, optimizando la implementacion de estrategias de control y

prevencion.
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Capitulo 3
Caracterizacion ecoldgicay busqueda de reservorios potenciales de

leishmaniasis en la region sureste de México

INTRODUCCION

El ciclo de transmision de la leishmaniasis es un proceso de
interacciones complejas, debido a que el parasito, un tripanosomatido del
género Leishmania, requiere dos hospederos silvestres -un mamifero
reservorio y un insecto vector- para llevar a cabo su ciclo de vida. En el vector,
el ciclo se conoce como ciclo propagativo, debido a que el parasito se multiplica
y cambia su forma de amastigote a promastigote prociclico primero y después
alcanza la forma infectiva o promastigote metaciclico; en el reservorio solo se
encuentra en su forma de amastigote, inmévil e intracelular (SAnchez-Saldana
et al. 2004). Si bien hay evidencias de que podria existir un proceso de
transmision de humano a humano por medio de un vector, en especial en el
intra-domicilio (Vergel et al. 2005), y que se ha comprobado que los mamiferos
domésticos pueden actuar como reservorios de la enfermedad (Ryan et al.
2003, Solano-Gallego et al. 2001), los mamiferos silvestres constituyen los
reservorios naturales del parasito en un ciclo totalmente enzodtico y, por lo
tanto, son los que revisten la mayor importancia desde el punto de vista de la
ecologia de transmision de la enfermedad (Ashford 1996, De Almeida et al.
2006).

Los primeros registros de leishmaniasis cutdnea en México se remontan
al afio 1912 (Seidelin, 1912) y se ubicaron en las zonas boscosas de la
peninsula de Yucatdn (Beltrdn y Bustamante 1942, Beltrdn 1944).

Actualmente, esta enfermedad se considera como un problema de salud



publica ya que se encuentra en 22 estados, siendo Tabasco, Quintana-Roo,
Campeche, Chiapas, Oaxaca y Nayarit aquellos con mayor nimero de casos
conocidos (SSA, 2006). En algunos estados, como es el caso de Tabasco, se
ha registrado ademas de la forma de leishmaniasis cutanea localizada (LCL),
que es la mas comun, leishmaniasis cutanea difusa (LCD), en la que los
pacientes presentan una sintomatologia severa y progresiva a pesar de que
aparentemente son infectados con la misma especie de parasito (Leishmania
mexicana) (Berzunza-Cruz et al. 2000, 2002). Por una parte, se cree que esta
manifestacion esta relacionada con la respuesta inmunolégica por parte de los
pacientes (Velasco et al. 1989, Berzunza-Cruz et al. 2000) y también se ha
propuesto que el entorno de transmision de la enfermedad, en funcidén de los
vectores y reservorios involucrados, pueden jugar un papel importante en la
variacion de la manifestacion clinica (Rotureau 2006a).

En México, el parasito Leishmania mexicana (Biagi, 1953), causante de
los casos en pacientes, ha sido también aislado de roedores silvestres
(Sigmodon hispidus, Oryzomys melanotis, Ototylomys phyllotis, Peromyscus
yucatanicus, Heteromys gaumeri, Heteromys desmarestianus, Reithrodontomys
gracilis) y del marsupial Marmosa mexicana en el estado de Campeche (Canto-
Lara et al. 1999, Van Wynsberghe et al. 2000, 2009). Adicionalmente, en Belice
se ha reportado infeccion en los mamiferos H. desmarestianus, S. hispidus,
Heterogeomys hispidus, Oryzomys couesi y Nyctomis sumichrasti (Disney et al.
1968).

Con respecto a los insectos vectores responsables de la transmision en
esta zona, Lutzomyia olmeca olmeca (Vargas & Diaz-Najera 1959) es el Unico

que ha sido incriminado (Biagi et al. 1965). Hace algunos afos, en el estado de



Campeche, se realizaron disecciones de especimenes colectados en campo,
encontrando flagelados en L. olmeca olmeca y L. cruciata, aunque la técnica de
diseccién no permitié realizar una identificacion especifica (Rebollar et al.
1996). En la actualidad, se ha encontrado evidencia de que otras especies de
flebotomineos tienen importancia médica, como es el caso de L. shannoni, L.
panamensis y L. ylephiletor (Pech et al. 2010, Sanchez-Garcia et al. 2010). En
cuanto a L. ovallesi, su papel como vector en México aun es muy incierto, pero
en algunas publicaciones se ha reportado que ha sido encontrada en el campo
infectada con parasitos presuntamente de Leishmania braziliensis en
Centroamérica (Porter et al. 1987) y en Venezuela (Bonfante-Garrido et al.
1991). En el sureste de México se ha demostrado la infeccidon en humanos con
L. braziliensis (Veslasco-Castrejon et al. 1989, Pérez-Mutul et al. 1994; Canto-
Lara et al. 1999), pero se desconoce qué especies de flebotomineos podrian
ser los vectores y hasta ahora solo se puede inferir que L. ovallesi es la especie
gue mas probablemente actiia como vector.

Actualmente no existe informacion detallada sobre los ciclos de
transmision de la leishmaniasis en la region sureste de México, debido a que
no se ha llevado a cabo una deteccidn rigurosa y simultanea de los vectores,
reservorios y parasitos presentes en los diferentes focos. Tabasco es el estado
con mayor numero de casos histéricos en el pais (6216 casos entre 1988 y
2006 de acuerdo con los Servicios de Salud del estado) y alli se encuentra la
mayor diversidad de cuadros clinicos de leishmaniasis asociados a pacientes
que habitan en zonas de cultivo (cacaotales principalmente). No obstante la
magnitud del problema de salud, hasta ahora se desconoce las especies que

actian como vectores y reservorios en esta region, de hecho no existen



publicaciones cientificas al respecto y es de destacar lo prioritario y urgente
que resulta valorar estos componentes. En el estado de Campeche, las
autoridades de salud han reportado el aumento de pacientes con formas
clinicas resistentes al tratamiento, lo cual sugiere la posible introduccion de
nuevas especies de Leishmania provenientes de Centro y Sudamérica. Por el
contrario, el estado de Yucatan no reporta con frecuencia casos de
leishmaniasis a pesar de limitar con los estados de Campeche y Quintana Roo;
ademas no existen rios 0 montafias que pudieran servir como barreras entre
Yucatan y los estados vecinos los cuales presentan consistentemente un mayor
namero de casos anuales. Estas diferencias en la incidencia y la prevalencia de
la enfermedad entre Yucatan y los estados vecinos, sugiere que puede haber
otras variaciones como las ecoldgicas causantes de la diferencia en el nimero

de casos, independiente de la notificacion de casos.

Estudios previos sobre la distribucion y la ecologia de los vectores no
han revelado una variacion que pueda ser asociada a las diferentes
manifestaciones clinicas. Por lo tanto, el propésito de este trabajo es explorar si
existe una variacion geografica y ecoldgica en funcién de las especies de

mamiferos, considerando su asociacion con los insectos vectores.

METODOS

Con el fin de reunir la informacion disponible sobre los mamiferos
presentes en la Peninsula de Yucatan y Tabasco, se construyé una base de
datos geogréfica, incluyendo todas las especies de mamiferos depositados en
colecciones biologicas disponibles en linea (GBIF;, www.gbif.org) vy
complementada con datos de los investigadores Ella Vazquez del Instituto de

Ecologia de la UNAM y Mircea Hidalgo de la Universidad Juarez Autonoma de



Tabasco (UJAT). La informacion sobre la distribucion de las 11 especies de
Lutzomyia de importancia médica presentes en México habia sido previamente
reunida en una base de datos geografica (Gonzalez 2007) y fue
complementada con puntos de colecta no publicados en Tabasco del maestro
Raul Zapata Mata de la UJAT.

Con el fin de conocer la distribucién de las especies de mamiferos en el
ambiente ecoldgico y evaluar si existen diferencias significativas entre las areas
de transmision, se realizd una prueba de componentes principales por medio
del programa JMP 6.0. Para todas las especies de mamiferos, se asignaron a
cada punto de colecta variables climaticas y topograficas. Las coberturas
climaticas utilizadas fueron elaboradas por el Dr. Oswaldo Téllez con el método
Bioclim (Nix 1986, Busby 1991) e incluyen 19 variables climaticas
(estacionalidad de la temperatura, precipitacion del cuarto mas seco,
temperatura minima promedio del mes mas frio, isotermalidad, rango anual de
temperatura, temperatura promedio del cuarto mas seco, precipitacion del mes
mas seco, temperatura promedio del cuarto mas lluvioso, temperatura
promedio del cuarto mas frio, precipitacion del cuarto mas frio, estacionalidad
de la precipitacion, rango diurno de temperatura, precipitacion del cuarto mas
lluvioso, temperatura maxima promedio del mes mas calido, temperatura
promedio anual, temperatura promedio del cuarto mas calido, precipitacion del
mes mas lluvioso, precipitacion del cuarto mas calido, precipitacion anual). La
informacion topogréafica fue obtenida a partir de las coberturas de aspecto,
pendiente, indice topografico y elevacion del conjunto de datos de Hydro-1K
(USGS 2001). Todas las coberturas fueron utilizadas a una resolucién de 30

segundos de arco (aproximadamente 1km) para los analisis.



A partir de los registros de co-ocurrencia de mamiferos y vectores, se

llevaron a cabo pruebas de interaccion de especies, utilizando la formula

Ng,(P(Bi|B;)—P(B)))
(N, P(B;)(1—P(B))"?

epsilon (g): &(Bi|B;)
cuya hipotesis nula es que los elementos de las clases Bi se distribuyen al azar
en el espacio geografico.

Esta formula permite calcular una probabilidad de interaccion entre
especies de mamiferos e insectos vectores (Stephens et al. 2009). Este método
permite valorar, desde una perspectiva geografica, cuales especies coinciden
en el espacio geografico con mayor frecuencia, como un indicador de su
posible interaccion. En el caso de los vectores, debido a su condicion de ser
hematofagos, su interaccion con los mamiferos podria ser como fuente de
alimento, implicando su participacibn como reservorios dentro del ciclo de
transmision de Leishmania entre mamiferos silvestres y al humano.

Para este analisis, se utiliz6 una gradilla de 10 km y se asigno a los
puntos de colecta de cada especie el valor de la celda en la que se ubicé. Los
valores del nimero de celdas del vector, nimero de celdas del reservorio,
namero de celdas coincidentes y numero de celdas totales fueron asignadas a
la férmula con el fin de obtener la probabilidad de interaccion. De esta forma,
se obtuvo un listado de los mamiferos que potencialmente podrian estar
asociados a los vectores de leishmaniasis en los cuatro estados analizados,
considerando sospechosos todos los mamiferos con valores de interaccion ¢
mayores a dos, que es el valor considerado significativo. Para los vectores no
se discrimind por especie, sino que se consideré el género Lutzomyia,
suponiendo que cualquiera de las especies de importancia médica puede

infectarse de cualquier reservorio.



Muestreo

Con el fin de validar las predicciones, se seleccionaron dos areas de
muestreo con diferentes incidencias de transmision. Una corresponde a una
zona en la que existe transmisién recurrente, en el limite entre los estados de
Tabasco y Chiapas (Beltran 1944) y la otra en donde el nimero de casos
conocidos es muy bajo, en el estado de Yucatan.

La validacion de las predicciones se hizo en campo entre los meses de
febrero y mayo de 2009 con el fin de confirmar la presencia de mamiferos y
vectores y corroborar la infeccion de los ejemplares capturados. En el area de
transmision de Tabasco y Chiapas, se muestrearon cuatro localidades por
estado y otras cuatro localidades en el estado de Yucatan. Se llevo a cabo un
muestreo por localidad, teniendo en cuenta que, aunque la ausencia de
infeccidn no puede considerarse como un negativo verdadero para la localidad,
los positivos si pueden ser considerados como evidencia de infeccion en la
localidad (Fig. 1).

Los muestreos de mamiferos se llevaron a cabo generando un
cuadrante de 100 trampas Shermann (HB Shermann Traps Inc., Tallahassee,
FL) cebadas con una mezcla de avena con vainilla, distribuidas de acuerdo al
terreno y separadas entre si cada 10 metros. Dentro del cuadrante se
colocaron cinco trampas Tomahawk (Tomahawk Live Trap Co., WI), cebadas
con chorizo para captura de mamiferos medianos. Las trampas fueron
montadas antes de anochecer y permanecieron activas durante la noche.
Ademas, en cada localidad se pusieron tres redes para la captura de
murciélagos montadas al anochecer y revisadas cada quince minutos durante

cuatro horas. Los mamiferos capturados fueron medidos, pesados y sexados,



se anotd su edad y estado reproductivo. La identificacion se llevd a cabo
siguiendo la nomenclatura de Ramirez-Pulido et al. (2005).

Algunas muestras adicionales de localidades dentro del estado de
Tabasco fueron obtenidas por medio de un convenio de colaboracién con el

grupo de Ecologia de la UJAT.

Analisis moleculares para deteccion de Leishmania

Con el fin de detectar la presencia de Leishmania en mamiferos
silvestres, se obtuvieron muestras de los ejemplares colectados en campo y se
procesaron por medio de la técnica de reaccion en cadena de la polimerasa
(PCR). De los roedores y marsupiales, se tomaron muestras de piel (oreja y
cola), higado y corazon y para los murciélagos de piel (oreja y ala), higado y
corazon.

Los tejidos obtenidos fueron procesados con el kit de extraccion de
Qiagen (QIAGEN Inc, Chatsworth, CA, USA) para obtener el DNA de las
muestras y el PCR fue llevado a cabo utilizando los iniciadores LMC1S (5'-
CTRGGGGTTGGTGTAAAATAG-3) y LMCI1R (5-TWTGAACGGGRTTTCTG-
3’) disefiados por Kato (2005). Estos iniciadores amplifican una region del
cinetoplasto de Leishmania de 700 pb.

La mezcla de reaccion se preparo a partir de 25 ul de master mix, 2 pl de
ADN, 1 ul de cada uno de los iniciadores y agua para completar un volumen
total de 50 pl. Los ciclos de la PCR fueron: 5 minutos a 94°C de
desnaturalizacion, seguidos de 30 ciclos de anillado a 94°C por un minuto,
55°C un minuto y 72°C un minuto, finalizando con 10 minutos a 72° C de

extension. Los productos de PCR fueron analizados mediante electroforesis en



geles de agarosa utilizando como control del corrido de peso molecular ADN
marcador IX (0.072-1.35kbp). Los productos fueron visualizados en un

transluminador de luz ultravioleta.

RESULTADOS

La base de datos de mamiferos incluyé 802 registros para el estado de
Yucatan, 698 para Campeche, 425 para Quintana Roo y 481 para Tabasco;
mientras que para la de vectores se obtuvieron 9 para Yucatan, 87 para
Campeche, 40 en Quintana Roo y 12 en Tabasco.

El andlisis de componentes principales, incluyendo todas las especies de
mamiferos presentes en el area de estudio, refleja una variacion geografica y
ecologica. Se obtuvieron dos grupos de especies bien diferenciados: el
primero, que se distribuye a lo largo del eje Y con el componente principal CP1,
relacionado a variaciones en la temperatura, agrupa los registros de mamiferos
en los estados de Campeche, Quintana Roo y Yucatan y, el segundo,
relacionado a variaciones en precipitacion (explicar cuales) agrupa mamiferos
que ocurren principalmente en el estado de Tabasco (Fig 2).

Con respecto al andlisis de interaccion entre reservorios potenciales y
vectores, el estado con mayor cantidad de especies de mamiferos con
interacciones significativas es Quintana Roo, con 39 especies, pertenecientes a
seis oOrdenes, seguido de Yucatan con 33 especies en cinco Ordenes,
Campeche con 16 especies en cuatro ordenes y, Tabasco con 12 especies en
cuatro ordenes. En todos los estados, el mayor numero de especies pertenece
al orden Chiroptera; sin embargo, la composicion de especies varia entre los
estados.

En Tabasco, el 75% de las especies sospechosas (n = 9) pertenecen al



orden Chiroptera, mientras que soOlo una especie esta en cada uno de los
ordenes Carnivora (Lontra longicaudis), Pilosa (Tamandua mexicana) Yy
Rodentia (Orthogeomys hispidus). En Campeche, 37,5% estan en el orden
Chiroptera (n = 6), 25% en Rodentia (n = 4), 25% en Carnivora (n = 4) y 12,5%
en Didelphimorphia (n = 2). En Yucatan, el orden Chiroptera tiene 60,6% (n =
20) de las especies, Rodentia tiene el 30,3% (n = 10) y, cada uno de los
ordenes Didelphimorphia (Tlacuatzin canescens), Lagomorpha (Sylvilagus
floridanus) y Cingulata (Dasypus nhovemcinctus) tienen una especie. En
Quintana Roo, 41% de las especies estan en el orden Chiroptera (n = 16), 33%
en Rodentia (n = 13), 15% en Carnivora (n = 6), 4.1% en Primates con dos
especies (Alouatta palliata y Ateles geofrogy) y una especie para los ordenes
Perissodactyla (Tapirus bairdii) y Didelphimorphia (Didelphis virginiana) (Tabla
1).

Muestreo

A partir de los muestreos realizados en las 12 localidades seleccionadas,
se capturaron 98 mamiferos: 26 roedores, 2 marsupiales y 70 murciélagos. En
Tabasco se capturaron 14 murciélagos, 2 marsupiales y 6 roedores y en
Chiapas 56 murciélagos y 5 roedores. En el estado de Yucatan se capturaron
exclusivamente roedores, 9 en Chichimila, 5 en Cuncunul y uno en Xul; ningin
mamifero fue capturado en Yaxcuna.

Chiapas fue el estado con mayor numero de capturas (n = 61), seguido
de Tabasco (n = 22) y Yucatan (n = 15). La localidad con mayor niumero de
ejemplares capturados fue Emiliano Zapata, Chiapas, con 27 mamiferos
(Tabla 2). Los mamiferos colectados pertenecieron a 25 especies diferentes,

de las cuales 11 fueron murciélagos. Adicionalmente, cuatro ejemplares fueron



identificados a nivel de género. El grupo de mastozoologia de la UJAT
proporciond muestras de cuatro ardillas Sciurus aureogaster de la localidad de
Paraiso en Tabasco, y un murciélago Artibeus lituratus de Comalcalco,

Tabasco, que presentaba lesiones sugestivas de presencia de Leishmania.

Andlisis moleculares de deteccion de Leishmania

Se procesaron por PCR tres muestras de cada uno de los 98 ejemplares
de mamiferos colectados en campo y de los cinco ejemplares entregados por el
grupo de mastozoologia de la UJAT.

En total se obtuvieron 13 mamiferos positivos para el género
Leishmania, de los cuales 9 fueron murciélagos (Artibeus lituratus (n = 1),
Artibeus jamaicensis (n = 2), Glossophaga soricina (n = 2), Sturnira lilium (n =
2), Desmodus rotundus (n = 1), Carollia sowelli (n = 1)), dos roedores (Sciurus
aureogaster y Ototyllomys phyllotis) y un marsupial (Philander oposum). Las
muestras infectadas fueron predominantemente de piel seguidas de higado y
corazon.

Los murciélagos infectados provenian de tres localidades de los estados
de Tabasco (Comalcalco y Yumkd) y Chiapas (Emiliano Zapata), mientras que
el Unico roedor infectado fue colectado en Yucatan (Chichimild). De los
ejemplares entregados por la UJAT, un murciélago (Artibeus lituratus) y dos
ardillas (Sciurus aureogaster) provenientes de Comalcalco y Paraiso
respectivamente, resultaron infectadas. Es relevante mencionar que el
murciélago Artibeus lituratus presentdé una gran variedad de lesiones en las
alas sugestivas de infeccion con Leishmania sp. y al ser procesado resultd

positivo para infeccidon en todas las muestras (Tabla 3).



DISCUSION

A partir de los analisis realizados, fue posible comprobar que en la region
sureste de Meéxico existe una variacion importante entre los componentes
involucrados en la ecologia de la transmision, tanto a nivel de las variables
bidticas como abidticas. En Tabasco y el norte de Chiapas existe un ciclo de
transmision mantenido por mamiferos diferentes a los que han sido
confirmados como reservorios en la peninsula de Yucatan (Van Wynsberghe et
al. 2000, 2009, Canto-Lara et al. 1999) y esta variacion en la composicion de
especies parece estar relacionada con variaciones ambientales, ya que
Tabasco esta sujeto a regimenes de humedad y temperatura diferentes a los de
la Peninsula (Fig. 2).

Los mamiferos sospechosos de ser reservorios en Tabasco son
predominantemente arboricolas o de talla grande como el oso hormiguero
(Tamandua mexicana) y, aparentemente, los ratones no estan cumpliendo un
papel protagonico en los focos de transmision de este estado debido a que sus
valores de interaccion con los insectos vectores no resulté significativa. El 0so
hormiguero Tamandua tetradactyla ha sido encontrado infectado en Brasil y
Ecuador (Calvopina et al. 2004, Davies et al. 2000, Telleria et al. 1999).
Confirmando las predicciones arrojadas por las redes de interaccion de
especies, los mamiferos encontrados con Leishmania en esta region fueron
murciélagos o mamiferos arboricolas, como ardillas (Sciurus aureogaster) y
marsupiales (Philander opossum), que son reservorios confirmados en otros
paises (Rotureau 2006a, Davies et al. 2000).

En el estado de Quintana Roo, las redes mostraron una gran diversidad

de mamiferos sospechosos como grandes carnivoros y primates, que no han



sido probados como reservorios en México. Sin embargo, algunas especies de
primates han sido reportadas como reservorios en Brasil (Gramiccia et al.
2005) y resulta interesante la presencia de la zorra Urocyon cinereoargenteus,
ya que el zorro sudamericano, Cerdocyon thous, ha sido reportado infectado
con Leishmania en Brasil y Venezuela (Rotureau 2006a, Curi et al. 2006,
Davies et al. 2000).

Los resultados obtenidos para Yucatan con la presencia de un roedor
infectado, sugieren que en el estado pueden estar ocurriendo ciclos enzooéticos
de transmision de la enfermedad. La variacion en la tasa de infeccion entre los
estados de Yucatan, Quintana Roo y Campeche, puede deberse, entre otros
factores, a que en Yucatan hay pocos remanentes de bosque conservado y las
actividades econdémicas del estado ya no estan relacionadas con la explotacion
del chicle (Manilkara zapota), por lo tanto hay menos poblacion expuesta a la
picadura de los insectos vectores. Es importante llevar a cabo una exploracion
de los ciclos enzodticos que ocurren en el estado.

Con respecto a los murci€lagos, los resultados de infeccion obtenidos en
este trabajo con seis especies infectadas, abren la posibilidad de que estén
cumpliendo un papel relevante como reservorios de la enfermedad. Su
abundancia y distribucion los posiciona en un lugar importante dentro de la
comunidad de mamiferos y existen evidencias en laboratorio de que los
insectos vectores pueden alimentarse de ellos (Lampo et al. 2000). Estudios
previos sobre deteccion de Leishmania en murciélagos no arrojan informacion
contundente, ya que Rotureau et al. (2006b) reportaron ausencia de infeccion
en 216 especimenes de cuatro familias analizadas. Sin embargo,

recientemente se reportd en Venezuela infeccion de murciélagos de la especie



Carollia perspicillata con parasitos de Leishmania chagasi (De Lima et al.
2008). Queda por confirmar en nuestro estudio la especie del parésito
encontrado en las muestras positivas con el fin de saber a qué ciclo de
transmision podrian vincularse estos reservorios sospechosos. Adicionalmente,
el hecho de haber encontrado un murciélago con lesiones y una grave infeccién
representada por la presencia del parasito en todos los érganos analizados,
pone en evidencia que es necesario llevar a cabo una valoracion amplia del rol
de los murciélagos como reservorios, ya que uno de los criterios principales
para su incriminacion indica que no deben padecer la enfermedad y resulta
interesante la grave afeccion del ejemplar capturado (Ashford 1996).

Desde el punto de vista de la ecologia de la transmision, variaciones en
la composicion de especies de mamiferos son de gran importancia, ya que
pueden sugerir que existen variaciones también en los insectos que estan
actuando como vectores y en los parasitos circulantes. Rotureau et al. (2006c¢)
en las Guyanas, descubrieron que en una misma localidad, habia variaciones
en los ciclos de transmision existiendo uno a nivel de sotobosque y uno en un
estrato mas alto del bosque con diferentes especies de vectores, reservorios y
parasitos soportando cada uno.

En los estudios llevados a cabo por Disney (1968) en Belice, se
evidencio una gran variacion en la incidencia de la enfermedad entre focos muy
cercanos a traves del tiempo (Van Wynsberghe et al. 2009). En nuestro
estudio, la distribucion de las localidades con mamiferos infectados sugiere que
existen diferentes focos de transmision ya que las localidades positivas son
distantes unas de otras. Dentro de una regidon con tasas aparentemente bajas

de transmision, pueden existir focos con altas incidencias, lo que demuestra la



heterogeneidad geogréfica de la leishmaniasis (Bern et al. 2008). La
distribucion focal de la infeccion puede estar determinada por un recambio en
la proporcion de reservorios susceptibles en una poblacién y, por la variacion
espacial y estacional de los vectores: por lo tanto, es critico detectar los
momentos del afio en que esta situacion ocurre en cada foco de transmision
(Brand&o-Filho y Shaw 2006).

Es necesaria una valoracion al nivel de foco en donde puedan analizarse
las variables micro-ambientales involucradas en la transmision con el fin de
tener informacién confiable sobre la que se puedan disefiar las estrategias de
control y prevencion. Adicionalmente, es necesario llevar a cabo ajustes
periodicos para poder adaptar estas estrategias a ambientes cambiantes y en
proceso de urbanizacion (Desjeux 2001).

La variacion entre los focos de Tabasco y la Peninsula no resulta ser
exclusivamente climatica sino que, ademas, ha habido una transformacion
importante en el uso del suelo en el estado de Tabasco (Marquez et al. 2005),
causando que algunos de los casos en este estado estén relacionados a la
presencia de cultivos de cacao. Las areas de cultivo resultan escenarios
importantes desde el punto de vista de la composicion de especies ya que al
constituir una oferta continua e ilimitada de alimento, favorecen el
establecimiento de especies de roedores y marsupiales que pueden incluso
convertirse en plagas (Rotureau 2006a). En Veracruz, el aumento en el nUmero
de casos esta relacionado a la época de corte de café lo que implica un mayor
namero de humanos susceptibles en contacto con los vectores que habitan
estas zonas de cultivo (Pérez-Sanchez et al. 2007). Desde el punto de vista de

los vectores, los cultivos sombreados y con alta humedad relativa son de gran



importancia ya que proveen habitat estables, con variaciones relativamente
escasas en sus condiciones de humedad y temperatura, ya que generalmente
estan sometidos a sistemas de riego y cuentan con arboles de sombra. De
forma semejante, los cultivos ofrecen un refugio idéneo para ciertas especies
de mamiferos que tienen la plasticidad de establecerse en estas zonas y
aumentar sus abundancias relativas como es el caso de roedores que son
plagas de cultivos. Escenarios éptimos para el establecimiento de reservorios y
vectores de enfermedades resultan ser zonas de riesgo inminente para los
humanos que habitan o desarrollan sus actividades diarias alli. Es necesario,
por lo tanto, poner particular atencion a las areas de transmision en cultivos ya
que pueden estar representando sistemas de transmision con caracteristicas
muy particulares y que debido a su cercania con las viviendas podrian resultar
criticas en la transmision de la enfermedad al humano y los procesos de
domiciliacion de la enfermedad.

Las posibilidades de los analisis predictivos de interaccion de especies
utilizados para generar las listas de mamiferos sospechosos son de gran
importancia, ya que permiten hacer una valoracién preliminar de las areas de
mayor relevancia eco-epidemioldgica. A partir de las listas de sospechosos es
posible optimizar el trabajo de campo con el fin de muestrear las especies de
importancia en las zonas de interés favoreciendo una mejor distribucion de

recursos en especial en regiones con posibilidades limitadas.



Figura 1. Localidades muestreadas en cada uno de los estados. Los circulos
rojos indican las localidades positivas para Leishmania mientras que los
circulos verdes indican ausencia del parasito en las muestras de los animales
capturados. Los numeros indican cada una de las localidades por estado: 1.
Poblado C16, 2. Las Piedras 3 Seccion 3. Grutas de Cocona, 4. Yumka, 5. Xul,
6. Yaxcund, 7. Cuncunul, 8. Chichimila, 9. Maya Bell, 10. Los Alushes, 11.
Emiliano Zapata, 12. Ixtapangajoya.
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Figura 2. Analisis de componentes principales para los mamiferos colectados
en el &rea de estudio en funcion de las variables ambientales. Los rombos son
los datos que pertenecen al estado de Tabasco, los triangulos al estado de
Campeche, los circulos a Quintana Roo y los cuadrados a Yucatan. El
componente principal CP1 explica el 49.47% de la variacion de los datos y esta
relacionado a las variables que tienen que ver con precipitacion, el componente
principal CP2 explica el 25% de la variacion y estd relacionado con las
variables de temperatura. EI CP3, que no se grafica, explica el 17% de la
variacion y esta relacionado a las variables de estacionalidad, temperaturas
méaximas y rango anual de temperatura. En conjunto los tres componentes
explican el 91.5% de la variacién de los datos.
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Tabla 1. Listado de especies de mamiferos sospechosos de ser reservorios de
Leishmania de acuerdo a su valor de interaccion (Epsilon) con insectos del
género Lutzomyia en cada uno de los estados analizados.

CAMPECHE QUINTANA ROO
Posicion  Especie Epsilon Posicion Especie Epsilon
1 Reithrodontomys gracilis 10.16232 1 Eira barbara 4.83166061
2 Molossus sinaloae 7.185845 2 Cuniculus paca 4.338638695
3 Myotis keaysi 7.185845 3 Carollia sowelli 3.950099296
4 Nyctinomops laticaudatus 7.185845 4  Philander opossum 3.950099296
5 Peromyscus leucopus 7.185845 5 Conepatus semistriatus 3.882154877
6 Ototylomys phyllotis 5.134952 6 Herpailurus yagouaroundi 3.882154877
7  Carollia sowelli 4.982757 7 Potos flavus 3.632587778
8 Coendou mexicanus 4.982757 8 Rhogeessa aeneus 3.632587778
9 Eptesicus furinalis 4982757 9 Mormoops megalophylla 3.366013072
10 Herpailurus yagouaroundi 4.982757 10 Myotis elegans 3.067880842
11 Leopardus pardalis 4.982757 11 Dermanura phaeotis 2.909562717
12 Peropteryx macrotis 4982757 12 Desmodus rotundus 2.762224817
13 Rhynchonycteris naso 4.982757 13 Chiroderma villosum 2.568627451
14 Tapirus bairdii 4982757 14 Reithrodontomys gracilis 2.462995759
15 Desmodus rotundus 4.465851 15 Dasyprocta punctata 2.218530189
16 Artibeus intermedius 4.192671 16 Mimon cozumelae 2.218530189
17 Oryzomys couesi 4.192671 17 Diphylla ecaudata 1.953187899
18 Sigmodon hispidus 4.192671 18 Nasua narica 1.953187899
19 Didelphis virginiana 3.988058 19 Otonyctomys hatti 1.953187899
20 Diphylla ecaudata 3.988058 20 Saccopteryx bilineata 1.741601003
21 Heteromys desmarestianus 3.988058 21 Artibeus jamaicensis 1.74146434
22 Lontra longicaudis 3.988058 22 Artibeus intermedius 1.663801669
23 Sciurus deppei 3.988058 23 Leopardus pardalis 1.418300654
24 Sturnira lilium 3.600064 24 Ateles geoffroyi 1.289713242
25 Urocyon cinereoargenteus 3.384179 25 Didelphis virginiana 1.289713242
26 Heteromys gaumeri 3.243643 26  Peromyscus leucopus 1.289713242
27 Peromyscus yucatanicus 3.105854 27 Centurio senex 1.176485443
28 Lonchorhina aurita 2.964666 28 Didelphis marsupialis 1.176485443
29 Orthogeomys hispidus 2.964666 29 Oligoryzomys fulvescens 1.176485443
30 Rhogeessa aeneus 2.964666 30 Sciurus deppei 1.176485443
31 Chiroderma villosum 2.649545 31 Ototylomys phyllotis 1.116370211
32 Eira barbara 2.649545 32 Carollia perspicillata 1.075456384
33 Sciurus yucatanensis 2.559173 33 Oryzomys couesi 1.075456384
34 Alouatta pigra 2.400403 34 Heteromys gaumeri 1.067592591
35 Cuniculus paca 2.400403 35 Orthogeomys hispidus 0.984320936
36 Glossophaga soricina 2.400403 36 Sturnira lilium 0.517364748
37 Nasua narica 2.400403 37 Sigmodon hispidus 0.372055131
38 Ateles geoffroyi 2.19617 38 Peromyscus yucatanicus 0.100236808
39 Carollia perspicillata 2.024182
40 Dasyprocta punctata 1.632474
41 Artibeus jamaicensis 1.529834
42 Dermanura phaeotis 1.529834




YUCATAN TABASCO
Posicion  Especie Epsilon Posicion Especie Epsilon

1 Oryzomys melanotis 9.08845 1 Chiroderma villosum 6.02771377
2 Rhogeessa parvula 9.08845 2 Molossus rufus 4.144928
3 Micronycteris microtis 8.97842 3 Pteronotus davyi 4.144928
4  Artibeus intermedius 7.98134 4 Tamandua mexicana 3.63137496
5 Oligoryzomys fulvescens 7.24101 5 Dermanura phaeotis 3.18466055
6 Otonyctomys hatti 7.24101 6 Centurio senex 3.28853691
7  Artibeus lituratus 6.3487 7 Glossophaga leachii 3.28853691
8 Molossus rufus 6.1931 8 Noctilio leporinus 3.28853691
9 Pteronotus davyi 6.1931 9 Orthogeomys hispidus 3.28853691

10 Pteronotus parnellii 6.1931 10 Rhynchonycteris naso 3.28853691

11 Carollia perspicillata 5.12017 11 Carollia subrufa 2.76500632

12 Oryzomys couesi 4.92959 12 Lontra longicaudis 2.76500632

13 Mormoops megalophylla 4.70568 13 Carollia perspicillata 1.90203496

14 Nyctinomops laticaudatus 4.37918 14 Artibeus intermedius 1.56683691

15 Artibeus jamaicensis 4.25581 15 Cyclopes didactylus 1.56683691

16 Reithrodontomys gracilis 4.00826 16 Sturnira lilium 1.4339697

17 Tlacuatzin canescens 3.86765

18 Mimon cozumelae 3.51033

19 Lasiurus ega 3.48575

20 Glossophaga soricina 3.40616

21 Peromyscus leucopus 3.30835

22 Eptesicus furinalis 3.18559

23 Lasiurus intermedius 3.18559

24 Rhogeessa aeneus 3.18559

25 Ototylomys phyllotis 3.12925

26  Sigmodon hispidus 3.12925

27 Natalus stramineus 2.94094

28 Peromyscus yucatanicus 2.89448

29 Peropteryx macrotis 2.73607

30 Sturnira lilium 2.56087

31 Sylvilagus floridanus 2.40852

32 Orthogeomys hispidus 2.27422

33 Dasypus novemcinctus 2.15448

34 Desmodus rotundus 1.50305

35 Heteromys gaumeri 1.07675




Tabla 2. Listado de especies de mamiferos capturadas en las localidades
muestreadas.

Estado Chiapas Tabasco Yucatan

Especie Total

MayaBell

Las piedras
Grutas de Cocona
Emiliano Zapata
Chichimila
Culcunul

Yaxcuna

" Ixtapangajoya
Xul

@ | os Alushes

©

Artibeus ituratus
Artibeus jamaicensis
Carollia sowelli
Dermanura phaeotis
Dermanura sp
Dermanura watsoni
Desmodus rotundus
Didelphis marsupialis
Eptesicus sp.
Glossophaga soricina
Heteromys gaumeri
Heteromys sp

Molossus rufus

Mus musculus
Oligoryzomys fulvescens
Ototyllomys phyllotis
Peromyscus yucatanicus
Peromyscus leucopus
Peromyscus levipes
Peromyscus mexicanus
Peromyscus yucatanicus
Peromyscus zarhynchus
Philander oposum
Pteronotus parnelli
Reitrodontomys sp.
Sciurus aureogaster
Sturnira lilium

Sturnira ludovici
Uroderma bilobatum 2 1 1

Total 98 27 3 11 20 3 4 1 14 9 5 0 1

©
W NN Eniliano Zapata

oo

H
[{o]
= WN W yymka

ORPFPRPREPNARPRRPRPNORRPNUUO®WRENNLEREOG
()
()

B
a
o

NN
I

Tabla 3. Listado de especies encontradas infectadas con Leishmania,
distribuidas por localidad.



Estado Chiapas Tabasco Yucatén

Localidad Emiliano Zapata Comalcalco Cunduacan Paraiso Yumkéa Chichimila
Especie Total Infect/ Tot Infect/Tot Infect/Tot Infect/Tot Infect/Tot Infect/Tot
Artibeus lituratus 1 1/1

Artibeus jamaicensis 2 217

Carollia sowelli 1 1/3

Desmodus rotundus 1 1/2

Glossophaga soricina 2 2/2

Ototyllomys phyllotis 1 177
Philander opossum 1 1/1

Sciurus aureogaster 2 214

Sturnira lilium 2 1/6 1/4

Total 13 6 1 1 2 2 1
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Abstract

Background: Climate change is increasingly being implicated in species’ range shifts throughout the world, including those
of important vector and reservoir species for infectious diseases. In North America (México, United States, and Canada),
leishmaniasis is a vector-borne disease that is autochthonous in México and Texas and has begun to expand its range
northward. Further expansion to the north may be facilitated by climate change as more habitat becomes suitable for
vector and reservoir species for leishmaniasis.

Methods and Findings: The analysis began with the construction of ecological niche models using a maximum entropy
algorithm for the distribution of two sand fly vector species (Lutzomyia anthophora and L. diabolica), three confirmed rodent
reservoir species (Neotoma albigula, N. floridana, and N. micropus), and one potential rodent reservoir species (N. mexicana)
for leishmaniasis in northern México and the United States. As input, these models used species’ occurrence records with
topographic and climatic parameters as explanatory variables. Models were tested for their ability to predict correctly both a
specified fraction of occurrence points set aside for this purpose and occurrence points from an independently derived data
set. These models were refined to obtain predicted species’ geographical distributions under increasingly strict assumptions
about the ability of a species to disperse to suitable habitat and to persist in it, as modulated by its ecological suitability.
Models successful at predictions were fitted to the extreme A2 and relatively conservative B2 projected climate scenarios for
2020, 2050, and 2080 using publicly available interpolated climate data from the Third Intergovernmental Panel on Climate
Change Assessment Report. Further analyses included estimation of the projected human population that could potentially
be exposed to leishmaniasis in 2020, 2050, and 2080 under the A2 and B2 scenarios. All confirmed vector and reservoir
species will see an expansion of their potential range towards the north. Thus, leishmaniasis has the potential to expand
northwards from México and the southern United States. In the eastern United States its spread is predicted to be limited by
the range of L. diabolica; further west, L. anthophora may play the same role. In the east it may even reach the southern
boundary of Canada. The risk of spread is greater for the A2 scenario than for the B2 scenario. Even in the latter case, with
restrictive (contiguous) models for dispersal of vector and reservoir species, and limiting vector and reservoir species
occupancy to only the top 10% of their potential suitable habitat, the expected number of human individuals exposed to
leishmaniasis by 2080 will at least double its present value.

Conclusions: These models predict that climate change will exacerbate the ecological risk of human exposure to leishmaniasis
in areas outside its present range in the United States and, possibly, in parts of southern Canada. This prediction suggests the
adoption of measures such as surveillance for leishmaniasis north of Texas as disease cases spread northwards. Potential vector
and reservoir control strategies—besides direct intervention in disease cases—should also be further investigated.
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Introduction new human cases reported each year [1,2]. In the Americas,
parasite species belonging to the genus Leishmania are responsible

Leishmaniasis is a vector-borne parasitic disease endemic in for different clinical pathologies, including the deadly visceral form
most tropical regions of the world with approximately two million caused by Leishmania chagast, as well as the mucocutaneous (MCL),
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Author Summary

We explored the consequences of climate change for the
spread of leishmaniasis in North America. We modeled the
distribution of two sand fly vector and four rodent
reservoir species found in northern México and the
southern United States. Models were based on occurrence
data and environmental and topographic layers. Successful
models were projected to 2020, 2050, and 2080 using an
extreme (A2) and a conservative (B2) future climate
scenario. We predicted potential range shifts of vector
and reservoir species varying assumptions about dispersal
ability and capacity to persist in habitats with different
degrees of ecological suitability. Even with the most
conservative assumptions the distributions of both vector
and reservoir species expand northwards, potentially
reaching as far as southern Canada in the east. Assuming
that at least one vector and one reservoir species must be
present for a parasite cycle, the extent of this shift is
predicted to be controlled by the availability of suitable
habitat for sand fly vector species. Finally, we computed
the human population potentially exposed to leishmani-
asis because of these range shifts. Even in the most
optimistic scenario we found that twice as many
individuals could be exposed to leishmaniasis in North
America in 2080 compared to today.

localized cutaneous (LCL), pseudo-diffuse (PDCL), and diffuse
(DCL) disfiguring forms of the disease caused by at least fourteen
Leishmania species from the subgenera Leishmania and Viannia
[3-6]. Mucocutaneous leishmaniasis is caused by L. brasiliensis, L.
panamensis and L. gupanensis [7,8], while diffuse forms have been
related to L. m. mexicana, L. amazonensis [8], L. pifanoi, L. gupanensis
[6,9,10], and L. panamensis [7,11]. Which clinical form is
manifested depends on both host immune capacity and the
parasite species or strain responsible for the infection even though
the genetic determinants of the variation between them remain
unknown [6,12].

In North America (México, United States, and Canada), the
transmission of the disease depends on female blood-feeding sand
fly vectors from species belonging to the genus Lutzomyia
(Diptera: Psychodidae: Phlebotomidae) with several mammal
reservoir species serving as parasite hosts; humans only act as
incidental hosts (not necessarily maintaining parasite circulation in
a population) [13,14]. To be considered as an effective reservoir a
mammal species must (i) have a high degree of exposure to sand fly
vectors (as a primary blood-feeding source), (ii) be able to host the
parasite for long periods without developing the disease, and (iii)
be known to have been infected with parasite strains implicated in
human cases [15-17].

In tropical America, transmission of leishmaniasis is believed to
have traditionally been restricted to humid sylvatic habitats in
which humans were exposed to the parasite during forest-related
activities [14,18,19]. However, human-induced habitat transfor-
mation has facilitated rapid invasion of some vector and mammal
species into non-sylvatic habitats thereby increasing both human
exposure and risk of infection [8]. The dynamics of the disease are
correlated with population fluctuations in reservoirs and vectors
[20,21], and strongly correlated with environmental changes [18]
and climatic factors [14,22]. Because climatic factors can lead to
species’ range shifts, analyses of vector and reservoir species’
distributional responses to climate change scenarios provide
insight into how the spatial epidemiology of leishmaniasis may
be affected by climate change [23]. In particular, estimating the
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potential future distributions of vector and reservoir species can
help identify potential risk areas for human infection.

Ecological niche models (ENMs) based on point occurrence
data, digitized environmental layers, and machine learning
algorithms, typically all overlaid on a Geographic Information
System (GIS) platform, provide a useful framework for under-
standing the geography of vector-borne diseases [19,24-26].
Ecological niche modeling is based on attempting to predict the
fundamental niche of a species which is defined as the set of biotic
and abiotic environmental conditions in which it can maintain
populations without immigrational subsidy [27]. When projected
to geographical space, the fundamental niche gives the potential
distribution of a species. Constraints on dispersal due to
geography, as well as negative ecological interactions (such as
competition), may prevent a species from occupying the entirety of
its fundamental niche [28-30]. Taking such factors into account
generates the actual geographical distribution of a species. In
practice, ENMs incorporate both the ecological requirements and
spatial locations of species and predict species occurrences in an
area between the potential and actual distributions. These
distributions then have to be modified using the constraining
factors mentioned above to obtain the actual distributions. ENMs
are thus useful for providing a framework to test hypotheses
regarding the role of different environmental variables in
determining species’ distributional patterns [25,31-33].

For leishmaniasis in North America, L. m. mexicana is responsible
for most human cutaneous cases of leishmaniasis and has been
1solated from diverse mammal reservoir and sand fly vector species
in México [34-36] and the United States [37—40]. Along the
Meéxico—United States border, the cutaneous form of the disease
occurs in semi-arid scrubland habitats of the Sonoran and
Tamaulipan biotic provinces [37,38], in which the sand fly
species, Lutzomyia diabolica and Lutzomyia anthophora, are the
presumed vectors [39]. In this region, the parasite has been
isolated from the white-throated and southern plains woodrats,
Neotoma albigula and Neotoma micropus; to the east it is also found in
the eastern woodrat, Neotoma floridana [21,37,38]. Transmission has
been observed to be restricted to localized areas, with highest
prevalence in autumn [21,37,38,41]. We also included the
Mexican woodrat, Neotoma mexicana, in this study as a potential
reservoir because it shows wide geographic overlap with Lutzomyia
diabolica and Lutzomyia anthophora and has been incriminated as a
reservoir for Trypanosoma cruze [42]. It is thus likely to be a
competent reservoir for L. m. mexicana because Trypanosoma and
Lutzomyia are both kinetoplastid protozoa and are thus likely to
share some of the same reservoirs.

In north México, disease cases were reported in the north,
between 1986 and 1999, in the states of Tamaulipas, Nuevo Leon,
Coahuila, and Chihuahua [43]. In the United States, Leishmania
parasites have been isolated in Texas, Arizona, Oklahoma, and
Ohio from humans, dogs, rodents, and insects [21,37,38,41]. The
(human) disease is autochthonous in Texas; mucocutaneous,
localized cutaneous, and diffuse leishmaniasis have been reported
[44-47]. By late 2009, 40 cases of leishmaniasis had been reported
in Texas [46] [Chad McHugh, personal communication], and two
cases had been reported in Oklahoma [Kristy Bradley, personal
communication].

It is likely that the occurrence of human cases is strongly
correlated with the presence of competent vector and reservoir
species in sufficiently high densities [20,21]. In this study, we begin
by constructing ENMs for these species to predict their potential
geographical distributions. We then project models showing
sufficient predicitive power to future climate scenarios for 2020,
2050, and 2080. We use the A2 and B2 scenarios for which
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mnterpolated climate layers based on the 2003 Third Intergovern-
mental Panel on Climate Change (IPCC) Assessment Report [48]
are publicly available. Except for the AIFI scenario, which is
unlikely because it assumes no carbon emissions reduction, the A2
scenario is the most extreme of the six canonical IPCC emissions
scenario [49]; the Bl scenario is the most conservative but, since
interpolated climate layers were not available for it, we used the
related B2 scenario which is also conservative. We assumed that
results invariant under both scenarios are likely to be robust.

A variety of methods have been proposed for the assessment of
disease risk though a standard framework is yet to emerge [50-53].
Here, disease risk was assessed using only two risk components.
The first was simply the potential for the presence of both vector
and reservoir species based on (i) the quality of available habitat as
predicted by the ENMs and (i1) dispersal ability, that is, patterns of
dispersal from their ranges at the previous time that was modeled.
The second was the projected “cost” measured by the number of
people potentially exposed to the disease. Different projected
future population estimates were used for the A2 and B2 scenarios.
These are not the only components of disease risk. For the spread
of leishmaniasis, three categories of risk have traditionally been
distinguished [8], those due to: (i) anthropogenic transformations
and other environmental changes; (ii) immunological profiles of
human populations; and (iii) treatment failure and drug resistance.
Leishmaniasis has also been associated with poverty in one recent
analysis [54] which would affect factors in all three categories; it is
known to be less prevalent in urban settings than rural contexts
[53]. This analysis is restricted to only one element of risk from
environmental changes: that due to climate change, which will
interact with other risk factors in complex ways which are beyond
the scope of this study. However, this element of risk, the
“ecological risk,” provides an epidemiological baseline for
consideration of other aspects of risk. If the ecological risk is
low, then other risk factors will typically not matter very much: if
disease vectors and reservoirs cannot survive in an area because of
ecological reasons, then there is little likelihood that the diseases
can become autochthonous in that region. If the ecological risk is
high, the other factors will be critical to the control of the disease.
In what follows, for expository brevity, we will use “risk” to refer
only to this ecological risk of leishmaniasis spread.

Methods

Study area

The study area for model construction consisted of all the
terrestrial regions of Canada, the United States, and México
delimited by the 14.13° N line of latitude to the south at the
México—Guatemala border. It was divided into 41 680 234 cells
(average area: 0.50 sq km [SD =0.33]) at a resolution of 30 arc-
seconds (0.00833°) of latitude and longitude. All of continental
Canada and the United States were included in order to identify
all areas in which potential distributional shifts of vector and
reservoir species would place them at risk for leishmaniasis
through a northward range expansion of the disease.

Vector and reservoir species records

The two known Lutzomyia vector species found in this region
and known to have epidemiological relevance, Lutzomyia anthophora
and Lutzomyia diabolica, were included. For reservoirs, we included
all Neotoma species widely distributed in northern México or the
southern United States. Neotoma albigula, Neotoma micropus, and
Neotoma floridana are known reservoirs; Neotoma mexicana is believed
to be a reservoir [26].

@ www.plosntds.org

Climate Change and Leishmaniasis

For ENM construction, species point occurrences were obtained
from the Disease Vectors Database (www.diseasevectors.org; last
accessed 24-February-2009) which provides free publicly-accessi-
ble data on both vector and reservoir occurrence records [55].
Reservoir point locality records were obtained from museum
mammal collections (all of which are listed in the Acknowledg-
ments). Vector point locality records were obtained from published
literature [40,56,57], and personal communications (Chad
McHugh, 2007), all included in the Disease Vectors Database
[55]. Figure 1 shows the reservoir and vector species occurrence
points used for ENM construction. Because of the fine resolution
of the study, and in order to ensure concordance between species’
records and the environmental layers used, only post-1990
occurrence points were used in model construction. Seventeen
occurrence points were available for Lutzomyia anthopora, 31 for
Lutzomyia diabolica, and 1047, 192, 103, and 574 for Neotoma
albigula, Neotoma floridana, Neotoma mexicana, and Neotoma micropus,
respectively.

For three of the reservoir species, Neotoma micropus, Neotoma
Sfloridana, and Neotoma mexicana, an independently-derived data set
was used to test the ENMs, with 31, 13 and 28 records available
for the three species (respectively). This data set was obtained from
US mammal collections listed below (see Acknowledgments). None
of these data were used either in model construction or for the
internal model validation (through the training and testing process
in Maxent). For Neotoma albigula, these data were not available as
most specimens deposited in Mexican mammal collections are
currently under taxonomic revision. Nonetheless, a high number
of point localities were used in model construction resulting in a
reasonable robust ENM for this species (see Results).

Environmental layers and climate projections

Nineteen bioclimatic data layers were used as explanatory
variables in the ENMs (see Table 1). For the present climate, the
data were obtained from the WorldClim database (www.
worldclim.org; last accessed 15-Nov-2009) where they were
available at the resolution used in this analysis [58]. (For future
climate scenarios, these layers had to be computed as discussed
below.) Topographical variables (elevation, slope, and aspect) were
obtained from the Hydro 1k data set [59]. These 22 layers were
used for ENM construction.

For the future climate projections, monthly values for maximum
and minimum temperature and precipitation were available at
the WorldClim database at the resolution used in this analysis. For
the A2 scenario, we used the GSIRO model because it predicts
the highest temperature increase, for the B2 scenario, we used
the Hadley model which predicts the lowest temperature increase.
These layers had been interpolated from the Third IPCC
Assessment Report. From these layers, the 19 bioclimatic variables
used for ENM construction (Table 1) were computed using an
ArcInfo AML script (mkBCvars.aml Ver 2.3) also provided at the
WorldClim database.

Ecological niche models

ENMs were constructed using the Maxent software package
(Version 3.2 [60-62]). Maxent has been shown to be robust for
ENM construction from presence-only data [31]. Maxent allows
predictive models based on current climatic and other environ-
mental data to be fitted to future climate projections. The species
and environmental data have already been described.

Following published recommendations, Maxent was run
without the threshold feature or duplicates so that there was at
most one sample per pixel; linear, quadratic, and product features
were enabled; 75% of the data were used to construct the models
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Figure 1. Vector and reservoir data points in North America. (a) Both vector species are shown. (b) All four reservoir species are shown.
doi:10.1371/journal.pntd.0000585.9001

and 25% were used to test them [63]. The convergence threshold
was set to a conservative value of 1.0x107> [61-63]. The accuracy
of each model was assessed using three tests:

M)

(if)

The AUC (area under the receiver operating characteristic
[ROC] curve) was calculated for each model using the
proportion of the study area in which the species is predicted
to be present. This is automatically generated by Maxent
which constructs ROC curves using randomly selected
pseudoabsences. For acceptable models, the AUC threshold
was set to an extreme conservative value of 0.95 for both
training and test data.

Eleven binomial tests of model performance [24,63] which
are reported as part of Maxent output were performed on
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the data. All eleven binomial tests were required to be
significant at p<<0.01 which is also a conservative choice.

Model predictions were compared with the independently
derived data set of species’ occurrences for the three species
for which these data were available (Neotoma micropus, Neotoma
Sloridana, and Neotoma mexicana). First, all predicted cells with
probability<<0.01 were dropped from the potential habitat of
a species. Next, from the remaining cells, the top 50% of the
cells were retained; as explained below, these correspond to
the middle threshold choice for the distribution of a species,
as explained in the next paragraph. We then calculated how
many of the new occurrence points for each species fell
within the predicted distribution. To obtain the statistical
significance of this result, we compared this number to that
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Table 1. Explanatory variables used for the construction of
niche models.
Variable Explanation
BIO1 Annual Mean Temperature
BIO2 Mean Diurnal Range (Mean of monthly [max. temp. - min. temp.])
BIO3 Isothermality
BIO4 Temperature Seasonality
BIO5 Maximum Temperature of Warmest Month
BIO6 Minimum Temperature of Coldest Month
BIO7 Temperature Annual Range
BIO8 Mean Temperature of Wettest Quarter
BIO9 Mean Temperature of Driest Quarter
BIO10 Mean Temperature of Warmest Quarter
BIO11 Mean Temperature of Coldest Quarter
BIO12 Annual Precipitation
BIO13 Precipitation of Wettest Month
BIO14 Precipitation of Driest Month
BIO15 Precipitation Seasonality
BIO16 Precipitation of Wettest Quarter
BIO17 Precipitation of Driest Quarter
BIO18 Precipitation of Warmest Quarter
BIO19 Precipitation of Coldest Quarter
Elevation
Slope
Aspect
For details of the computation of these parameters from a basic set [BIO5, BIO6,
BIO13, BIO14], see the WorldClim web-site [www.worldclim.org].
doi:10.1371/journal.pntd.0000585.t001

which is obtained if 10 000 sets of points are randomly
drawn from an area. However, this parameter is sensitive to
the area from which the random points are drawn. If it is
sufficiently large, we would get spurious significance results.
To avoid this problem we drew the points from the smallest
box, bounded by longitude and latitude lines, that included
all the occurrence points. However, this test does not address
the likely problem that the occurrence data were probably
not collected using a randomized survey procedure.
However, for rodents in México and Texas, which are the
regions from which the new occurrence data are available,
collection efforts have been fairly extensive and most areas
are likely to have been sampled.

The second and third tests were used because the AUC alone
may lead to misplaced confidence in an ENM [64,65]. Maxent
models were first developed from all the topographic variables and
the bioclimatic variables from 2003. These models were projected
to the climate scenarios for 2020, 2050, and 2080 with the same
topographic variables.

The logistic output from Maxent consists of the predicted
probability of occurrence for each species in each cell. These
probabilities represent the potential distribution of a species. The
next step is to predict actual geographical distributions. In this
analysis, the probabilities were converted to geographical
distributions using three different thresholds. First, all cells with
a predicted probability<<0.01 were dropped from the potential
habitat of a species. Next, from the remaining cells, the top 10, 50,
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and 90% of the cells were retained for the 10, 50, and 90
percentile models. Thus, the 10 percentile model is the most
conservative, the 50 percentile model is less so, and the 90
percentile model is the least conservative about the occurrence of a
species. Finally, for both the A2 and B2 scenarios, using these
percentile models for the species, we constructed models consisting
of areas in which at least one vector and one reservoir is present at
the 10, 50 and 90 percentile levels.

Species dispersal

In general, environmental factors may influence species’ spread
to new habitat. Range shifts in response to climate change have
now been empirically documented for a wide range of species [66].
However, a variety of contingent factors including dispersal
ability, geographical barriers, and negative interactions with
other species may prevent species from occupying the entirety of
their environmentally suitable habitats [28]. When these com-
plexities are taken into account, range shifts of species across
landscapes remain poorly theoretically understood though
models of dispersal have begun to receive the attention that they
deserve [67].

Given that there is no dispersal model available for any of the
leishmaniasis vector or reservoir species, two extreme models were
used here: (i) the wmiversal dispersal model assumed that each
species occupied all of its suitable habitat, that is, there is no limit
to dispersal beyond environmental suitability; and (i1) the contiguous
dispersal model assumed that a species occupied a suitable cell
only if it was connected to the range of the species at the last
temporal stage through a pathway of suitable cells. Thus, between
2000 and 2020 the dispersal of a species is restricted only to those
cells that are environmentally suitable and adjacent to an occupied
cell in 2000. The same pattern is repeated for future time steps.
Given the resolution of the analysis, this means that the species can
at least disperse over a distance of about 1 km. over two decades
(which is conservative).

Human population projections for risk assessment

Human population data for the year 2005 and projections for
the years 2020, 2050, and 2080 under the A2 and B2 climate
change scenarios were obtained from the Global 0.5-deg Gridded
Population Dataset (www.sjziam.ac.cn/sjziam/kyxt/shenyj.htm;
last accessed 01-April-2009; [68]) based on the IPCC Special
Report on Emissions Scenarios [49]. The distribution layers had a
resolution of 0.5° and were resampled to the resolution of this
analysis using ArcMap 9.2 maintaining the same population
density as in the original projections. These layers were overlaid
with the models that predicted the presence of at least one vector
and one reservoir species. The human population potentially
exposed to leishmaniasis was computed as that of those cells in
which at least one vector and reservoir species was present at the
10, 50, and 90 percentile levels.

Results

Model output

Figure 2 shows the present predicted distributions of Lutzomyia
anthophora (2a) and Lutzomyia diabolica (2b). Figure 3 does the same
for Neotoma albigula (3a), Neotoma floridana (3b), Neotoma mexicana (3c),
and Neotoma micropus (3d). The AUCs ranged from 0.963 to 0.984
for both training and test data; these values are above our
conservative threshold. For all six species, the 11 p-values for
Maxent’s internal binomial tests were all less than 0.01. When
tested against the independently-derived data set, for Neotoma
Sloridana, 0 out of 13 points fell outside the predicted range
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Figure 2. Predicted current distributions for leishmaniasis vector species. The figures show the geographical projection of the ecological
niche model. (a) Lutzomyia anthophora; (b) Lutzomyia diabolica.
doi:10.1371/journal.pntd.0000585.g002

(»<<0.0001), for Neotoma mexicana, 1 out of 28 points fell outside The topographic parameters were not explanatorily significant
(»<<0.0001), and for Neotoma micropus, 2 out of 31 points fell outside (data not shown). There was no obvious pattern with respect to the
(»p<<0.0001). climatic parameters. For Lutzomyia anthophora the two most
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Figure 3. Predicted current distributions for leishmaniasis reservoir species. The figures show the geographical projection of the ecological
niche model. (a) Neotoma albigula; (b) Neotoma floridana; (c) Neotoma mexicana; (d) Neotoma micropus.

doi:10.1371/journal.pntd.0000585.g003

important parameters were the mean temperatures of the wettest
and warmest quarters, for Lutzomyia diabolica they were the annual
mean temperature and the minimum temperature of the coldest
month, for Neotoma albigula, isothermality and mean diurnal
temperature range, for Neotoma floridana, the maximum tempera-
ture of the warmest month and the minimum temperature of the
coldest month, for Neotoma mexicana, isothermality and precipitation
seasonality, and for Neotoma micropus the mean temperatures of the
wettest and driest quarters.

Figure 4 shows the future predicted distributions for Lutzomyia
diabolica in 2020, 2050, and 2080 under both the B2 (Hadley
model) and A2 (CSIRO model) future climate scenarios. Figure 5
does the same for Neotoma floridana. These two species were
chosen for presentation here because, on average, they show
the largest range expansions that have the most relevance for
the potential spread of leishmaniasis northwards. Results for the
other four species (Lutzomyia anthophora, Neotoma albigula, Neotoma
mexicana, and Neotoma micropus) are available in Figures S1, S2, S3,
and S4.

Predicted distribution changes

Table 2 records the percent change in area of a species’ range
from one time stage to the next for the universal and contiguous
dispersal models for the A2 and B2 climate change scenarios. The
last three columns report the same numbers for the area occupied
by at least one vector and one reservoir species. If we assume that
each vector and reservoir is competent for human transmission,
and that both vectors are associated with all four reservoirs, then
these numbers are the most relevant ones for the risk of spread of
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leishmaniasis. As expected, area changes are much larger for the
universal model than for the contiguous model.

The change in total range is plotted in Figure 6 for the universal
dispersal model and in Figure 7 for the contiguous model. For
both dispersal models, for the (conservative) B2 climate change
scenario, the predicted range of Neotoma mexicana ultimately
contracts by 2080 irrespective of which quality of habitat (the
top 10, 50, or 90 percentile ranges) is deemed to be occupied;
under the (extreme) A2 scenario it increases only slightly after a
decrease in 2020 except for the highest quality habitat (Figure 7d)
which decreases. Otherwise predicted range expansions are
ubiquitous though, in many cases, there is an initial decrease in
2020 only to be followed by rapid increase in 2050 and 2080.
Though large range expansions are seen for Lutzomyia anthophora,
much of this is not in the northerly direction which would increase
the geographical range of leishmaniasis. If we consider areas in
which at least one vector and one reservoir species are present
and, therefore, there is potential human exposure to leishmaniasis,
the range always expands and, as expected, the expansion is
greater for the A2 scenario than the B2 scenario. In the latter
case, there is no visible difference between the contiguous and
universal dispersal models in the case for all habitat classes
(Figures 6d -f, 7d -f) and the range is expected to expand by as
much as 60%.

Potential human impacts

Figure 8 records the potential human exposure in terms of the
number of individuals who would be present in a cell in which at
least one vector species and one reservoir species is expected to
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Figure 4. Predicted future distributions for Lutzomyia diabolica. (a) B2 scenario, Hadley model, 2020; (b) B2 scenario, Hadley model, 2050; (c)
B2 scenario, Hadley model, 2080; (d) A2 scenario, CSIRO model, 2020; (e) A2 scenario, CSIRO model, 2050; (f) A2 scenario, CSIRO model, 2080.

doi:10.1371/journal.pntd.0000585.g004

be present. This number is uniformly larger for the A2 scenario
than the B2 scenario. If we restrict attention to the population in
only the best habitat (the 10 percentile case), for the A2 scenario
there is some difference between the contiguous and universal
dispersal models with the latter, as expected, leading to more
exposure. Otherwise the results are remarkably robust with
respect to variation in dispersal behavior. The best case scenario
is the one in which both the vector and reservoir species are
restricted to the top 10% of their predicted habitat and climate
changes according to the B2 scenario (Figure 8a, lower two
graphs). Even though the range of the disease is predicted to
decline after 2050, when it peaks, the value in 2080 is about
27 x10° individuals, which is more than twice the current value
of 12x10° individuals.

@ www.plosntds.org

Discussion

There is a high potential for the spread of leishmaniasis in North
America, north of México and Texas, because of climate change.
The main reasons for this possibility are range shifts for Neotoma
Soridana and Lutzomyia diabolica in eastern North America, and for
Neotoma micropus and Lutzomyia anthophora further west. Figure 5
shows the predicted distribution of Neotoma floridana in 2020, 2050,
and 2080. Under both climate scenarios its range expands
northwards and more so under the A2 scenario than the B2
scenario. The same pattern is predicted for Lutzomyia diabolica but
to a lesser extent (Figure 4). Though the predicted range expansion
of Lutzomyia anthophora is more extensive than that of Lutzomyia
diabolica, the northward shift is not as pronounced. It is, therefore,
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Figure 5. Predicted future distributions for Neotoma floridana. (a) B2 scenario, Hadley model, 2020; (b) B2 scenario, Hadley model, 2050; (c) B2
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likely that the risk of leishmaniasis spread in eastern North
America will be limited by the range expansion of Lutzomyia
diabolica. Much of the eastern half of the United States and, under
the A2 scenario, a part of southeast Canada is at risk. The
southern boundary of the range of Neotoma floridana also
incrementally shifts northwards. This will make some of the
southern extremities of its present range unsuitable in the future.
However, if L. m. mexicana 1s already established within this
species—as suggested by the evidence from Texas (see below)—
and expanding its range, it will move north with Neotoma floridana.

For the central United States, the predicted increased risk comes
from the northward expansion of Lutzomyia anthophora and Neotoma
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micropus though this risk does not extend into Canada. While there
1s potential for range expansion of Neotoma micropus into Canada,
the risk of leishmaniasis will be limited by the northern boundary
of the range of Lutzomyia anthophora (see Figure S1 and Figure S2 of
Supplementary Materials). In the western United States the
predicted increased risk is due to the same vector and range
expansion of Neotoma albigula (see Figure S3). Once again, it may be
limited by the range of Lutzomyia anthophora. Neotoma mexicana is not
predicted to play any significant role.

However, factors not taken into account here may impede the
spread of leishmaniasis to the west. Mead and Cupp [69] found an
association of Lutzomyia anthophora and Neotoma albigula in Pima
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County, Arizona, which is in accordance of our predictions
(Figures 2a and 3a). Subsequently Kerr et al. [38] confirmed the
presence there of L. m. mexicana in Neotoma albigula individuals.
However, this is the western limit of known leishmaniasis foci in
the United States and occurs in a riparian zone in the Sonoran
biotic province. If precipitation and water availability has been
preventing the spread of the disease further west, this impediment
may be relaxed with climate change. However, at the coarse
resolution used in this study, precipitation-related variables were
not the ones found to be most important in the ENMs for these
two species. It is possible that other features of the habitat
(including vegetation composition and structure, soil type, and
presence or absence of water bodies) may prevent sufficiently high
densities of vectors and reservoirs in this region for disease
transmission.

The reliability of these predictions depends on how successful
the ENMs are. In general, ENM predictions have been known to
correct traditional range maps based on marginal records and
expert judgments of appropriate contiguity and habitat suitability
[25]. ENM predictions for mammal species have been successfully
tested in México [70]. In this analysis, for three reservoir species
(Neotoma floridana, Neotoma mexicana, and Neotoma micropus), the
models showed high concordance with an independent data set
and there are grounds for confidence. For Neotoma albigula, and for
the two vector species, the internal tests within Maxent gave good
results but data were not available for independent tests.

For Texas, the predicted potential distributions for both Neotoma
Sloridana and Neotoma micropus (see Figures 3b and 3d) are more
conservative than those found in traditional range maps [71]. In
central Texas, according to our predicted distributions, there is a
north-south band of habitat that is at best marginally suitable for
any of the four Neotoma species modeled here. This may explain
the temporal pattern in the spread of leishmaniasis cases in Texas.
Leishmaniasis was recorded in 1903 at the southeastern tip of
Texas at the border with México [20]. By the mid-1940s, it had
spread to south-central Texas, by the early 1980s, it had spread to
central Texas, and by the 1990s, to north Texas. However,
throughout this period it did not spread east of Gonzales County
(97.51° W) even though there was suitable habitat for both vector
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Table 2. Shift in distribution area of species.
At least one vector
Lu. anthophora Lu. diabolica N. albigula N. floridana N. mexicana N. micropus and reservoir
20 50 80 20 50 80 20 50 80 20 50 80 20 50 80 20 50 80 20 50 80
10 A2 20.8 276 347 —52 318 36.1 15 87 254 136 175 235 —-11.8 09 1 —-19 134 27.7 284 19.1 216
194 266 335 —6.6 296 369 86 92 237 72 19.1 -6 —144 1.1 6 —96 151 232 224 8.8 34.9
B2 20.1 19 77 —1.1 164 8.1 9.5 107 138 144 183 10.1 —-19 101 —43 —-64 182 52 189 8.6 121
174 42 77 —24 153 94 29 114 158 144 281 139 —218 107 —65 —135 124 162 138 9.4 8.9
50 A2 215 259 282 —06 292 341 156 112 85 185 20.1 24 -89 15 77 01 16 236 22.1 243 17
192 261 256 —2 272 353 141 107 86 157 22 235 —92 13 77 -—19 161 236 221 233 169
B2 19 35 46 23 168 77 138 102 112 193 167 128 —168 102 —-54 —18 17 36 176 74 7.8
182 34 51 16 1545 87 119 107 107 163 187 13 —-172 99 -54 -3 169 32 152 79 84
90 A2 88 278 215 271 19 232 218 126 21 246 196 265 —14 21 58 113 13 208 209 228 138
8.1 238 176 24 206 235 199 135 206 239 196 26.1 —-14 22 55 96 125 202 198 223 141
B2 139 —12 48 152 15 9.3 188 11.1 94 241 178 105 —75 88 —6.7 115 112 49 17.4 74 53
13.1 -1 47 13.6 153 96 177 135 89 226 184 106 —75 86 —6.5 9.7 11.2 49 16.6 73 5.6
Each cell records the percent change in the area of a species’ range from one time stage to the next (upper entry: universal model; lower entry: contiguous model). The
first column is the threshold percentile and the second is the climate scenario (A2: CSIRO; B2: Hadley).
doi:10.1371/journal.pntd.0000585.t002

species according to our ecological niche models. What seems to
have restricted this eastward spread is the presence of at best
marginal habitat for any of the Neotoma reservoir species along
the north-south strip mentioned earlier. The pre-2000 records of
leishmaniasis from Texas fall within the area predicted to be
suitable habitat for Neotoma micropus.

By 2000, however, the disease had breached this barrier of
unsuitable reservoir habitat in east-central Texas, and at least ten
cases of leishmaniasis have been reported since, further north and
east of the barrier [46,47]. Because the patients reported that they
had not travelled outside the respective counties in at least five
years, the infections were thus presumably because of the
establishment of a local transmission cycle [46]. This region has
good habitat for Neotoma floridana (see Figure 3b). These theoretical
results support the earlier conclusion of McHugh et al. [21] who
recorded L. m. mexicana in Neotoma floridana east of the presumed
barrier in 2001 and presumed that the parasite had established a
life-cycle with this host species. If this scenario is correct, except for
ecological suitability for vector species, there is little impediment
left for the further eastward spread of leishmaniasis from Texas to
other states. The results of this study show that climate change will
exacerbate the present risk.

In this analysis, the risk of human exposure to leishmaniasis was
estimated using the projected human population under the A2 and
B2 climate change scenarios in cells in which at least one vector
and one reservoir species were predicted to be present. Even under
the contiguous dispersal model, and assuming that a species will
occupy only the top 10% of its potential habitat, the expected
number of individuals exposed to leishmaniasis is predicted to
more than double to 27x10° by 2080. Under less contiguous
assumptions, this number becomes much higher. Because of the
various uncertainties associated with such projections, the absolute
numbers are open to question. Leishmaniasis typically affects only
rural populations and much of the future population of this region
will live in urbanized environments [3]. Consequently, the size of
the human populations at serious risk will be much less than these
absolute numbers. However, given that a large fraction of the
population (76.9% in México and 81.4% in the United States [72])
already live in urban areas, the conclusion that the exposure risk
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Figure 6. Range expansion of vector and reservoir species under the universal dispersal model. (a) B2 scenario, Hadley model, top 10%
of the habitat; (b) B2 scenario, Hadley model, top 50% of the habitat; (c) B2 scenario, Hadley model, top 90% of the habitat; (d) A2 scenario, CSIRO
model, top 10% of the habitat; (e) A2 scenario, CSIRO model, top 50% of the habitat; (f) A2 scenario, CSIRO model, top 90% of the habitat.

doi:10.1371/journal.pntd.0000585.g006
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will at least double is relatively robust and deserves attention from
a public health perspective. Even if we assume urbanization will be
90%, and this is the percentage of non-exposure to leishmaniasis,
2.7x10°% individuals may be at risk in 2080 under the most
conservative scenario.

Increased exposure need not lead to increased disease cases
provided that adequate preventive measures are in place (beyond
relying on natural immunity in human populations). For
leishmaniasis, potential public health measures could include an
expanded surveillance and control program beyond the northern
boundary of the present range of the disease in the southern
United States. Surveillance must expand northwards as the disease
advances in that direction. Other components include expanded
efforts at vector and reservoir control. If the conclusion that rodent
reservoir distributions have controlled the spread of the disease in
Texas 1s correct, a focus on rodent control may be attractive since
many of these rodent species are also implicated as agricultural
pests in much of their range.

Finally, eight limitations of this analysis should be emphasized.
First, there is necessarily considerable uncertainty about the future,
including the projected climate scenarios and human population
changes. This analysis also does not consider the possible
emergence of new vector species as the disease spreads north.
Second, whereas ENMs have been successfully tested with present-
day species distributions, it is an open question whether they are
being successfully fitted to future climatic layers. Third, land use
and land cover changes were not taken into account because they
are hard to predict with much confidence. For this reason, land
cover was also not used in constructing the ENMs (though it is
likely that, in general, they would lead to increased accuracy of
predictions). Fourth, as explicitly noted earlier, species’ dispersal
remains poorly understood. Though many conclusions remain
robust under the two extreme dispersal models considered here,
other patterns of dispersal may lead to different conclusions. Fifth,
we have no definitive estimate of how much of a species’ potential
habitat it will occupy in the future even beyond uncertainty about
dispersal. We used three percentile ranges (10, 50, and 90) and
many quantitative conclusions depend on these values. The most
important point is that, even under the most conservative
assumptions, there is a serious risk of both the increase of the
geographical range of leishmaniasis and the number of human
individuals potentially exposed to it.

Sixth, as explained in the Introduction, this analysis only
considers ecological risk and it remains possible that other human
determinants of disease risk (for instance, public health initiatives)
and natural determinants (such as regional variation in immunity)
may qualify some of the conclusions arrived at here. These factors
are beyond the scope of this analysis but must be acknowledged
when interpreting its results. Seventh, even within the ecological
context, we did not take into account differences between the
vector and reservoir species, in effect assuming that each vector
has the same affinity for each reservoir, and that all vectors and
reservoirs are equally competent at maintaining the parasite and
transferring it to humans. At present there is insufficient data for
such differences to be incorporated into our models. Finally, we
did not take into account the ecological factors that may directly
affect the life-history of the parasite itself and just presumed that it
can flourish wherever an appropriate vector-reservoir cycle is
established. This is also open to question.

Conclusions

Climate change will exacerbate the ecological risk of human
exposure to leishmaniasis in areas north of the present range of the
disease in the United States (particularly the east-central part of
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the country) and possibly even in parts of south-central Canada.
The risk of spread is greater for the extreme A2 climate change
scenario than the conservative B2 scenario. Even in the latter case,
with contiguous models for dispersal of vector and reservoir
species, and occupancy restricted to only the top 10% of potential
habitat, the number of human individuals exposed to leishmaniasis
is predicted to double by 2080. These predictions point to the
importance of public health measures such as surveillance for
leishmaniasis immediately north of the southern United States
and, potentially, further north as disease cases are identified.
Vector and reservoir control strategies should also be further
investigated as part of adaptability to climate change. It is likely
that other presently primarily tropical vector-borne diseases will
show a similar pattern of range expansion and poleward shift due
to climate change.

Supporting Information

Figure S1 Predicted future distributions for Lutzomyia anthophora.
(a) B2 scenario, Hadley model, 2020; (b) B2 scenario, Hadley
model, 2050; (c) B2 scenario, Hadley model, 2080; (d) A2 scenario,
CSIRO model, 2020; (¢) A2 scenario, CSIRO model, 2050; (f) A2
scenario, CSIRO model, 2080.

Found at: doi:10.1371/journal.pntd.0000585.s001 (0.79 MB TTF)

Figure 82 Predicted future distributions for Neotoma albigula. (a)
B2 scenario, Hadley model, 2020; (b) B2 scenario, Hadley model,
2050; (c) B2 scenario, Hadley model, 2080; (d) A2 scenario,
CSIRO model, 2020; (¢) A2 scenario, CSIRO model, 2050; (f) A2
scenario, CSIRO model, 2080.

Found at: doi:10.1371/journal.pntd.0000585.s002 (0.77 MB TIF)

Figure S3 Predicted future distributions for Neotoma mexicana. (a)
B2 scenario, Hadley model, 2020; (b) B2 scenario, Hadley model,
2050; (c) B2 scenario, Hadley model, 2080; (d) A2 scenario,
CSIRO model, 2020; (¢) A2 scenario, CSIRO model, 2050; (f) A2
scenario, CSIRO model, 2080.

Found at: doi:10.1371/journal.pntd.0000585.s003 (0.67 MB TIF)

Figure 84 Predicted future distributions for Neotoma micropus. (a)
B2 scenario, Hadley model, 2020; (b) B2 scenario, Hadley model,
2050; (c) B2 scenario, Hadley model, 2080; (d) A2 scenario,
CSIRO model, 2020; (¢) A2 scenario, CSIRO model, 2050; (f) A2
scenario, CSIRO model, 2080.

Found at: doi:10.1371/journal.pntd.0000585.s004 (0.78 MB TTF)
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