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We  review  the  epidemiological  role  of domestic  and commensal  hosts  of Trypanosoma  cruzi  using  a
quantitative  approach,  and  compiled  >400  reports  on  their  natural  infection.  We  link  the  theory  under-
lying  simple  mathematical  models  of  vector-borne  parasite  transmission  to  the types  of  evidence  used
for  reservoir  host  identification:  mean  duration  of  infectious  life; host  infection  and  infectiousness;  and
host-vector  contact.  The  infectiousness  of  dogs  or  cats most  frequently  exceeded  that  of  humans.  The
host-feeding  patterns  of  major vectors  showed  wide  variability  among  and  within  triatomine  species
related  to their  opportunistic  behavior  and  variable  ecological,  biological  and social  contexts.  The  evi-
dence  shows  that  dogs,  cats, commensal  rodents  and  domesticated  guinea  pigs  are  able  to  maintain  T.
cruzi in the  absence  of  any  other  host species.  They  play  key  roles  as  amplifying  hosts  and  sources  of  T.
cruzi  in  many  (peri)domestic  transmission  cycles  covering  a broad  diversity  of  ecoregions,  ecotopes  and
triatomine  species:  no other  domestic  animal  plays  that  role.  Dogs  comply  with  the  desirable  attributes  of
natural  sentinels  and  sometimes  were  a point  of entry  of  sylvatic  parasite  strains.  The  controversies  on the

role  of cats  and  other  hosts  illustrate  the  issues  that  hamper  assessing  the  relative  importance  of reservoir
hosts  on  the  basis  of  fragmentary  evidence.  We  provide  various  study  cases  of  how  eco-epidemiological
and  genetic-marker  evidence  helped  to  unravel  transmission  cycles  and  identify  the  implicated  hosts.
Keeping  dogs,  cats and  rodents  out of  human  sleeping  quarters  and reducing  their  exposure  to  triatomine
bugs  are predicted  to  strongly  reduce  transmission  risks.

©  2015  Published  by  Elsevier  B.V.
. Introduction

Multihost pathogen transmission systems include many
oonoses with complex dynamics that challenge disease con-
rol and prevention efforts (Dobson, 2004). Having a multiplicity
f hosts may  favor pathogen persistence (maintenance), high
athogen abundance (amplification) or reduce both of them (the
ilution effect) (Begon, 2008).

Trypanosoma cruzi (Kinetoplastida: Trypanosomatidae), the eti-
logical agent of Chagas disease, is a relevant example of a
ector-borne multihost pathogen and a serious cause of morbid-

ty and mortality affecting 6–9 million people (WHO, 2015). T. cruzi
s composed of highly heterogeneous populations classified into six
iscrete Typing Units (DTUs): TcI–TcVI (Miles et al., 2009; Zingales
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ttp://dx.doi.org/10.1016/j.actatropica.2015.05.029
001-706X/© 2015 Published by Elsevier B.V.
et al., 2012). TcI is widespread through the Americas in association
with Didelphis opossums, and predominates in domestic transmis-
sion cycles occurring north of the Amazon basin. TcIII and TcIV
mainly circulate in sylvatic transmission cycles whereas TcII, TcV
and TVI predominate in domestic habitats from the Southern Cone
of South America. All DTUs can cause human infection and disease
(Miles et al., 2009; Zingales et al., 2012). The six DTUs are currently
associated with distinct ecological niches, and this has implications
for understanding the eco-epidemiology of T. cruzi and developing
improved disease control and surveillance strategies (Miles et al.,
2009). A bat-associated genotype (TcBat) genetically close to TcI
was reported (Marcili et al., 2009a).

All mammals are considered susceptible to T. cruzi whereas
birds and other vertebrates are refractory to infection (WHO, 2002).
Opossums, armadillos and rodents are major sylvatic reservoir
hosts, whereas humans, dogs, cats and commensal (synanthropic)

rodents are the main hosts in domestic or peridomestic (i.e.,
(peri)domestic) habitats (Jansen and Roque, 2010; Minter, 1976a;
Noireau et al., 2009; WHO, 2002). Trypanosoma rangeli,  another
Trypanosomatidae infecting humans, dogs and other mammals

dx.doi.org/10.1016/j.actatropica.2015.05.029
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hrough the bite (salivaria transmission) of triatomine bugs of
he genus Rhodnius, is considered non-pathogenic for mammals
nd pathogenic for triatomines (Pifano, 1973; Pineda et al., 2011;
amírez et al., 2013; Vallejo et al., 2009).

T. cruzi infection is typically acquired through skin contam-
nation with feces from infected triatomine bugs (stercorarian
ransmission), although the infection may  occur through addi-
ional routes, including: (1) ingestion of infected bugs; (2) ingestion
f food and beverages contaminated with feces of infected tri-
tomines or with urine or feces of infected opossums or other
ammals; (3) licking fur contaminated with infected bug feces or

nfected blood; (4) ingestion of domestic flies or cockroaches that
ad recently ingested fresh feces from infected triatomines; (5)

ngestion of infected mammals (or infected raw meat) or unpro-
ected contact with their blood; (6) congenital transmission or
hrough maternal milk; (7) sexual or other direct contact with
nfected body secretions; and (8) blood transfusion and organ trans-
lantation. Routes 1–4 are partially triatomine- related; routes 1
nd 3–4 are restricted to non-human hosts, and routes 1–5 have an
ral point of entry (Hoare, 1972; Minter, 1976a; Zeledón, 1974).

Some species of Triatominae which adapted to live in human
wellings or its annexes acquired public health relevance (WHO,
002). The list is headed by Triatoma infestans, Rhodnius prolixus,
anstrongylus megistus, Triatoma dimidiata and Triatoma brasilien-
is, but several other species occasionally invade homes and may
ransmit T. cruzi to humans. Disease control strategies tradition-
lly focused on preventing parasite transmission by recurrent
ouse spraying of residual insecticides to suppress bug infestations;
creening blood donors, and by treating acute or subacute cases and
nfected infants born to infected mothers (WHO, 2002).

This review was initially motivated by the following statement
rom a highly influential, widely cited publication of the World
ealth Organization (WHO, 2002): “The natural reservoirs of T. cruzi
re those mammals – domestic, synanthropic, and wild –, including
umans, that are naturally infected by the parasite. Such reser-
oirs play an important part in the maintenance of, and interaction
etween, the domestic and wild cycles of Chagas disease” (p. 56).
he underlying notions that all host species found to be infected
re reservoir hosts and are important for pathogen maintenance
re misleading; disagrees with the modern consensus in the field
Sections 2 and 3), and affects both risk assessment and decision

aking.
This manuscript provides a critical appraisal of the epidemio-

ogical role of domestic and commensal hosts of T. cruzi using a
uantitative approach. As a guiding principle we sought to estab-

ish the links among triatomine and various domestic host species
nd follow the transfer of parasite DTUs. After summarizing cur-
ent definitions of reservoir host, we link the theory underlying
imple mathematical models of vector-borne parasite transmis-
ion to the types of evidence used for reservoir host identification.

e use domestic dogs as an in-depth study case, partly because
f their relevance; there is more experimental and epidemiolog-
cal information on dogs than on any other natural host (except
umans), and partly because of our own experience. We docu-
ent the roles of dogs, cats, commensal rodents and domesticated

uinea pigs as amplifying hosts, sources and domestic risk fac-
ors, and use the controversies on their roles to illustrate some of
he issues involved. We  provide various examples of how molecu-
ar epidemiology evidence may  contribute to unravel transmission
ycles and identify the putative reservoir hosts by “contact tracing”.
his review excludes other important wild reservoir hosts of T. cruzi
e.g., opossums, non-domesticated guinea pigs) that may  live in

lose proximity to humans, including feral pigs, feral goats and bats.

 thorough understanding of the role of domestic and commensal
eservoir hosts may  contribute to the design and implementation of
nnovative Chagas disease control strategies that target infectious
Tropica 151 (2015) 32–50 33

host species and individuals, and may  prevent, reduce or suppress
parasite transmission in more cost-effective ways.

2. General framework: definitions of reservoir hosts

The plethora of terminology growing over recent decades has
led to frequent confusions. Ashford (1996, 2003) defined a reser-
voir of infection as an “ecological system in which the infectious
agent survives indefinitely”, and classified reservoirs into different
types. A reservoir host is responsible for the long-term maintenance
of a population of infectious agents. Incidental hosts (also termed
accidental) are irrelevant to long-term parasite persistence, but
occasionally may  be responsible for some transmission and even
become secondary reservoir hosts. Although not an essential com-
ponent, “a liaison host is one that becomes infected and brings the
agent to a situation where it can be transmitted to humans” (i.e., a
bridge host) (Ashford 1996, 2003).

By definition a parasite species that persists in a reservoir host
population must have a basic reproduction number (R0) greater
than 1 (Anderson and May, 1991). For a microparasitic infection, R0
is defined as the average number of secondary cases arising from
a primary case in a susceptible population. It measures the risk
that an outbreak will occur if the pathogen is introduced; the ini-
tial exponential increase in the number of infected hosts, and the
amount of effort required to eliminate the infection (Hartemink
et al., 2008). A primary reservoir host can maintain endemic trans-
mission of a pathogen (R0 > 1) in the absence of any other host
species, and the parasite can persist indefinitely in this host alone
(Quinnell and Courtenay, 2009; Reithinger and Davies, 1999). Sec-
ondary reservoir hosts can transmit infection and increase R0 but
cannot maintain parasite transmission in the absence of the pri-
mary host(s). Incidental hosts do not modify R0. Sustained control
measures that suppress or block parasite transmission from the
primary reservoir host can eliminate the pathogen by reducing R0
below 1, whereas control actions directed at secondary reservoir
hosts would reduce R0 but not lead to elimination. Actions targeting
incidental hosts are ineffectual.

Haydon et al. (2002) proposed “that a reservoir be defined as
one or more epidemiologically connected populations or environ-
ments in which the pathogen can be permanently maintained and
from which infection is transmitted to the defined target popula-
tion”, i.e., the one that is of interest to our purposes. A source is any
population that transmits infection directly to the target popula-
tion. Maintenance populations of a single host species are capable
of maintaining a pathogen indefinitely (i.e., they are larger than
the critical community size). The populations in a reservoir con-
stitute a maintenance community which may  include the target
population, maintenance and non-maintenance populations, non-
essential hosts, and vector species. Chaves et al. (2007) proposed
that “reservoirs are those species that have a dynamic feedback to
the other hosts through pathogen transmission by the vector” (i.e.,
sources), whereas incidental hosts lacking such feedback should be
considered sinks.

Begon (2008) described a “competent reservoir host as one
capable of sustaining a pathogen (R0 > 1, long term) ”, and further
identified that a host capable of passing on the infection may  not
be competent because of the dependence of R0 on the abundance
of susceptible hosts and on the average life expectancy of infec-
tious hosts (determined by death or recovery). In a two-host species
system with interspecific transmission, spillover events from the
more competent host to the incompetent host contribute to over-

all pathogen maintenance and may  cause a substantial epidemic
and further spillovers before dying out; this means that transient
behaviors are also relevant and may  lead to emerging infectious
disease outbreaks (Fenton and Pedersen, 2005). A case in point
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s sylvatic plague (caused by the bacterium Yersinia pestis), which
hows periods of enzootic transmission and epizootic outbreaks
nvolving different small mammal  species in the southwestern USA
Gage and Kosoy, 2005). The enzootic and epizootic hosts are usu-
lly denominated maintenance and amplifying hosts, respectively,
o emphasize their distinctive roles for pathogen persistence and

ultiplication.

. Identification of reservoir hosts in vector-borne diseases

The leishmaniases illustrate a case where the identification of
eservoir hosts has proved especially difficult and controversial.
he topic is as complex as the variety of Leishmania and sandfly
pecies involved (Ashford, 2000). The debate ranges from the puta-
ive reservoir hosts of Leishmania tropica to random guesses at the
eservoir hosts of Old World Leishmania. The criteria used for reser-
oir host identification included: a positive correlation between the
ccurrence of human infection with a defined Leishmania species
nd reservoir host presence or density; concomitant variation in
he prevalence (or risk) of infection in humans and in the reservoir
ost(s); co-occurrence of the same parasite strain(s) in reservoir
osts and humans; presence of parasite DNA; low pathogenicity

n the reservoir host; and host infection prevalence greater than
0%. Some of these criteria were objected on various grounds (e.g.,
shford, 1996; Chaves et al., 2007; Haydon et al., 2002; Quinnell and
ourtenay, 2009; Reithinger and Davies, 1999). Intervention trials
re needed to provide concluding evidence on the role of reservoir
osts, but they may  be costly, unfeasible or unwarranted. The next
ption for reservoir host identification depends on a thorough eco-
ogical understanding based on key empirical data, and developing

athematical models tailored to the study system.
An extension of the Ross-Macdonald model for human malaria

Dye, 1992) was used to describe the dynamics of a vector-
ransmitted disease (Human African Trypanosomiasis, HAT) with
wo vertebrate hosts and one vector species (Rogers, 1988). At
quilibrium, R0 varied with: the relative abundance of vectors to
osts from each species (m); the prevalence of infection in vectors
nd hosts (infection); the biting rate on each host species (host-
ector contact rate, a, the host blood index divided by the feeding
nterval); the probability that a feeding on an infected host pro-
uced a patent infection in the vector (host infectiousness, (c);
uration of the infectious period (1/r); and other factors. For HAT
aused by Trypanosoma brucei gambiense (traditionally considered
n anthroponosis in western Africa), pathogen persistence in cer-
ain scenarios depended on having a non-human reservoir host.
nother approach (the next-generation matrix) reached the same
onclusion (Funk et al., 2013). Although some studies have shown
hat domestic and wild mammals may  harbor T. b. gambiense,  the
mpirical evidence on their reservoir host competence is scant.

Mather et al. (1989) introduced the concept of “reservoir poten-
ial” to describe the relative contribution of rodent host species to
he horizontal infection of ticks (Ixodes damnini) with the Lyme
isease spirochete Borrelia burgdorferi. The authors used rodent
pecies-specific data on the prevalence of infection, infectious-
ess, density, and infestation with larval stages to conclude that
hite-footed mice (Peromyscus leucopus) were the most impor-

ant small mammal  reservoir in coastal Massachusetts. One of the
omponents of reservoir potential, later called “realized reservoir
ompetence”, was defined as the product between the prevalence
f host infection and host infectiousness (Brunner et al., 2008).
ore in line with metapopulation theory, “reservoir capacity” was

ecently defined as a weighted measure of the potential of a struc-

ured host metapopulation to support the long-term persistence of

 pathogen in the absence of external imports (Viana et al., 2014).
For Chagas disease, the seminal reviews of Minter (1976a,b)

stablished a qualitative hierarchy among hosts of T. cruzi based
Tropica 151 (2015) 32–50

on the existing data of the prevalence of host infection (by serodi-
agnosis or xenodiagnosis), and the association between bloodmeal
sources and bug infection in multiple transmission cycles. Related
to the notion of reservoir host competence described above, we
estimated a weighted average probability of bug infection after a
single feed (Pa) on any human or dog from Amamá, a hyperendemic
rural village of northwest Argentina. For each host population,
Pa is the combined product of the age-specific proportions of
seropositive to T. cruzi, of seropositive individuals with posi-
tive xenodiagnosis, and of infected third-fourth instar nymphs in
individuals with positive xenodiagnosis, weighted by age group
(Gürtler et al., 1996a). The Pa of an uninfected bug fed randomly
on any dog was  50 times higher than that of an uninfected bug fed
on any human.

Another improved index of the contribution of each domestic
host population (dogs, cats, humans) to bug infection was derived
from the product of three numbers specific to those host and vector
populations: (1) the fraction of bugs that have a blood meal from
the particular host population; (2) the prevalence of xenodiagnosis-
positive hosts in each host population; and (3) the infectiousness
of each host population to an uninfected bug in a single blood meal
(Gürtler et al., 2007a). Dogs and cats contributed, respectively, 13.9
and 4.8 times as much as humans to infection of domestic bugs.
In the next sections we review the published data on the domes-
tic and commensal hosts of T. cruzi and assess their reservoir host
competence in the light of a chain of processes: host susceptibility,
infection and survival; host infectiousness; and host-vector con-
tact.

4. Domestic dogs

4.1. Course of infection

The natural course of host infection is a determinant factor in the
transmission dynamics of T. cruzi and other pathogens. Although
all mammalian hosts are considered susceptible to T. cruzi, some
degree of age-related resistance is generally accepted (Barr, 2009;
Desquesnes and de Lana, 2010). Detailed knowledge of the course
of T. cruzi infection in non- human hosts is mainly restricted to dogs
(and rodents) because of their advantage as an experimental model
of human Chagas disease (Barr, 2009; Desquesnes and de Lana,
2010; Guedes et al., 2002; Marsden and Hagstrom, 1968). Patholog-
ical findings are parasite strain-dependent; detailed accounts may
be found elsewhere (Barr, 2009; Desquesnes and de Lana, 2010).

A typical course of a primary infection with T. cruzi in dogs
includes an initial acute phase with a short latent period of 1 and 2
weeks for parasitological and serological conversion, respectively
(Lauricella et al., 1986; Machado et al., 2001). Patent parasitemia
appears as early as 3 days post- infection and disappears one month
later, whereas specific antibodies to T. cruzi appear 2–3 weeks post-
infection. T. cruzi was  isolated from saliva and urine of puppies
infected with massive infectious doses (Marsden and Hagstrom,
1968). Mortality from acute myocarditis may  be very high in young
dogs aged less than 6–12 months (Barr, 2009; Kjos et al., 2008).
Dog mortality depends on the virulence of parasite strains, size of
inoculum, route of infection, and host age (Marsden and Hagstrom,
1968; Barr, 2009; Desquesnes and de Lana, 2010). Mongrel dogs
inoculated with a small infectious dose underwent a mild infection
with no mortality or electrocardiographic alterations attributable
to T. cruzi (Lauricella et al., 1986). Acute infections in sub-adult
or adult dogs are milder and mostly unapparent. The life-long

chronic phase shows a time-dependent decline of infectiousness
and persisting levels specific antibodies detectable by routine sero-
diagnostic methods. Some dogs develop a chronic myocarditis that
may  lead to sudden death.
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How much these results inform us of natural infections is
ard to elucidate. Early observations by Salvador Mazza and other
esearchers (Mazza and Jörg, 1936; Mazza and Lobos, 1937; Mazza,
934) documented both fatal cases and uncomplicated acute infec-
ions with T. cruzi in well-nourished mongrel dogs aged less than

 months, often with no pathognomonic signs of clinical disease.
nder substantial risk levels, all surveyed dogs were seropositive

o T. cruzi by the age of 4–5 years (Gürtler et al., 1996a, 1986a)
uggesting little or no refractoriness to infection. Spontaneous
erorecovery (i.e., reversal from seropositive to seronegative) was
xceptionally reported in dogs (Castañera et al., 1998) and humans
Zeledón et al., 1988). Electrocardiographic surveys of infected dogs
rom endemic rural areas evidenced either a very low frequency
f abnormalities or unspecific ones (Lauricella et al., 1989; Ruiz
t al., 1985) or significant cardiac alterations (Cruz-Chan et al.,
009). Numerous fatal cases of young dogs (mainly pure-bred) were
ecorded in veterinary clinics from southern USA (Barr, 2009; Kjos
t al., 2008; Williams et al., 1977). Infected dogs diagnosed at a
ater age survive longer than those which presumably acquired the
nfection at an earlier age (Barr, 2009).

This apparent discrepancy between field observations may  per-
aps be attributed to: the availability of veterinary clinics and a
eporting bias; dog breed (mongrel versus pure-bred); parasite
train; and poverty-related host malnutrition (see Section 4.3).
ongrel dogs from traditionally endemic rural areas are the off-

pring of parents that survived the infection (a process repeated
ver many generations), and therefore may  be phenotypically
r genetically more resistant to infection. In addition to typi-
al stercorarian transmission, triatomine consumption by dogs
as substantial (12–27%) in closed experimental huts housing
ntreated dogs (Gürtler et al., 2009b; Reithinger et al., 2006). Oral

nfections with T. cruzi may  account for many canine cases, espe-
ially in settings where infected sylvatic bugs frequently invade
ouse premises. Naturally-infected bugs may  carry up to 30,000
rypomastigotes per �l of rectal contents (Giojalas et al., 1990):
ogs preying upon them may  develop virulent infections as in
ood-borne outbreaks of human Chagas disease. The probability of
ost infection through ingestion of T. cruzi-infected bugs (0.177)

n sylvatic mammals (Kribs-Zaleta, 2010) exceeded the estimated
robability of human infection through stercorarian transmission
Nouvellet et al., 2013; Rabinovich et al., 1990) by several orders of

agnitude.

.2. Prevalence of infection

This review is based on electronic searches in MEDLINE/PubMed
y using the search terms “dogs”, “natural”, “infection”, “cruzi”,
Chagas”, “presence”, “reservoir”, “host”, and “occurrence” (last
ccessed on May  15, 2015); in Google Scholar, using the search
erms “dogs”, “cruzi” and each country name; in citations found in
road-ranging reviews or book chapters and monographs (includ-

ng Barretto, 1985, 1964; Coura and Dias, 2009; Deane, 1964;
ansen and Roque, 2010; Minter, 1976a; Noireau et al., 2009; Dias,
000) and in the authors’ collections. Additional searches were
erformed in the electronic database BibTri (http://bibtri.com.ar/

 using the search terms “dogs” and “cats”. The same procedures
ere conducted using the search terms “cats” and “rodents” instead

f “dogs”. Additional searches for “goats” and “cruzi”; “pigs” or
swine” and “cruzi”; and “domestic mammals” and “cruzi” and/or
infection” and/or “Chagas” were done. No restrictions to language,
alendar date, study size or diagnostic method were set. Informa-

ion appearing in the grey literature was specifically sought and
ncluded after checking the original material. A small fraction of

anuscripts could not be accessed in print or electronically, and
hus were excluded from this review.
Tropica 151 (2015) 32–50 35

Supplementary Table 1 compiles the published reports of dogs
naturally infected with T. cruzi. Infected dogs have been reported
from the USA to southern Argentina and Chile, including areas
with only sylvatic transmission cycles (e.g., USA, West Indies and
the Amazon basin). All six T. cruzi DTUs were identified in dogs
(Cardinal et al., 2008; Ramírez et al., 2013; Roellig et al., 2008).
Prevalence rates of dog infection greater than 50% were recorded
in several areas infested by T. infestans and R. prolixus, sometimes
reaching or exceeding the local human infection rates, but dog
prevalence more typically varied between 10% and 30%. Direct com-
parisons between reported prevalence rates are often misleading
because of large variations among diagnostic methods and their
performance (Supplementary Text 2), and in the local history of
vector control actions. Detection of non-acute infections with T.
cruzi is best accomplished through validated serological methods
(Lauricella et al., 1998). Prevalence surveys frequently used con-
venience sampling designs, had limited sample sizes, and lacked
clear definitions of the study population, sampling coverage, and
selection criteria.

The absence of spontaneous (sero) recovery after the primary
infection with T. cruzi implies that the age-specific seroprevalence
rates of infection reflect the cumulative risk of infection over the
life course (Fig. 1A). These data may  be used to estimate the force of
infection (i.e., the instantaneous rate of per capita conversion from
negative to positive) through a susceptible-infected (SI) transmis-
sion model (Anderson and May, 1991). The force of T. cruzi infection
in dogs from two  highly-infested rural areas in northwest Argentina
varied from 43.2 to 72.7 per 100 dog-years, suggesting an aver-
age age at primary infection of 5–6 months (see Supplementary
Fig. 4 in Gürtler et al., 2007a, 2005). Age-prevalence curves of dog
infection increased with infected-bug density, differed substan-
tially between population subgroups, and reflected the intensity
of previous vector control actions (Cardinal et al., 2007, 2014).

4.3. Host infectiousness

The intensity of host infectiousness to the vector can be mea-
sured by xenodiagnosis in at least three partially related forms: (1)
the proportion of all tested hosts that are xenodiagnosis-positive
(infectious); (2) the proportion of hosts seropositive for T. cruzi
that are infectious to the vector; and (3) the proportion of unin-
fected vectors that become infected after a replete blood meal
on an infected host (i.e., denominated host infectiousness or c
above). Xenodiagnosis-positive dogs were also successfully iden-
tified by quantitative real-time PCR (qPCR), and the concentration
of T. cruzi DNA correlated closely with dog infectiousness (Enriquez
et al., 2014). In systematic surveys of well-defined populations, the
prevalence of xenodiagnosis-positive individuals among domestic
dogs (28.6%) and cats (19.7%) exceeded that in humans (5.7%) in
southeast Brazil (Freitas, 1950), and a similar ranking was often
recorded in areas infested by R. prolixus, T. dimidiata and T. infestans
(Gürtler et al., 1996a; Pifano, 1973; Zeledon et al., 1975).

Table 1 shows the published reports of dog infectiousness as
determined by xenodiagnosis. Overall, the median percentage of
infectious dogs was  16% (Q1–Q3, 8–41%); whereas on average, 66%
(range, 21–86%) of T. cruzi-seropositive dogs were infectious to
T. infestans. The median percentage of xenodiagnostic bugs (bug
instars and species combined) that became infected after feeding
on a seropositive dog was 53% (range, 29–56%). In contrast, T. cruzi-
seropositive human hosts infected 1.9–3.1% of xenodiagnostic bugs
(using third–fourth instar nymphs) to 13.6–27.6% (fifth instars),
and up to 30–50% of seropositive humans were xenodiagnosis-

positive when a large number of bugs was used (Cerisola et al.,
1974 Pifano, 1973; references in Gürtler et al., 1996a). Measuring
host infectiousness through xenodiagnosis implicitly carries var-
ious components related to vector competence which are absent

http://bibtri.com.ar/
http://bibtri.com.ar/
http://bibtri.com.ar/
http://bibtri.com.ar/
http://bibtri.com.ar/
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Table 1
Infectiousness to the vector of dogs naturally infected with T. cruzi. This table only includes publications based on at least 10 hosts examined for infection.

Country/locality Vector species
(number nymphs/stage)

Percentage of
infectious hosts (no.
infectious/no.
examined)

Percentage of bugs
infected (no.
infected/no.
examined)

Reference

Argentina, Chaco, Resistencia Triatoma infestans (8 nymphs III or IV) 23.6 (63/267) NR Mayer and Alcaraz (1954)
Argentina, Santiago del Estero (SE), Amamá,
1982

T. infestans (20 nymphs III or IV) 75.0 (42/56) NR Gürtler et al., (1986a)

Argentina, SE, Guanaco Muerto T. infestans (20 nymphs III or IV) 68.0 (17/25) NR Wisnivesky-Colli et al., (1985)
Argentina, SE, La Invernada T. infestans (20 nymphs III or IV) 46.2 (18/39) NR Wisnivesky-Colli et al. (1985)
Argentina, Córdoba, Cruz del Eje T. infestans (20 nymphs III) 68.0 (17/25) NR Ruiz et al. (1985)
Argentina, SE, Amamá
1984

T. infestans (10–20 nymphs III or IV) 86.7 (85/98) 62.3 (427/685) Gürtler et al. (1986b)

Argentina, SE, Rio Hondo T. infestans (20 nymphs) 19.4 (66/340) NR Lauricella et al. (1989)
Argentina, SE, Amamá
1984,
1986,
1987

T. infestans (10-20 nymphs III or IV) 87.0 (40/46)
86.5 (45/52)
77.2 (17/22)

55.8 (378/678)
52.1 (383/735)
53.1 (196/369)

Gürtler et al. (1992b)

Argentina, SE, Trinidad & Mercedes, 1988 T. infestans (20 nymphs III or IV) 41.2 (28/68) NR Gürtler et al. (1993)
Argentina, SE, Amamá, 1992 T. infestans (10-20 nymphs III or IV) 85.3 (29/34)a 48.7 (197/610) Gürtler et al. (1996a)
Argentina, SE, Amamá, 1990 T. infestans (20 nymphs III) 69.0 (20/29) 27.8 (103/371) Petersen et al. (2001)
Argentina, Chaco, Tres Estacas T. infestans (30 nymphs III-V) 15.1 (16/106) NR Diosque et al. (2004)
Argentina, SE, Trinidad & Mercedes, 1988-1989 T. infestans (10-20 nymphs III) 65.8 (25/38)a 29.5 (186/630) Gürtler et al. (2007a)
Argentina, SE, Amamá and other 37 villages T. infestans (20-30 nymphs III-IV) 71.4 (35/49)a 54.4 (33/612) Cardinal et al. (2008)
Argentina, Chaco, Pampa del Indio T. infestans (10-20 nymphs IV) 82.7 (43/52)a NR Enriquez et al. (2013)
Argentina, Chaco, Pampa del Indio T. infestans (10-20 nymphs IV) 86.4 (38/44)a,b 48.0, n= NR Enriquez et al. (2014)
Bolivia, Cochabamba, Colcapirhua ND 6.1 (2/33) ND Román (1947)
Bolivia, Potosí, Vichacla ND 12.8 (2/17) ND Román (1947)
Bolivia, Santa Cruz, Porongo T. infestans (7 nymphs III) 23.4 (29/124) ND De Muynck et al. (1978)
Bolivia, Cochabambita & Guapomocito T. infestans (14 nymphs III) 7.7 (3/39) NR Brenière et al. (1998)
Brazil, Minas Gerais, Jaboticatubas T. infestans, T. vitticeps or P. megistus (5

nymphs)
22.7 (5/22) ND Martins et al. (1945)

Brazil, Sao Paulo, Cassia dos Coqueiros ND 28.6
(161/563)

ND Freitas (1950)

Brazil, Goiás, Montevidiu ND 5.9 (1/17) ND Freitas and Mendonç a (1951)
Brazil, Campo Florido T. infestans (5 nymphs) 7.8 (8/102) NR Freitas et al. (1952)
Brazil, São Paulo, Ribeirao Preto T. infestans 0 (0/18) ND Siqueira et al. (1957)
Brazil, Minas Gerais, Campo Florido ND 3.0 (1/33) ND de Rocha and de Siqueira

(1958)
Brazil, Ceará Crato, Barbalha ND 2.8 (2/72) ND Alencar et al. (1963)
Brazil, São Paulo, Guaíra ND 0 (0/34) ND Forattini et al. (1971)
Brazil, Ceará, Russas ND 14.7 (99/674) ND Alencar et al. (1974)
Brazil, Castro Alves T. infestans (10 nymphs V) 18.5 (5/27) NR Mott et al. (1978)
Brazil, São Paulo, São Joao de Boa Vista T. infestans (10 nymphs IV or V) 0.3 (2/613) NR Forattini et al. (1978)
Brazil, Bahia, Riacho da Santana T. infestans or R. prolixus (5 nymphs V) 19.2 (5/26) NR Barrett et al. (1979)
Brazil, Minas Gerais, Frutal NR 0.2 (1/509) NR Forattini et al. (1983)
Brazil, São Paulo, Minas Gerais ND 0.2 (ND) ND Barretto (1985)
Chile, Huasco, Domeyco ND 34.8 (16/46) ND Gasic and Bertin (1939)
Chile, previous data ND 20.6 (38/184) ND Gasic, (1943)
Chile,Atacama, Altamira ND 15.3 (2/13) ND Whiting (1946)
Chile, summary up to 1948 (dogs and cats
pooled)

ND 13.4 (426/3182) ND Neghme et al. (1949)

Chile, summary ND 9.1 (302/3321) ND Neghme and Schenone (1963)
Chile, Santiago, Colina ND 2.0 (2/98) ND Perez et al. (1970)
Chile, summary 1939-1969 T. infestans (7 nymphs III) 8.8 (307/3492) NR Schenone (1971)
Chile, summary 1929-1972 T. infestans (7 nymphs III) 8.3 (313/3579) NR Schenone et al. (1972)
Chile, Santiago, Colina & Caleu T. infestans (10 nymphs III) 9.3 (8/86) NR Rojas et al. (1973)
Chile, various regions, 14 localities ND 4.1 (45/1101) ND Schenone et al. (1978)
Colombia, Santander, Tibú ND 14.3 (3/21) ND Gutierrez (1962)
Costa Rica, San Rafael Ojo de Agua T. dimidiata or T. infestans or R. prolixus

or  R.
neglectus (10 nymphs IV-V)

9.9 (25/253) NR Zeledón et al. (1975)

Costa Rica, Central Valley R. prolixus (20 nymphs IV or V) 21.4 (3/14)a NR Montenegro et al. (2002)
El Salvador ND 5.1 (21/413) ND Cedillos et al. (1976)
Mexico, Morelos Triatoma pallidipennis

(5 nymphs V)
0 (0/49) ND Salazar-Schettino et al. (1997)

Paraguay ND 16.0 (4/25) ND Canese (1978)
Perú, Arequipa, Vitor, Tambo ND 38.1 (16/42) ND Clark and Dunn (1932)
Perú, Moyobamba T. infestans or R. prolixus or P. herreri (8

nymphs II-V)
3.7 (1/27) NR Herrer (1956)

Perú, Arequipa, Majes, Moquegua ND 10.6 (12/113) ND Cornejo et al. (1963)
Perú, Arequipa ND 25.2 (28/111) ND Naquira et al. (1972)
Venezuela, Carabobo, Valle de los Naranjos R. prolixus and T. pallidipennis

(20 and 6 nymphs IV of each)
36.8 (14/38) ND Pifano (1973)

Venezuela, Cojedes, 8 localities (includes cats) R. prolixus
(10 nymphs IV)

19.4 (25/129) ND Tonn et al. (1978)

ND, no data; NR, not reported.
a Only seropositive animals were examined.
b Only animals aged ≥1 year were reported.
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opulation in Amamá  and neighboring villages. (B) Observed age-specific prevalenc
ugs  infected with T. cruzi (data from Gürtler et al., 1996a).

n hemoculture and qPCR (Supplementary Text 2). The probabil-
ty of bug infection after feeding on an infected host is crucially
elated to bloodmeal size, which varies among bug stages, dura-
ion of exposure to the host and other factors (reviewed in Gürtler
t al., 1996a). For example, the pioneering xenodiagnostic surveys
f dogs conducted in Brazil (Freitas, 1950; Freitas et al., 1952;
artins et al., 1945) and recent ones using hemoculture (5–8 mL

f host blood) and/or PCR (Bezerra et al., 2014; Eloy and Lucheis,
012; Lucheis et al., 2005) documented the frequent occurrence of
arasitologically-positive dogs or cats (Table 1). In contrast, dogs
eropositive for T. cruzi across several areas were hemoculture-
egative when smaller amounts (0.2–0.4 mL)  of blood were tested
Roque et al., 2008; Xavier et al., 2012; Rocha et al., 2013). Whether
he current reservoir competence of dogs across several regions of
razil is negligible (Jansen and Roque, 2010; Xavier et al., 2012)
r not merits further inquiry. A few cross-sectional and longitu-
inal studies attempted to assess the duration of the infectious
eriod through the relation between host infectiousness and age
f dog, on the assumption that age is a surrogate of time since pri-
ary host infection. The prevalence of xenodiagnosis-positive dogs

nd their infectiousness either were age-independent or declined
arginally or significantly with age (Fig. 1B) (Enriquez et al., 2014;
ürtler et al., 2007a, 1998b, 1996a, 1992a, 1986b; Lauricella et al.,
989). The potential contribution of pups to bug infection (Pa)
as approximately 50% greater than that of the older age groups

ombined (Gürtler et al., 1996a). These variable patterns were
lso recorded in experimentally-infected dogs, in which patent
arasitemia either disappeared one month post-infection and xen-
diagnosis remained negative for 0.5–12 years (Araujo et al., 2002;
achado et al., 2001), or infectiousness persisted over a two-year

ollow-up (Lauricella et al., 1986). The potential interactions among
ost age, host genetics (i.e., dog breed), parasite strain, multi-
lonal infection, infectious dose, health status, and co-infections
ay  account for the various patterns recorded in the field.
Two key features of dog infectiousness include high aggrega-

ion at the population level and autocorrelation over time (Enriquez
t al., 2014; Gürtler et al., 2007a). A variable fraction of naturally-
nfected, seropositive dogs consistently failed to produce a patent
nfection in xenodiagnostic bugs whereas another group of highly
nfectious dogs were considered potential ‘superspreaders’ of T.

ruzi (Gürtler et al., 2007a). This heterogeneity in infectiousness
mplies that some dogs may  contribute disproportionally to the
nward transmission of T. cruzi. Similarly, human infectiousness
nodiagnosis-positive dogs among seropositives, and percentage of xenodiagnostic

is highly heterogeneous: some individuals showed persistently
high infectiousness over time whereas others consistently showed
intermediate, very low or nil infectiousness when measured by
xenodiagnosis or hemoculture (Cerisola et al., 1974; Luz et al.,
1994).

Both the intensity and apparent duration of dog infectiousness
were inversely correlated to an index of body condition reflecting
health and nutritional status in two resource- constrained, endemic
rural areas of the Argentine Chaco (Enriquez et al., 2014; Petersen
et al., 2001). Domestic dogs almost invariably lacked veterinary
supervision and vaccination against virulent canine diseases, and
suffered from chronic malnutrition and anemia frequently associ-
ated with co-infections and protein-deficient diets. Host conditions
varied widely within the same village and even more within the
same region depending on local levels of socioeconomic depriva-
tion. Dogs owned by poor households were concomitantly in poor
body condition elsewhere (Fung et al., 2014). These aspects most
likely influence the average duration of infectious life and dog pop-
ulation turnover (see Section 4.4).

Host exposure to reinfections (i.e., superinfection) is frequently
mentioned as a determinant of host infectiousness and patho-
genesis. In a preliminary survey we  found a positive association
between dog infectiousness and the household density of infected
bugs that was not verified in subsequent surveys (Enriquez et al.,
2014; Gürtler et al., 2007a, 1992b). Comparison of the age-specific
infectiousness of T. cruzi-seropositive dogs before and 1–2 years
after suppression of domestic bug infestations revealed insignif-
icant differences over time (Gürtler et al., 1992b). Similarly, the
experimental effects of reinoculations on infectiousness in dogs,
monkeys and mice were also slight and transient or nil (Andrade
et al., 2006; Bustamante et al., 2007; Machado et al., 2001; Riarte
et al., 1995). However, when dogs were inoculated successively
with two stocks of T. cruzi, both genotypes were recovered from
three out of eight dogs and one of the genotypes predominated
during the follow-up (Machado et al., 2001).

Parasite DTU was  not associated significantly with dog infec-
tiousness in a multivariate analysis that controlled for the effects
of host body condition and age (Enriquez et al., 2014). However,
a few TcI-infected dogs and cats were non-infectious by xenodi-
agnosis despite having a moderate parasitemia as determined by

qPCR. Experimental evidence of pericardial sequestration of TcI
associated with cardiomyopathy and barely detectable peripheral
parasitemia were also noted (Miles et al., 2009).
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.4. Host population dynamics

The demography of domestic dog populations is driven by
uman cultural patterns (Matter and Daniels, 2000), and plays a
ey role in the rate of recruitment of susceptible hosts (by birth or
n-migration) and the dispersal of T. cruzi-infected dogs within and
etween communities. The mean life expectancy of a dog and its
verage age at primary infection by T. cruzi were used to estimate
0 (8.2) in dogs and cats (5.0) before control interventions (Gürtler
t al., 2007a).

The demography of rural and urban dog populations differs in
everal respects (Matter and Daniels, 2000). Several cross-sectional
nd longitudinal studies in northern Argentina revealed that the
og-to-human ratio was as high as 1:2–1:3, and the number of
ogs per household averaged nearly 3 (Cardinal et al., 2014, 2007;
astañera, 1999; Gürtler et al., 2007a, 1990; Orozco et al., 2013a,b).
he dog population size remained stationary or increased gradually
s the number of households increased over time. The age struc-
ure and sex ratios were highly skewed toward young age classes
nd males, respectively (Fig. 1A). The median age and mean life
xpectancy were 3 years. Recruitment occurred across seasons;
n- and out-migration from the home villages was not marginal,
nd annual turnover rates were very high (>25%). Dying dogs were
lmost immediately replaced by new, usually very young dogs
hich apparently have greater susceptibility to T. cruzi and age-

elated infectiousness, and may  be more attached to domestic
remises. Domestic dogs usually were neither supervised nor their
ovements restrained across several rural areas; they had free

ccess to human sleeping quarters and rested in proximity to their
wners, but this was not homogeneous across rural areas within
he same region.

Does T. cruzi infection impact on the demography of rural dog
opulations? Despite the virulence of T. cruzi in naturally-infected
ogs (Section 4.1), theory predicts that a parasite that occurs in
ost hosts would probably cause mild infections and exert little

ffects on host population size (De Leo and Dobson, 1996). Two
trands of evidence suggest that the overall impact of T. cruzi on
og demography would be marginal: (1) Suppression of bug infes-
ations through residual insecticide spraying caused an exponential
ecline in the prevalence of dog infection (Fig. 2A) consistent with
he hypothesis of non-differential dog mortality attributable to
. cruzi infection (Gürtler et al., 2007b, 1990), and (2) biannual
ouse-to-house surveys of the dog population during nearly four
ears revealed a stable abundance and age structure despite the
ast removal of T. cruzi-infected dogs and their replacement with
eronegative dogs (Castañera, 1999). The excess of mortality due to
. cruzi may  be minor as compared with competing risks of death
xperienced by unvaccinated dogs with untreated helminth infec-
ions and evident malnutrition.

.5. Host-vector contact

The rate of passage of T. cruzi from infected dogs to uninfected
riatomines is related to the fraction of blood meals taken on the
ost (host blood index) and the vectors’ blood-feeding rate. The

atter has rarely been investigated in the field (reviewed in Gürtler
t al., 2014a) and is a key parameter of transmission models. Mea-
uring the temperature-adjusted occurrence of transparent (clear)
rine shortly after bug capture provides a widely applicable method
or estimating daily feeding rates (Catalá, 1991). For T. infestans
ollected from all (peri)domestic bug habitats in mid-spring, the
edian feeding interval was 4.1 days in human sleeping quarters
nd varied widely from 2.8 days in chicken coops to 10.2 days in
itchens (Gürtler et al., 2014b).

The host blood index is measured as the percentage of tested
nsects with a given bloodmeal source as determined by immuno-
Tropica 151 (2015) 32–50

logic or molecular methods. Triatomine bugs make opportunistic
feeding choices and therefore their host-feeding patterns tend to
reflect the relative abundance and proximity of local hosts com-
bined with host attractiveness and defensive behavior (Gürtler
et al., 2014a, 2009a). Seasonal variations in the host-feeding pat-
terns of domestic T. infestans were related to changing host resting
habits and exposure across seasons (Gürtler et al., 1997).

A recent review of the host-feeding patterns of Triatominae
listed >150 studies for defined combinations of bug species, loca-
tions and type of bug habitat (Rabinovich et al., 2011). This study
emphasized the rich diversity of bloodmeal sources identified
within the same triatomine species and region, large differences
between study habitats (domestic, peridomestic, and sylvatic)
within species, and the major role of host accessibility as a determi-
nant of host choice. The main (peri)domestic hosts of Triatominae
were mostly restricted to humans, chickens (“avian hosts”), dogs,
cats, and rodents. The finding of (peri)domestic triatomines with
blood meals on wild reservoir hosts (opossums and armadil-
los) is evidence of potential overlapping between sylvatic and
(peri)domestic transmission cycles in several study sites (see Sec-
tions 4.6, 5.2 and 6.2).

A helpful index of the potential contribution of a reservoir host
to bug infection with T. cruzi can be derived from the association
between bloodmeal source and bug infection (Barretto, 1968), later
denominated the infective bloodmeal index (Zárate et al., 1980).
Based on this index, dogs, cats, rodents, opossums and humans
played a significant role as parasite sources (Minter, 1976a). The
infective bloodmeal indices of 1085 domestic T. infestans showed
that dog-fed bugs had higher indices (49%) than those fed on cats
(39%), humans (38%), and chickens (29%) (Gürtler et al., 2007a). The
substantial fraction of chicken-fed bugs that were infected with
T. cruzi, even in early-instar nymphs with unmixed blood meals,
indicates that the bugs had previously fed on a highly infectious
source that was no longer detectable. These findings and the high
frequency of mixed blood meals evidence the large host-feeding
mobility of domestic T. infestans populations (Gürtler et al., 1997,
1996b; Minter, 1976b; Pizarro and Stevens, 2008).

The infective bloodmeal index may  be further refined by addi-
tionally considering the infecting T. cruzi DTUs and relating them to
the DTUs identified in sympatric hosts and vectors. This approach
implicated both dogs and humans as sources of TcVI and TcV
for T. infestans (Fernández et al., 2014; Maffey et al., 2012), but
larger sample sizes are needed. The co-occurrence of domestic
dogs, cats and (peri)domestic Triatoma sordida infected with TcVI,
TcV and TcI suggests this secondary vector was  partially impli-
cated in (peri)domestic transmission cycles (Maffey et al., 2012;
Macchiaverna et al., 2015).

4.6. Dogs as a risk factor

The household presence or number of dogs is a risk factor for
domestic infestation by T. infestans and T. dimidiata as documented
by several studies differing in size, location and type of multivariate
analysis (Bustamante et al., 2014; Dumonteil et al., 2013; Gurevitz
et al., 2011; Gürtler et al., 1992a). Moreover, the presence or num-
ber of infected dogs significantly increased the relative odds of
domestic bug or human infection with T. cruzi across several sur-
veys conducted in Amamá  and adjacent rural villages in the dry
Argentine Chaco (Gürtler et al., 2005, 1998a, 1998b, 1991). The
younger the infected dog the higher the domestic bug infection rate.
These results are consistent with (and were predicted from) the

high prevalence of infection and age-related infectiousness of dogs,
the dog infective bloodmeal index, and the finding of shared para-
site DTUs in bugs, dogs and humans (see Sections 4.3, 4.5 and 4.7).
The co-occurrence of infected dogs and infected children (acute or
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ig. 2. (A) Prevalence of T. cruzi infection in domestic dogs over time following tw
nd  1992–2002), Amamá and neighboring villages (based on Fig. 1B in Gürtler et 

985–1988 (y = 82.5 exp(−0.2578x), R2 = 0.979) and 1992–2002 (y = 65 exp(−0.272
bserved and predicted prevalence of dog infection with T. cruzi and the domestic a

hronic) was also documented in Argentina, Brazil and Venezuela
Crisante et al., 2006; Mazza, 1936; Mott et al., 1978).

Further evidence for the predicted importance of dogs as reser-
oir hosts comes from a long-term intervention program based
n house spraying with pyrethroid insecticides in Amamá  (Gürtler
t al., 2007b). The prevalence of T. cruzi infection in dogs decayed
xponentially at similar rates (25.8–27.2% per year) in the (near)
bsence of domestic infestations in two study periods across which
645 dogs were examined for infection (Fig. 2A). The predicted fast
ecline in dog infection over the initial 2–3 years post-intervention
driven by their fast population turnover, Fig. 2A) was followed
y case resurgence in dogs and humans when houses became
einfested and the densities of (infected) domestic T. infestans
ncreased (Fig. 2B) (Gürtler et al., 1991, 1990). New cases among
ogs preceded the first child case (Gürtler et al., 2007b). Renewed

nterventions combined with sustained vector surveillance and
elective insecticide sprays nearly suppressed house infestations
nd dropped the dog prevalence of infection from 65% (pre-
ntervention) to <5% a decade later (Cardinal et al., 2006; Castañera
t al., 1998; Gürtler et al., 2007b). Concomitantly, the prevalence
f domestic bug infection decreased from 49.1% (pre-intervention)
o a mean of 5.6% over the subsequent 12 years, whereas perido-

estic bug infection steadily decreased from 5.8% to a mean of 1.3%
Gürtler et al., 2007b).

The new infected dogs detected during this extended surveil-
ance phase were linked to vertical transmission, in-migrant dogs
rom other infested villages, and more rarely, by transient domestic
nfestations (Cardinal et al., 2006; Castañera et al., 1998). Therefore,

ost of the dog infections detected before sustained interven-
ions can be attributed to vector-borne transmission occurring in
peri)domestic habitats. Evidence of oral transmission in dogs was
eak or absent during this period, but the intensity of the sympatric

ylvatic transmission cycle of T. cruzi had declined substantially fol-
owing increasing deforestation and habitat degradation (Cardinal
t al., 2008; Ceballos et al., 2006). The frequency distribution of
arasite DTUs in humans, domestic dogs and bugs differed to some
xtent over two decades, and the degree of overlapping between
ylvatic and domestic transmission cycles apparently declined
Cardinal et al., 2008). The appearance of TcIII in a few domes-
ic dogs and one domestic T. infestans attested to the introduction

f sylvatic DTUs usually found in armadillos and striped skunks
Cardinal et al., 2008; Enriquez et al., 2014; Orozco et al., 2013a,b),
nd may  be related to the widespread habit of feeding dogs with
he raw viscera and fresh blood (Cardinal et al., 2014; Deane, 1964).
munity-wide campaigns of house spraying with residual insecticides (1985–1988
07b). Infection prevalence decayed exponentially over years after spraying (x) in
= 0.967). R2 is the coefficient of determination of the exponential decay curve. (B)
nce of T. infestans according to years after the first insecticide spraying, 1985–1992.

The recent detection of a TcIII-infected human case in the Argentine
Chaco is consistent with this chain of evidence (Monje-Rumi et al.,
2015). Rare findings of TcIII in dogs were also reported elsewhere
(Chapman et al., 1984; Marcili et al., 2009b).

4.7. Molecular epidemiology of Trypanosoma cruzi in the
Argentine Chaco

The distribution of T. cruzi DTUs in sympatric domestic hosts and
vectors in four study areas from the Argentine Chaco provides a rel-
evant study case of conflicting evidence apparently derived from
differing parasite isolation and genotyping methods. Multilocus
enzyme electrophoresis of T. cruzi stocks isolated through different
combinations of xenodiagnosis, mouse subinoculation and cul-
ture in monophasic medium suggested a very strong association
between TcVI and dogs, and between TcV and humans (occurring in
four of five human isolates), with no mixed infections, in Tres Esta-
cas, Chaco province (Diosque et al., 2003). Some 200 km further
southwest, in Amamá  and adjacent villages (Santiago del Estero
province), genotyping of parasite stocks isolated through xenodi-
agnosis and subsequent culture of bug feces in biphasic medium
showed that domestic dogs, cats and T. infestans shared the same
DTU (TcVI) at most of the study households; the two stocks from
humans were TcV, and mixed infections were rare (Cardinal et al.,
2008). Using the same methods, a subsequent survey conducted
in Pampa del Indio (Chaco province, 350 km northeast of Amamá)
corroborated the greater predominance of TcVI in dogs, cats and
T. infestans relative to TcV, the rarity of mixed infections, and a
large fraction of TcVI in domestic triatomines (Enriquez et al., 2013;
Maffey et al., 2012).

Several hypothesis were put forward to explain these findings
(Fernández et al., 2014): (i) differential DTU selection by human and
dogs; (ii) differential DTU amplification of multiclonal infections by
existing parasitological methods; (iii) differential tissue tropism
of DTUs, and (iv) the existence of two  nearly independent trans-
mission cycles mediated by T. infestans in (peri)domestic habitats
(TcV-humans and TcVI-dogs). The last hypothesis was considered
very unlikely in the absence of any known mechanism leading to
the stable segregation of sympatric DTUs.

The most recent, largest survey conducted in the same region

yielded 115 DTU identifications from PCR-positive human and dog
blood samples typed directly by PCR-DNA blotting and hybridiza-
tion assays (Monje-Rumi et al., 2015): TcV predominated in humans
and TcVI in dogs, as in previous studies, but nearly half (40/81) of
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Fig. 3. Current understanding of transmission cycles of T. cruzi in sylv

uman cases had mixed TcV–TcVI infections. We  estimated that
ixed infections with TcV-TcVI were significantly more frequent

han expected from chance alone (�2 = 4.37, 1 df, P < 0.05). These
esults indicate a strong linkage between T. cruzi, dogs and humans
hich previous studies using several parasite isolation and geno-

yping methods failed to reveal; suggest frequent DTU selection by
lassical methods of parasite isolation, and refute the notion of two
ndependent (peri)domestic transmission cycles occurring in sym-
atry, in agreement with the other strands of eco-epidemiological
vidence reviewed above.

Fig. 3 shows our current understanding of the (peri)domestic
ransmission cycle of T. cruzi in Pampa del Indio.

.8. Dogs as sentinel hosts

Domestic dogs have frequently been used as natural sentinels of
uman exposures to various environmental risks because they dis-
lay several favorable traits (Anon., 1991): being susceptible to the
isease agent and developing a measurable, consistent response to

t; share habitats with humans; being accessible, easy to enumer-
te and capture; and abundant. Unlike domestic cats, dogs comply
ith these attributes for T. cruzi (Sections 4.1–4.7). Domestic dogs
ay  also be used to detect changes in the prevalence and incidence

f infection (Halliday et al., 2007), as shown in Fig. 2B (see Section
.6). On a different note, a trained dog was used to discover hitherto
nknown foci of T. infestans in sylvatic habitats of the Paraguayan
haco (Rolón et al., 2011).

The co-occurrence of very low prevalence rates of T. cruzi infec-
ion in domestic dogs and the absence of domestic bug infestations
n areas under surveillance which had been treated with insecti-
ides was taken as evidence that dogs might be used as natural
entinels of Chagas disease vector control status (Forattini et al.,
978; Gamboa, 1967). However, in the absence of information on
ow dogs had been involved in local domestic transmission cycles

efore control actions, their use as sentinels is questionable: for
xample, had dog infections been rare before control interventions,

 before–after comparison of infection rates would have shown no
mpact of a successful intervention against the vector.
d (peri)domestic habitats of Pampa del Indio, in the Argentine Chaco.

The proposed use of dogs as sentinels of the (peri)domestic
transmission of T. cruzi mediated by T. infestans in northwest
Argentina was  based on the close association between the house-
hold presence of infected dogs and infected children or bugs
(see Section 4.6; Cardinal et al., 2006; Castañera et al., 1998;
Gürtler et al., 1990), and the much greater incidence of infection
in dogs (Gürtler et al., 2005, 1987). These relationships appear to
be similar elsewhere (Estrada-Franco et al., 2006). For areas in
which dogs were substantially infected before control interven-
tions, the occurrence of T. cruzi infection in native young dogs
born after insecticide spraying campaigns may  be used to mon-
itor the interruption of parasite transmission in (peri)domestic
habitats, provided in-migration, travel history and other routes
of transmission (non-vector or by secondary triatomine species)
can be accounted for or are marginal. The probability of con-
genital transmission of T. cruzi in naturally-infected dogs may
not be trivial (Cardinal et al., 2006), and reached nearly 10%
in experimentally-infected rats (Desquesnes and de Lana, 2010).
Domestic dog infection may  also be used for risk stratification
at district level through comparison of age-infection prevalence
curves and derived estimates of force of infection between village
clusters (Cardinal et al., 2014).

Domestic dogs may  also act as sentinels of sylvatic sources
of infection because of their roles as predators or scavengers of
infected wild hosts’ tissues (Cleaveland et al., 2006). In rural dis-
tricts from Brazil previously affected by food-borne outbreaks of
human Chagas disease linked to putative sylvatic sources, the sero-
prevalence rates of T. cruzi in dogs were high, widely variable among
and within ecoregions, and positively associated with the pres-
ence of small wild mammals having high parasitemia (Xavier et al.,
2012). Whether dog infections and human cases shared the same
DTUs apparently remained unknown. In other study sites that expe-
rienced repeated oral outbreaks of Chagas disease in Belém (Brazil),
the same DTU (TcI) was identified in human cases, dogs and Rhod-

nius pictipes (das Xavier et al., 2014). Domestic dogs and various
species of small wild mammals and triatomines also shared TcI in
a nature preserve (Rocha et al., 2013), suggesting they were epi-
demiologically linked.
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A thorough interpretation of surveillance data for risk assess-
ent requires consideration of the linkages between animal

entinel events and human health (Rabinowitz et al., 2005). The dis-
ribution of T. cruzi seropositivity in shelter dogs (8.8%) across Texas
USA) was taken as a spatial index of Chagas disease risk (Tenney
t al., 2014). In the virtual absence of established (peri)domestic
nfestations, dogs most likely became infected with T. cruzi from
ontact with sylvatic triatomines or from eating infected wild hosts.
vidence of both frequent house invasion by infected triatomines
uring late spring in the same region (Reisenman et al., 2012) and
are autochthonous human cases of T. cruzi infection with a puta-
ive vector origin (Garcia et al., 2015) suggests seasonal disease
hreats to dogs. How these threats translate into actual human risk
nd T. cruzi infection depend on the vulnerability of housing to bug
nvasion, householders’ awareness, and their bug control practices.
og infection on its own may  fail to represent adequately human

ransmission risks in some scenarios.

.9. Mathematical models of transmission

A mathematical model of the domestic transmission of T. cruzi
as developed in close connection with the household data col-

ected in Amamá  to understand the effects of domestic animals
nd of alternative control strategies (Cohen and Gürtler, 2001).
he model accounted for the effects of humans, dogs, chickens,
omestic bugs and seasonality on the prevalence of human and bug

nfection and other outcome measures. The model predicted that
xcluding domestic animals from bedrooms, especially infected
ogs, would reduce the risk of human and bug infection. Intro-
ucing the first few infected dogs in the household increased
ubstantially the abundance of infected bugs in the summer and
he human prevalence rate. Increasing the number of chickens in
uman sleeping quarters (for hypothetical zooprophylactic effects)
ery slightly decreased the human prevalence rate but increased
he size of the infected summer bug population. The available
mpirical data are consistent with model predictions (Cohen and
ürtler, 2001; Gürtler et al., 2014b, 2005, 1997).

Both the transmission model and data illustrate a paradox:
ncreasing the access to (or introducing) a suitable, non-susceptible
ost on which bugs blood-feed frequently, such as chick-
ns, increases the infected-bug population in the presence of
ther domestic reservoir hosts. Chickens therefore are part of
he reservoir of infection (Haydon et al., 2002) despite not
eing susceptible to T. cruzi, and increase the household risk
f infection rather than exerting zooprophylactic or dilution
ffects.

Other modeling efforts of the transmission system in north-
est Argentina consistently supported the key role dogs play in

he domestic eco-epidemiology of T. cruzi (Castañera et al., 2003;
offield et al., 2013; Fabrizio et al., 2014; Spagnuolo et al., 2012).
he main qualitative results are robust to the modeling framework,
dditional transmission routes, whether residual insecticide spray-
ng was conducted, and how frequently.

.10. Control methods

The menu of control methods for dogs infected with T. cruzi
ncludes: permanent vector suppression to block (peri)domestic
ransmission (Section 4.6); insecticide collars, sprays, pour-ons
nd ivermectin; and treatment. Euthanasia of T. cruzi-infected
ogs is neither feasible as a public health measure nor warranted.
yrethroid-impregnated dog collars suppressed bug populations

nclosed in experimental chicken huts and exerted little bug anti-
eeding effects (Reithinger et al., 2006, 2005). In contrast, fipronil
ither impregnated in collars or applied as a spray or pour-on
ormulation on dogs exerted limited effects on the bugs (Gürtler
Tropica 151 (2015) 32–50 41

et al., 2009b; Amelotti et al., 2012). Subcutaneous injection of dogs
with ivermectin produced increased mortality of T. infestans and
R. neglectus nymphs relative to control dogs until 7 days post-
treatment (Dias et al., 2005). Enhanced prevention of dog infections
with T. cruzi may be achieved through targeted residual insecticide
spraying of kennels or other dog resting sites, and use of insecticide-
impregnated collars with repellent effects.

Treatment of infected dogs with the two  available parasiticidal
drugs (benznidazole and nifurtimox) is feasible and moder-
ately effective, more so during the acute phase (Guedes et al.,
2002; Haberkorn and Gönnert, 1972). Nifurtimox administered to
experimentally-infected beagle dogs at 16–30 mg/kg during 3–4
months suppressed parasitemia, exerted no adverse side effects
during treatment, and did not lead to serorecovery in chronic
infections followed up over a four-month period (Haberkorn and
Gönnert, 1972). Other authors considered that nifurtimox caused
more serious adverse reactions (Barr, 2009). Benznidazole sup-
pressed parasitemia during the first year post-treatment, reduced
systolic cardiac alterations, but did not prevent the development of
dog cardiomyopathy (Santos et al., 2012). Treatment of dogs with
these drugs also risks the evolution of drug resistance in T. cruzi
which could proceed very fast given the high force of infection
they are subject to, with potentially severe implications for human
treatment.

A live-attenuated vaccine against T. cruzi in dogs provided some
protection and reduced infectiousness in a field trial (Basombrio
et al., 1993). Dogs experimentally infected with T. cruzi and vac-
cinated with T. rangeli antigens had reduced parasitemia and
infectiousness (Basso et al., 2007). A preventive and therapeu-
tic DNA vaccine reduced parasitemia, cardiac inflammation and
cardiac parasite burden in experimentally-infected mongrel dogs
(Quijano-Hernández et al., 2013). A combined approach that iden-
tifies the most infectious dogs and treats them with an effective
therapeutic vaccine suppressing infectiousness is predicted to
strongly reduce the risk of infection in vectors and other domestic
hosts.

5. Cats and rodents

5.1. Prevalence of infection

Carlos Chagas identified the first mammalian host of T. cruzi
(a domestic cat) in the same household where the first human
infection was later discovered (Chagas, 1909), and apparently con-
sidered that both dogs and cats were important domestic reservoir
hosts (Deane, 1964). The published data for the occurrence of
T. cruzi infection in domestic cat populations and in commen-
sal rats and mice (Rattus sp. and Mus musculus) are historically
sparser than for dogs (Tables 2 and 3; Supplementary Tables 2
and 3) (Barretto, 1985; Deane, 1964; Jansen and Roque, 2010;
Minter, 1976a; Noireau et al., 2009; WHO, 2002). Extensive cross-
sectional surveys documented 18–64% of xenodiagnosis-positive
cats in widely separated areas infested by various triatomine
species (Table 2). Serological methods were sometimes used to
reveal cat infections that were missed by xenodiagnosis (Cardinal
et al., 2006; Enriquez et al., 2013).

For commensal rats, the prevalence rates of T. cruzi through
xenodiagnosis varied very widely up to 100% and covered a wide
range of triatomine species and locations (Table 3, Supplementary
Table 3). Barretto (1985) compiled several hundreds of xenodiag-
nostic results from the Rio Grande Medio valley (Brazil) showing
an overall infection prevalence of 15.5% for R. norvegicus and 25%

for R. rattus. Mice showed high infection rates (10–30%) in several
locations (Table 3, Supplementary Table 3).

Domesticated Andean guinea pigs (Cavia porcellus), reared in
large numbers for household consumption in Peru and Bolivia, were
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Table 2
Infectiousness to the vector of cats naturally infected with T. cruzi. This table only includes publications based on at least 10 hosts examined for infection.

Country/locality Vector species
(number nymphs/stage)

Percentage of
infectious hosts (no.
infectious/no.
examined)

Percentage of bugs
infected (no.
infected/no.
examined)

Reference

Argentina, Chaco, Resistencia Triatoma infestans (8 nymphs III or IV) 18.1 (10/55) NR Mayer and Alcaraz (1954)
Argentina, Amamá T. infestans (10-20 nymphs III or IV) NR 61.3 (19/31) Gürtler et al. (1986b)
Argentina, Trinidad & Mercedes T. infestans (10-20 nymphs III) 39.3 (11/28) 22.2 (171/768) Gürtler et al. (1993)
Argentina, Chaco, Pampa del Indio T. infestans (10-20 nymphs IV) 50.0 (8/16)a ND Enriquez et al. (2013)
Argentina, Chaco, Pampa del Indio T. infestans (10-20 nymphs IV) 64.3 (9/14)a,b 44.0 (ND) Enriquez et al. (2014)
Bolivia, Cochabamba ND 17.6 (3/17) ND Román (1947)
Bolivia, Santa Cruz, Porongo T. infestans (7 nymphs III) 7.6 (5/66) ND De Muynck et al. (1978)
Brazil, Sao Paulo, Cassia dos Coqueiros ND 19.7 (97/492) ND Freitas (1950)
Brazil, Goiás, Montevidiu ND 20.0 (2/10) ND Freitas and Mendonç a (1951)
Brazil, Campo Florido T. infestans (5 nymphs) 25.5 (12/47) NR Freitas et al. (1952)
Brazil, Castro Alves T. infestans (10 nymphs V) 18.4 (7/38) NR Mott et al. (1978)
Brazil, Ceará Crato, Barbalha ND 0 (0/107) ND Alencar et al. (1963)
Brazil, Bahía ND 34.8 (8/23) ND fide Minter (1976a)
Brazil, São Paulo, Guaíra ND 0 (0/39) ND Forattini et al. (1971)
Brazil, São Paulo, São Joao de Boa Vista T. infestans (10 nymphs IV or V) 0 (0/317) ND Forattini et al. (1978)
Brazil, Bahia, Riacho da Santana T. infestans or R. prolixus (5 nymphs V) 29.0 (9/31) ND Barrett et al. (1979)
Brazil, Minas Gerais, Frutal NR 0.3 (1/301) NR Forattini et al. (1983)
Chile, Huasco, Domeyco ND 18.1 (4/22) ND Gasic and Bertin (1939)
Chile, summary ND 11.9 (215/1805) ND Neghme and Schenone (1963)
Chile, summary 1939–1969 T. infestans (7 nymphs III) 11.6 (216/1865) ND Schenone (1971)
Chile, Summary 1939–1972 T. infestans (7 nymphs III) 11.5 (217/1892) ND Schenone et al. (1972)
Chile, Santiago, Colina & Caleu T. infestans (10 nymphs III) 3.7 (1/27) NR Rojas et al. (1973)
Costa Rica, San Rafael Ojo de Agua T. dimidiata or T. infestans or R. prolixus

or  R.
neglectus (10 nymphs IV-V)

2.9 (3/102) NR Zeledón et al. (1975)
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D, no data; NR, not reported.
a Only seropositive animals were examined.
b Only animals aged ≥1 year were reported.

requently infected with T. cruzi (range, 0–61%; Table 3, Supplemen-
ary Table 3). In Arequipa (Peru), guinea pig enclosures sustained

uch more abundant populations of T. infestans and bug infection
ates than domestic premises and chicken coops (Herrer, 1955). The
ean infectiousness to bugs of infected guinea pigs that served as

ontrol hosts in a vaccine trial was 38% (Basombrío et al., 1987).

.2. Epidemiological role

The epidemiological role of domestic cats has been a controver-
ial topic (Catalá et al., 2004; Deane, 1964; Gürtler et al., 2007a,
993; Minter, 1976a; Mott et al., 1978; Piesman et al., 1983;
isnivesky-Colli et al., 1985). In the past, cats were sometimes

onsidered to play a greater role as sources than dogs because
hey remained longer indoors and thus were more exposed to
riatomines, frequently achieving higher infection rates (Deane,
964). The debate hinged on the apparent mismatch between
he sometimes low frequency of cat blood meals and the high
revalence of cat infection or the household co-occurrence of infec-
ious cats, infected bugs and infected children. Minter (1976a)
oncluded that “opossums, rodents, and cats thus play no role in
ug-mediated T. cruzi transmission in houses and the role of the
og is minor” in São Felipe, a P. megistus-infested area of Bahia
northeast Brazil), based on the virtual absence of these hosts in

 large bloodmeal study. The frequent infections found in local
ats and rodents were explained through bug or rodent predation,
nd a generalized inference was made: “The long-held view that
ogs, cats, and other animals are important domestic reservoirs
f T. cruzi does not hold true when P. megistus is the domiciliary
ector.”

In Castro Alves, another endemic area of Bahia near São Felipe,

ott et al. (1978) found 18% of xenodiagnosis-positive dogs and

ats, and a close association between the household seroreactiv-
ty for T. cruzi in children and the presence of an infected dog or
at. Based on these results and previous xenodiagnostic surveys
of humans, dogs and cats (Martins et al., 1945), they concluded:
“Domestic dogs and cats were important reservoirs of T. cruzi in
an endemic area where P. megistus is the only domiciliary tri-
atomine vector”. All human cases were infected with TcII, and
apparently the DTUs infecting dogs and cats remained unknown
(Barrett et al., 1980), as did the host-feeding patterns of local
triatomines. Subsequent host-feeding studies of P. megistus col-
lected from (peri)domestic habitats elsewhere evidenced a large
frequency of cat and dog blood meals (Forattini et al., 1981; Steindel
et al., 1994).

These case studies illustrate the issues that hamper assessing
the relative importance of reservoir hosts on the basis of fragmen-
tary evidence. In addition to heterogeneities in eco-epidemiological
context and methods, several sources of bias related to vector
sampling (e.g., habitat, season and bug stage), frequent host shifts
over a relative long lifespan and the transient presence of highly
infectious sources may  account for situations in which the host-
feeding patterns fail to pinpoint a significant reservoir host. In
northwest Argentina, T. cruzi-infected cats contributed signifi-
cantly to domestic bug infection after adjusting for the number
of infected dogs in the household (Gürtler et al., 2007a, 1993),
and (peri)domestic bugs, dogs and cats shared the same DTUs
(Section 4.6).

Rats were important (peri)domestic reservoir hosts of T. cruzi
in several transmission systems, and also are the hosts of Try-
panosoma conorhini which is transmitted by Triatoma rubrofasciata
(Dujardin et al., 2015). Naturally-infected rats had high prevalence
of infection and long-lasting parasitemia in Panama (Edgcomb and
Johnson, 1970). In Costa Rica, the prevalence of positive xenodiag-
nosis was  31% in rats and 2% in humans, (peri)domestic T. dimidiata
fed frequently on R. rattus,  and 53% of the rat-fed bugs were infected

with T. cruzi (Zeledón et al., 1975, 1973). Qualitatively similar evi-
dence was  collected for domestic T. barberi and commensal rodents
in Mexico (Zárate et al., 1980).
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Table  3
Infectiousness to the vector of commensal rodents naturally infected with T. cruzi. This table only includes publications based on at least 10 hosts examined for infection.

Host Country/
locality

Vector species
(number nymphs/stage)

Percentage of
infectious hosts
(no. infectious/no.
examined)

Percentage of bugs
infected (no.
infected/no.
examined)

Reference

Rattus rattus Venezuela, Caracas valley R. prolixus
(III)

2.7 (1/37) NR Herrera and
Urdaneta-Morales (1997)

Rattus rattus Bolivia, Cochabambita &
Guapomocito

T. infestans (7 nymphs III) 38.5 (5/13) NR Brenière et al. (1998)

Rattus rattus Brazil, Ceará NR (4 triatomines) 0.5 (3/594) NR Alencar et al. (1962)
Rattus rattus Brazil T. infestans (6 nymphs)a 12.4 (17/137) NR Barretto et al. (1967)
Rattus rattus Brazil, São Paulo, Salto de

Pirapora
NR 0 (0/27) NR Forattini et al. (1969)

Rattus rattus Brazil, Bahía, São Felipe R. prolixus (10 nymphs V) 9.5 (2/21) NR Miles (1976)
Rattus rattus Brazil, São Paulo, São Joao de

Boa Vista
T. infestans (10 nymphs IV or V) 4.3 (2/47) NR Forattini et al. (1978)

Rattus rattus Brazil, Pará R. prolixus or P. megistus (3–10 nymphs
III-V)

0 (0/23) NR Lainson et al. (1979)

Rattus rattus Brazil, Bahia, Riacho da Santana T. infestans & R. prolixus (5 nymphs V) 100.0 (10/10) NR Barrett et al. (1979)
Rattus rattus Brazil, Minas Gerais, Frutal NR 2.3 (7/309) NR Forattini et al. (1983)
Rattus rattus Costa Rica, San Rafael Ojo de

agua
T. dimidiata or T. infestans or R. prolixus
or  R. neglectus (10 nymphs IV-V)

30.6 (37/121) NR Zeledón et al. (1975)

Rattus norvergicus Brazil, São Paulo, Riberao Preto T. infestans, T. sordida or P. megistus 9.1 (1/11) NR Barretto et al. (1966)
Rattus norvergicus Brazil T. infestans (6 nymphs) or

3 + 3 T. sordida or 2 from T. infestans, R.
neglectus or P. megistus)

12.9 (13/101) NR Barretto et al. (1967)

Rattus norvergicus Costa Rica, San Rafael Ojo de
agua

T. dimidiata, T. infestans, R. prolixus, or R.
neglectus (10 nymphs IV-V)

3.8 (1/26) NR Zeledón et al. (1975)

Rattus sp. Venezuela, Lara, La Matica and
Tintinal

R. prolixus
(5  nymphs III-IV)

0 (0/68)b NR Lima et al. (2005)

Rattus sp. Venezuela, El Carrizal, Merida
State

R. prolixus
(5  nymphs III)

0 (0/15) Lima et al. (2006)

Mus  musculus Costa Rica, San Rafael Ojo de
agua

T. dimidiata, T. infestans, R. prolixus, or R.
neglectus (10 nymphs IV-V)

10.7 (11/103) NR Zeledón et al. (1975)

Cavia porcellus Bolivia, Sacaba
Tarata
Punata

NR 37.5 (6/16)
31.8 (7/22)
61.1 (11/18)

NR Torrico (1950)

Cavia sp. Perú, Moyobamba T. infestans, R. prolixus, or P. herreri (8
nymphs II-V)

0 (0/150) NR Herrer (1956)

Guinea pigs and
rabbits pooled

Chile, summary up to 1948 ND ND 0 (0/126) ND Neghme et al. (1949)

N
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D, no data; NR, not reported; $ only one nymph was examined.
a Alternatively, 3 T. infestans and 3 T. sordida, or 2 T. infestans, 2 R. neglectus and 2
b 3 rats were positive by hemoculture.

Following an outbreak of human Chagas disease linked to the
ecent introduction of T. infestans into western Bahia, two  remark-
ble studies revealed the key roles of rats and other domestic hosts
n Riacho de Santana, some 400 km from Castro Alves and São Felipe
Barrett et al., 1979, 1980). The high proportion of xenodiagnosis-
ositive dogs (19%), cats (29%) and R. rattus (100% of 10 rats), and
he co-occurrence of rats and infected bugs in a collection site sug-

ested rats were a significant source of T. cruzi for T. infestans and T.
ordida. The authors refrained from using the results of bloodmeal
dentification tests which were considered unreliable (Barrett et al.,

able 4
nfectiousness to the vector of goats and pigs naturally infected with T. cruzi. This table on

Host Country/
locality

Vector species
(number nymphs/stage)

Pigs Venezuela, Anzoátegui ND 

Brazil, Bahia NR 

Brazil, Pará, Muana T. infestans or R. prolixus (5
nymphs V)

Mexico, Morelos Triatoma pallidipennis
(5 nymphs V)

Goats Argentina, Córdoba, Cruz
del Eje

T. infestans (20 nymphs III)

Chile, summary 1939-1969 T. infestans (7 nymphs III) 

R, not reported; ND, no data.
gistus nymphs were used.

1979). Two different DTUs (TcI and TcII) were present among stocks
isolated from humans, dogs, cats and rats, although all T. infestans
and T. sordida, most humans and nearly all rats had TcI (Barrett
et al., 1980). These data show strong linkages between different
triatomine species, domestic and commensal reservoir hosts, and
humans at village level.

The existing evidence at that time therefore supported the

prediction that a rodent control program would reduce the risk
of domestic bug infection in areas where rodents are impor-
tant reservoir hosts of T. cruzi (Gürtler et al., 1991). Recent data

ly includes publications based on at least 10 hosts examined for infection.

Percentage of
infectious hosts
(no. infectious/no.
examined)

Percentage of bugs
infected (no.
infected/no.
examined)

Reference

0 (0/11) ND Dao (1945)
0 (0/200) ND fide Minter (1976a)
2.9 (3/105) ND Valente et al.

(1998)
0 (0/20) ND Salazar-Schettino

et al. (1997)
 0 (0/34) NR Ruiz et al. (1985)

0.4 (1/233) ND Schenone (1971)
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rom Guatemala corroborated that both M.  musculus and R. rat-
us were frequently infected with T. cruzi and served as bloodmeal
ources of T. dimidiata,  and house infestation was closely associ-
ted with presence of mice and dogs (Bustamante et al., 2014). A
ommunity-operated rodent control trial reduced significantly the
ouse prevalence of R. rattus infestation, the relative abundance of
ice, and the relative odds of infection with T. cruzi in early-stage

ugs, as predicted (De Urioste-Stone et al., 2015).

. Other incidental hosts

.1. Prevalence of infection

Goats, sheep, pigs, rabbits and equines were exceptionally found
nfected with T. cruzi by parasitological methods (Table 4, Sup-
lementary Table 4) (Barretto, 1987; Desquesnes and de Lana,
010; Jansen and Roque, 2010; Minter, 1976a; Noireau et al.,
009). Experimental inoculation of young goats, sheep, pigs and
alfs proved them susceptible to T. cruzi (Diamond and Rubin,
958). However, young goats inoculated with large doses of T. cruzi
ere infectious during the acute phase, and exceptionally during

he chronic phase by hemoculture and xenodiagnosis (Fernandes
t al., 1994). Experimental infections of pigs displayed a mild
ourse in which both xenodiagnosis and hemoculture were neg-
tive (Marsden et al., 1970). In rabbits, however, the course of
xperimental infections was highly variable among studies, and
arasitemia was detectable by xenodiagnosis during the chronic
hase (Desquesnes and de Lana, 2010).

Regarding domestic goats (Capra hircus)  and sheep (Ovis
ries), only 1 (0.4%) goat tested xenodiagnosis-positive over three
ecades of research across Chile (Schenone et al., 1972), whereas
ubsequent serosurveys reported much higher rates of T. cruzi-
eropositivity in goats (range, 7.0–17.8%), sheep (2.7–7.0%) and
lpacas (Vicugna pacos) as determined by an indirect hemagglu-
ination test (IHAT) (Schenone et al., 1991; Table 4, Supplementary
able 4). High seroprevalence rates (26.1%) for T. cruzi were also
ecorded in goats by an indirect immunofluorescence antibody test
IFAT) in Paraíba, northeast Brazil (Fuentes Castillo et al., 1988),
hereas a more recent survey recorded <1% of IFAT-positive young

oats and sheep in the same region (Bezerra et al., 2014). The
nterpretation of serological results is not straightforward because
omestic ungulates are also infected by other trypanosomes (espe-
ially Trypanosoma evansi and Trypanosoma vivax) and Phytomonas
p. that may  cause cross-reactions with T. cruzi (Herrera et al.,
005; Desquesnes and de Lana, 2010); some of these trypanosomes
ay  also thrive in hemoculture. Cattle (Bos taurus)  IHAT-positive

or T. cruzi (35.6%) were attributed to a serological cross-reaction
ith Trypanosoma theileri (Burkholder et al., 1980). More recently,
olecular methods revealed very high infection rates in free-

anging domestic goats (36-50%) and the frequent occurrence of
omestic DTUs (TcV and TcVI) in goats, wild rodents and Triatoma
pinolai in a nature preserve in Chile (Botto-Mahan et al., 2005;
ozas et al., 2007). The singularity of these findings relative to
arlier ones (Miles et al., 1984) and prevalent patterns elsewhere
ustifies additional research efforts.

Domestic pigs (Sus scrofa)  were rarely found parasitologically
ositive for T. cruzi (Pinto, 1942; Salazar-Schettino et al., 1997),
hereas seropositivity was  more frequent (Supplementary Table

). The finding of a PCR-positive pig (but no goat, sheep or cattle)
as linked to the frequent presence of T. cruzi-infected T. sordida in
atto Grosso do Sul, Brazil (Cominetti et al., 2011).

Domestic rabbits (Oryctolagus cuniculus) tested by xenodiagno-

is were rarely found infected with T. cruzi (0.9%) in Chile (Schenone
t al., 1972), whereas subsequent surveys yielded high seropreva-
ence rates ranging from 4.1% to 12.1% (Supplementary Table 4).
Tropica 151 (2015) 32–50

Domestic rabbit infections were also frequent (16%, diagnostics not
defined) in Arequipa, southern Peru, where a very small fraction of
the houses raised them at times when vector-borne transmission
was intense (Naquira et al., 1972).

6.2. Epidemiological role

Despite the fact that goats, sheep and pigs are frequent blood-
meal hosts of Triatominae (Rabinovich et al., 2011), T. infestans and
other triatomines infesting corrals and pigsties were very rarely
infected with T. cruzi in the Argentine Chaco (Cardinal et al., 2014;
Cecere et al., 1999; Gürtler et al., 2007b). This type of ecotope-
stratified bug infection data was sometimes taken as a “natural
xenodiagnosis” of the resident hosts. In a province-wide survey
of peridomestic foci of T. infestans conducted in the southern dry
Chaco, detailed searches in a large goat corral with a complex fence
structure yielded an estimated total population size of 20,500 bugs,
only 3.7% bugs infected with T. cruzi (of 2702 insects examined
microscopically), and the concurrent presence of rats and mice
(Soler et al., 1977).

We  identified only one case in which domestic pigs were
possibly implicated in a local transmission cycle of T. cruzi. In
a riverine community of the Brazilian Amazon, three pigs were
xenodiagnosis-positive (105 tested), the pigsties adjoining or adja-
cent to houses were heavily infested with Panstrongylus geniculatus,
and both pigs and bugs were infected with TcI (Valente et al.,
1998). None of 253 human volunteers was  positive for T. cruzi
(by serology or xenodiagnosis) despite their frequent complains of
bug bites. Panstrongylus geniculatus was  also collected from nearby
palm trees which harbored xenodiagnosis- positive Didelphis mar-
supialis and another marsupial, both widely known to carry TcI.
In the absence of host-feeding and bug infection data for each
habitat type, the immediate source(s) of TcI for the infected tri-
atomines cannot be ascertained and pigs implicated beyond doubt.
This ground-breaking research illustrates the initial foothold of a
sylvatic pathogen and a sylvatic vector in the (peri)domestic inter-
phase within the rainforest. Subsequent surveys in the capital city
of Venezuela confirmed the links among P. geniculatus, TcI, humans,
opossums and rats (Carrasco et al., 2005).

Combined with their very low prevalence of infection and infec-
tiousness, the evidence supports that livestock play a virtually
insignificant role as hosts of T. cruzi. However, goats, sheep and
pigs are non-essential hosts that may  contribute indirectly to the
reservoir of infection by increasing total bug population size and
subsequent invasion of domestic premises, likewise chickens and
pigs in the above examples. Qualifying goats, sheep and alpacas
as “less important domestic reservoirs” on an equal standing with
guinea pigs, rats and mice is clearly misleading (WHO, 2002, p.
56–57). The sparse infection data available for domestic rabbits,
the rarity of rabbit blood meals (Rabinovich et al., 2011) and their
extreme rarity as a host in traditionally endemic rural areas do not
support that “rabbits are important domestic reservoirs of T. cruzi”
(WHO, 2002, p. 57), although they may  have the potential to play
that role under particular circumstances.

7. Conclusions

This review highlights that domestic dogs, cats, commensal
rodents and domesticated guinea pigs have high reservoir host
competence and play key roles as amplifying hosts and sources
of T. cruzi in many (peri)domestic transmission cycles covering a

broad diversity of ecoregions and triatomine species. These hosts
are able to maintain T. cruzi in the absence of any other host species,
and therefore fit into the definition of primary reservoir hosts and
maintenance hosts. No other domestic animal plays those roles.
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ecause of their much higher infectiousness relative to humans and
requent infection with T. cruzi, whenever dogs, cats, commensal
odents and domesticated guinea pigs serve as bloodmeal sources
hey increase the probability of vector and host infection relative to
he human-only base case (i.e., increase pathogen abundance) and

ay  also contribute to increased bug population size. In addition
o their elevated infectiousness during the acute and early chronic
tage of infection (Hoff et al., 1979), a fraction of adult human cases
lays a key role as long-term maintenance hosts of T. cruzi.

The role of domestic reservoir hosts may  vary substantially
cross space and time because of wide variations in the prevalence
f host infection and in vector host-feeding patterns and infection,
hich are mainly determined by local host diversity and expo-

ures of human and non-human domestic hosts (i.e., ecological
actors). These facts and the opportunistic host-feeding behavior of
riatominae advise against sweeping generalizations to the vector
pecies or regional level. Similarly, the utility of an animal sentinel
epends both on the ecological context and the aims of the surveil-

ance program. Cultural and socio-economic reasons may  jointly
xplain why in some rural areas householders traditionally allow
he entrance of dogs and cats to human sleeping quarters or decide
o keep chickens indoors. Rodent infestations vary greatly across
ettings and seasons, and householders may  or may  not decide to
ombat rodents in effective ways or have the means to do so (De
rioste-Stone et al., 2015). Information on local host species com-
osition, abundance and exposures over space and time is greatly
eeded to advance the understanding of the patterns observed,
nd so is quantifying the strength of the links among host species
nd vectors. Integration of eco-epidemiological and genetic-
arker data at the appropriate spatiotemporal scales where

ost-vector interactions occur is essential and has rarely been
one.

Unlike widely variable host-vector contact rates, host infec-
iousness appears to be a host species-level factor which varies
ithin broad limits set by other determinants (e.g., health and
utritional status). Research on host infectiousness is at an early
tage, and the development of reliable markers of infectiousness
ay  have broad application for targeted disease prevention. A com-

rehensive understanding of the epidemiological role of human
nd non-human hosts will greatly benefit from better, simpler
iagnostic tools for host infection and infectiousness, bloodmeal

dentification, and pathogen genotyping.
Domestic dogs sometimes were a point of entry of sylvatic

trains of T. cruzi into (peri)domestic habitats (Cardinal et al., 2008;
nriquez et al., 2014; Ramírez et al., 2013; Rocha et al., 2013;
avier et al., 2012). The propagation of these strains may  depend on
hether (peri)domestic premises are colonized by triatomines and

he putative host-feeding links between dogs and local bugs. The
ncreasing in-migration into previously non-endemic areas, such as
he Amazon basin, is creating further opportunities for propagation
f sylvatic and domestic parasite strains via humans and dogs, and
he occurrence of mixed DTU infections with potential evolutionary
mplications. Control interventions against commensal rodents are
ustified on its own, whereas the menu for addressing dog and cat
nfections is very much limited and culling of asymptomatic ani-

als unjustified. Keeping domestic dogs, cats, commensal rodents
nd domesticated guinea pigs (including chickens) out of human
leeping quarters and blocking or reducing their exposure to
riatomine bugs are predicted to strongly reduce transmission
isks.
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Luz, Z.M.P., Coutinho, M.G., Canç ado, J.R., Krettli, A.U., 1994. Hemoculture:
sensitive technique in the detection of Trypanosoma cruzi in chagasic patients
in  the chronic phase of Chagas disease. Rev. Soc. Bras. Med. Trop. 7,
143–148.

Macchiaverna, N., Gaspe, M.S., Enriquez, G.F., Tomassone, L., Gürtler, R.E., Cardinal,
M.V., 2015. Trypanosoma cruzi infection in Triatoma sordida before and after
community-wide residual insecticide spraying in the Argentinean Chaco. Acta
Trop. 143, 97–102.

Machado, E.M.M., Fernandes, A.J., Murta, S.M.F., Vitor, R.W.A., Júnior, D.J.C.,
Pinheiro, S.W., Lopes, E.R., Adad, S.J., Romanha, A.J., Dias, J.C., 2001. A study of
experimental reinfection by Trypanosoma cruzi in dogs. Am.  J. Trop. Med. Hyg.
65, 959–965.
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Malariol. Doenç as Trop. 9, 271–276.

Soler, C., Knez, N., Neffen, L., 1977. Importancia del estudio de los factores
socio-económicos en la enfermedad de Chagas-Mazza. La Rioja. Focos
peridomésticos. Serv. Nac. Chagas-Mazza; La Rioja 17.

Spagnuolo, A.M., Shillor, M.,  Kingsland, L., Thatcher, A., Toeniskoetter, M.,  Wood, B.,
2012. A logistic delay differential equation model for Chagas disease with
interrupted spraying schedules. J. Biol. Dyn. 6, 377–394, http://dx.doi.org/10.
1080/17513758.2011.587896

Steindel, M., Toma, H.K., de Carvalho Pinto, C.J., Grisard, E.C., Schlemper Jr., B.R.,
1994. Colonization of artificial ecotopes by Panstrongylus megistus in Santa
Catarina Island, Florianópolis, Santa Catarina, Brazil. Rev. Inst. Med. Trop. Sao
Paulo 36, 43–50.

Tenney, T.D., Curtis-Robles, R., Snowden, K.F., Hamer, S.A., 2014. Shelter dogs as
sentinels for Trypanosoma cruzi transmission across Texas. Emerg. Infect. Dis.
20,  1323–1326, http://dx.doi.org/10.3201/eid2008.131843

Tonn, R.L., de Hubsch, R., Sukerman, E., Torrealba, J.W., Carrasquero, B., 1978.
Estudio epidemiológico sobre la enfermedad de Chagas en ocho centros
poblados del estado Cojedes, Venezuela. Bol. Dir. Malariol. San. Amb. 18, 3–15.

Torrico, R., 1950. Conocimientos actuales sobre la epidemiología de la enfermedad
de  Chagas en Bolivia. Bol. Ofic. Sanit. Panam 29, 827–840.

Valente, V.C., Valente, S.A., Noireau, F., Carrasco, H.J., Miles, M.A., 1998. Chagas
disease in the Amazon Basin: association of Panstrongylus geniculatus
(Hemiptera: Reduviidae) with domestic pigs. J. Med. Entomol. 35, 99–103.

Vallejo, G.A., Guhl, F., Schaub, G.A., 2009. Triatominae- Trypanosoma cruzi/T.

rangeli:  Vector-parasite interactions. Acta Trop. 110, 137–147, http://dx.doi.
org/10.1016/j.actatropica.2008.10.001

Viana, M., Mancy, R., Biek, R., Cleaveland, S., Cross, P.C., Lloyd-Smith, J.O., Haydon,
D.T., 2014. Assembling evidence for identifying reservoirs of infection. Trends
Ecol. Evol. 29, 270–279, http://dx.doi.org/10.1016/j.tree.2014.03.002

http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0820
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0830
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0835
dx.doi.org/10.1051/vetres/2009009
dx.doi.org/10.1051/vetres/2009009
dx.doi.org/10.1051/vetres/2009009
dx.doi.org/10.1051/vetres/2009009
dx.doi.org/10.1051/vetres/2009009
dx.doi.org/10.1051/vetres/2009009
dx.doi.org/10.1051/vetres/2009009
dx.doi.org/10.1051/vetres/2009009
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1371/journal.pntd.0002505
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.1515/mammalia-2013-0067
dx.doi.org/10.4269/ajtmh.12-0519
dx.doi.org/10.4269/ajtmh.12-0519
dx.doi.org/10.4269/ajtmh.12-0519
dx.doi.org/10.4269/ajtmh.12-0519
dx.doi.org/10.4269/ajtmh.12-0519
dx.doi.org/10.4269/ajtmh.12-0519
dx.doi.org/10.4269/ajtmh.12-0519
dx.doi.org/10.4269/ajtmh.12-0519
dx.doi.org/10.4269/ajtmh.12-0519
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0860
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0865
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0870
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0875
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
dx.doi.org/10.1016/j.vetpar.2010.12.043
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0885
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1371/journal.pone.0003585
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1016/j.vaccine.2013.03.005
dx.doi.org/10.1017/S0031182009991156
dx.doi.org/10.1017/S0031182009991156
dx.doi.org/10.1017/S0031182009991156
dx.doi.org/10.1017/S0031182009991156
dx.doi.org/10.1017/S0031182009991156
dx.doi.org/10.1017/S0031182009991156
dx.doi.org/10.1017/S0031182009991156
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0905
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0910
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0915
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
dx.doi.org/10.1016/j.vetpar.2012.12.054
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0925
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0930
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0935
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0940
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0945
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0950
dx.doi.org/10.1017/S0031182012001539
dx.doi.org/10.1017/S0031182012001539
dx.doi.org/10.1017/S0031182012001539
dx.doi.org/10.1017/S0031182012001539
dx.doi.org/10.1017/S0031182012001539
dx.doi.org/10.1017/S0031182012001539
dx.doi.org/10.1017/S0031182012001539
dx.doi.org/10.3201/eid1407.080175
dx.doi.org/10.3201/eid1407.080175
dx.doi.org/10.3201/eid1407.080175
dx.doi.org/10.3201/eid1407.080175
dx.doi.org/10.3201/eid1407.080175
dx.doi.org/10.3201/eid1407.080175
dx.doi.org/10.3201/eid1407.080175
dx.doi.org/10.3201/eid1407.080175
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0965
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0970
dx.doi.org/10.1371/journal.pntd.0001026
dx.doi.org/10.1371/journal.pntd.0001026
dx.doi.org/10.1371/journal.pntd.0001026
dx.doi.org/10.1371/journal.pntd.0001026
dx.doi.org/10.1371/journal.pntd.0001026
dx.doi.org/10.1371/journal.pntd.0001026
dx.doi.org/10.1371/journal.pntd.0001026
dx.doi.org/10.1371/journal.pntd.0001026
dx.doi.org/10.1371/journal.pntd.0001026
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0980
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0985
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0990
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref0995
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1000
dx.doi.org/10.1093/jac/dks135
dx.doi.org/10.1093/jac/dks135
dx.doi.org/10.1093/jac/dks135
dx.doi.org/10.1093/jac/dks135
dx.doi.org/10.1093/jac/dks135
dx.doi.org/10.1093/jac/dks135
dx.doi.org/10.1093/jac/dks135
dx.doi.org/10.1093/jac/dks135
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1015
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1020
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1025
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1030
dx.doi.org/10.1080/17513758.2011.587896
dx.doi.org/10.1080/17513758.2011.587896
dx.doi.org/10.1080/17513758.2011.587896
dx.doi.org/10.1080/17513758.2011.587896
dx.doi.org/10.1080/17513758.2011.587896
dx.doi.org/10.1080/17513758.2011.587896
dx.doi.org/10.1080/17513758.2011.587896
dx.doi.org/10.1080/17513758.2011.587896
dx.doi.org/10.1080/17513758.2011.587896
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1045
dx.doi.org/10.3201/eid2008.131843
dx.doi.org/10.3201/eid2008.131843
dx.doi.org/10.3201/eid2008.131843
dx.doi.org/10.3201/eid2008.131843
dx.doi.org/10.3201/eid2008.131843
dx.doi.org/10.3201/eid2008.131843
dx.doi.org/10.3201/eid2008.131843
dx.doi.org/10.3201/eid2008.131843
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1055
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1060
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
http://refhub.elsevier.com/S0001-706X(15)30022-X/sbref1065
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.actatropica.2008.10.001
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002
dx.doi.org/10.1016/j.tree.2014.03.002


5 / Acta 

W

W

W

W

W

X

d

Z

M.M.G., Schijman, A.G., Llewellyn, M.S., Lages-Silva, E., Machado, C.R., Andrade,
S.G.,  Sturm, N.R., 2012. The revised Trypanosoma cruzi subspecific
0 R.E. Gürtler, M.V. Cardinal 

HO, 2002. Control of Chagas Disease. WHO  Tech Rep Series 905, Geneva,
Switzerland.

HO, 2015. Chagas disease in Latin America: an epidemiological update based on
2010 estimates. Wkly. Epidemiol. Rec. 90, 33–44.

hiting, C., 1946. Contribución al estudio de las reservas de parásitos de la
enfermedad de Chagas en Chile. Primeros hallazgos en Chile de mamíferos
silvestres infestados infestados por Trypanosoma cruzi. Rev. Chil. Hyg. Med.
Prev. 8, 69–102.

illiams, G.D., Adams, L.G., Yaeger, R.G., McGrath, R.K., Read, W.K., Bilderback,
W.R., 1977. Naturally occurring Trypanosomiasis (Chagas disease) in dogs.
JAVMA 171, 171–177.

isnivesky-Colli, C., Gürtler, R.E., Solarz, N.D., Lauricella, M.A., Segura, E.L., 1985.
Epidemiological role of humans, dogs and cats in the transmission of
Trypanosoma cruzi in a central area of Argentina. Rev. Inst. Med. Trop. Sao
Paulo 27, 346–352.

avier, S.C., Das, C., Roque, A.L.R., dos Lima, V.S., Monteiro, K.J.L., Otaviano, J.C.R., da
Silva, L.F.C.F., Jansen, A.M., 2012. Lower richness of small wild mammal species
and Chagas disease risk. PLoS Negl. Trop. Dis. 6, e1647, http://dx.doi.org/10.
1371/journal.pntd.0001647

as Xavier, S.C.C., Roque, A.L.R., Bilac, D., de Araújo, V.A.L., da Neto, S.F.C., Lorosa,
E.S., da Silva, L.F.C.F., Jansen, A.M., 2014. Distantiae transmission of

Trypanosoma cruzi: a new epidemiological feature of acute Chagas disease in
Brazil. PLoS Negl. Trop. Dis 8, e2878, http://dx.doi.org/10.1371/journal.pntd.
0002878

árate, L.G., Zárate, Tempelis, R.J., Goldsmith, C.H., RS, 1980. The biology and
behavior of Triatoma barberi (Hemiptera: Reduviidae) in Mexico. I. Blood meal
Tropica 151 (2015) 32–50

sources and infection with Trypanosoma cruzi. J. Med. Entomol. 17,
103–116.
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