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a  b  s  t  r  a  c  t

Parasite-mediated  behavioral  changes  in  their  hosts  have  been documented  in  many  species,  but  field
evidence  is scarce.  The  protozoan  Trypanosoma  cruzi  is transmitted  by  insect  vectors  to several  mammal
species.  Although  previous  studies  have  shown  high  levels  of  infection  in  hosts  and  vectors,  it is unknown
if  this  protozoan  affects  movement  behavior  of  mammal  reservoirs.  Here  we examine,  under  natural
conditions,  the existence  of  movement  alterations  in  two  species  of rodents  (Octodon  degus  and  Phyllotis
eywords:
ovement behavior
ctodon degus
arasite-mediated alteration
hyllotis darwini
rypanosoma cruzi

darwini)  when  infected  with  T. cruzi,  evaluated  for four  consecutive  years.  We  found  that  infected  O.
degus  traveled  shorter  distances  than  those  non-infected,  the opposite  was  found  for  P. darwini.  We  also
detected  a  strong  inter-annual  effect  for both  species.  Our  results  show  that  rodent  species  respond
differentially  to T. cruzi  infection  in  regard  to their  movements,  which  may  have  implications  in disease
spreading.

© 2015  Deutsche  Gesellschaft  für Säugetierkunde.  Published  by Elsevier  GmbH.  All  rights  reserved.
ntroduction

Host behavioral alterations mediated by parasites have been
argely documented in the literature (Poulin and Thomas, 1999;

oore, 2002). Specifically, infected intermediate hosts may change
heir reaction to ecological conditions such as the presence of
redators (i.e., parasite definitive hosts). For example, rodents

nfected with Toxoplasma gondii do not escape under the presence
f feline urine odor; therefore, they are less likely to avoid a preda-
or attack and more likely to be consumed by felines, the definitive
osts (Vyas et al., 2007). Behavioral changes can also be detected in
ystems involving hosts and vectors, usually upraising the probabil-
ty of host–vector contact. This phenomenon has been described on
odents infected with Plasmodium, which become lethargic and do
ot avoid mosquito bites, increasing the number of infected vectors
Day and Edman, 1983). Nevertheless, most studies come from lab-
ratory experiments, and evidence under natural field conditions
s scarce.
North-central Chile is considered as a hyper-endemic zone of
hagas disease, where the flagellated parasite Trypanosoma cruzi,
ransmitted by the wild vector Mepraia spinolai, infects many native

∗ Corresponding author. Tel.: +56 2 29787392; fax: +56 2 22727363.
E-mail address: cbotto@uchile.cl (C. Botto-Mahan).
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616-5047/© 2015 Deutsche Gesellschaft für Säugetierkunde. Published by Elsevier Gmb
and introduced mammal  species (Botto-Mahan et al., 2005b, 2009,
2010, 2012). However, scarce information is available about the
effect this protozoan can cause on rodents under natural conditions.
We hypothesized that T. cruzi infection causes negative physio-
logical alterations on mammals (as Chagas disease in humans),
therefore we expect infected sylvatic host mammals to reduce their
movement capabilities, related to deteriorated body conditions. In
this study, we examine the correlation between T. cruzi-infection
and movement capabilities of two native rodent species in a semi-
arid ecosystem, in four consecutive years.

Material and methods

Study area

This study was carried out in Las Chinchillas National Reserve
(northern Chile; 31◦30′ S, 71◦06′ W),  a protected area with a
semiarid Mediterranean climate and scarce rainfall concentrated
between June and August. This Reserve is part of a hyper-endemic
zone of Chagas disease in Chile (Botto-Mahan et al., 2010).

Chagas is a vector-borne disease caused by the flagellated pro-
tozoan Trypanosoma cruzi, and transmitted by triatomine insects

(Hemiptera: Reduviidae) to several mammal  species (Coura and
Vinas, 2010), involving both the domestic and wild transmission
cycles (Xavier et al., 2012). The triatomine Mepraia spinolai is the
main wild vector of T. cruzi in Chile, showing infection levels up to

H. All rights reserved.
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6% (Botto-Mahan et al., 2005b). Several mammal  species may  act
s reservoir hosts of T. cruzi, including native rodents, carnivores,
arsupials and introduced lagomorphs (Botto-Mahan et al., 2009,

010, 2012) with prevalence levels up to 71% (Muñoz-Pedreros
nd Gil, 2009; Botto-Mahan et al., 2010, 2012), with large temporal
ariability (Botto-Mahan et al., 2010).

The study area is characterized by stony slopes, mainly inhabi-
ed by native rodent species such as Octodon degus (Octodontidae),
hyllotis darwini, Abrothrix olivaceus, Oligoryzomys longicaudatus
Cricetidae), Abrocoma bennetti (Abrocomidae), and the marsu-
ial Thylamys elegans (Didelphidae) (Botto-Mahan et al., 2005a),
hose T. cruzi-infection levels range from 46 to 71% (Botto-Mahan

t al., 2010). As O. degus and P. darwini were the most abun-
ant species (89.4% of the total captures) compared to the other
ammal  species, we focused our analyses on these two rodent

pecies.

mall mammal trapping and blood sample collection

Small mammal  trapping was performed using 300 live-animal-
raps (collapsible Sherman traps of 24 cm × 8 cm × 9 cm;  FORMA:
roducts and Services, Santiago, Chile), distributed in three sites
100 traps per site) at the study area. Live-traps were baited with
atmeal flakes and provided with cotton balls for bedding. Traps
ere arranged on a grid of 100 traps at each site. Each grid con-

isted of two lines of 50 traps separated 10 m one from each other,
overing an area of ∼4900 m2. Small mammal  collection was  car-
ied out for four to five nights from 19:00 to 09:00 h during the
ustral summer for four consecutive years, from 2010 to 2013
uring the first week of January, which coincides with rodent abun-
ance peak. Capturing and handling procedures met  the guidelines
f the American Society of Mammalogists (Sikes and Gannon,
011).

Each O. degus and P. darwini captured was sexed, weighed,
nd measured (total and tail length) under short-term isoflu-
ane anesthesia (Jekl et al., 2011). On these individuals, 0.2 ml
f blood was withdrawn by (i) saphenous vein puncture for
. degus (method recommended for large-bodied rodents), with
1G needle, and (ii) masseteric vein puncture for P. darwini
method recommended for small-bodied rodents), with 21G nee-
le (Johnson-Delaney, 2006). Blood sample collection took between

 and 10 min  per subject. All animals were released within 5 h
fter trap checking; during waiting for release all individuals
ere provided with fresh vegetables (carrots and cucumber) to

void dehydration. Individuals were ear-tagged (National Band
ag Co., Newport, KY, model 1005-1, 2.36 mm and 0.25 g) with

 unique combination of numbers to exclude recaptures from
he analyses, and released in the capture point. Blood extraction
rocedure was conducted following the international recom-
endations (Johnson-Delaney, 2006), and authorized by the

hilean Agriculture and Livestock Bureau permits Nos. 0048 and
462, and National Forest Corporation permits Nos. 32/2009 and
1/2010.

CR detection of Trypanosoma cruzi in blood samples

Whole genomic DNA was isolated from blood samples and
tored at −20 ◦C. The PCR assay was performed as previously
eported using primers 121 and 122 to amplify the variable region
f minicircle DNA (Veas et al., 1991). Samples were tested in tripli-
ate and to be considered positive, at least two out of the three
ssays should give amplifications. Samples with only one posi-

ive assay were considered negatives or doubtful and repeated
hree additional times (39% of the O. degus samples and 35% of
he P. darwini samples were repeated). Each trial included pos-
tive and negative controls. The PCR products were analyzed by
ology 80 (2015) 255–259

electrophoresis on 2% agarose gels and visualized by staining with
ethidium bromide. A 330-basepair product indicated a positive
sample.

Data analyses

To quantify the movement of the two  rodent species, we esti-
mated the average distance (AD) traveled by rodent subjects. This
measure corresponds to the average distance used by an individ-
ual per year, based on the geographical coordinates of each trap
in which an animal was captured. This was calculated by cor-
relatively adding the lineal distances between each pair of traps
(di,j) in which the specimen was captured (for example, if an indi-
vidual was captured first in trap # 35, then in trap # 4, then
in trap # 99, and then in trap # 16, we calculated d35,4, d4,99,
and d99,16 distances), divided by the number of captures minus
one (N − 1):

AD =
∑

di,j

N − 1

This procedure was  used for all the rodents showing at least two
recaptures (i.e., three or more captures in total). For individuals
with only one recapture (i.e., two  captures in total), the distance
between the two  traps were used instead. This study included
only specimens of P. darwini and O. degus with complete charac-
terization, allowing us to calculate their body condition indexes
(BCI) as:

BCI = mass

(total length − tail length)2

The average distance (Box-Cox transformed), recorded for each
individual with two or more captures, was used as response vari-
able for fitting Generalized Linear Models (GLM) that included
status (positive/negative) and sex (male/female). BCI and the num-
ber of recaptures were included as covariates (histograms of the
number of recaptures per species are presented in Fig. S1, available
online as Supplementary Material), and year was included as a cat-
egorical factor. We  also included the status × sex and status × year
interactions in the models. We  ran separate GLM for O. degus and
P. darwini.

Results

During the sampling period (2010–2013) six small mammal
species were captured: P. darwini, O. degus,  A. olivaceus, A. ben-
netti, T. elegans and O. longicaudatus (Table S1, available online
as Supplementary Material), being O. degus and P. darwini the
most abundant species. From the 599 O. degus and 575 P. dar-
wini individuals captured during the four-year sampling period,
we obtained a full molecular characterization of 272 O. degus and
210 P. darwini individuals. Most of those individuals were adults
with a few juveniles sampled, the proportion of males varied
from 34.1 to 62.5% across years as well as the T. cruzi preva-
lence that varied from 18.0 to 70.4% in O degus,  and from 18.0
to 61.2% in P. darwini (Table 1; detailed information per infec-
tion status available at Table S2). Further, T. cruzi prevalence
in Mepraia spinolai (i.e., the vector) colonies was  49.3 ± 6.1% in
2010, 14.9 ± 4.3% in 2011, 47.3 ± 7.0% in 2012, and 20.6 ± 5.6 in
2014.

Infection status has a significant but contrasting effect on O.
degus and P. darwini (Table 2). While infected O. degus individuals

showed shorter movement distances respect to the non-infected
ones, infected P. darwini individuals showed larger movement
distances (Fig. 1a and c). Further, infected P. darwini individ-
uals showed larger BCI values (i.e., weighted more respect to
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Table 1
Descriptive information for (a) Octodon degus and (b) Phyllotis darwini, including the
percentage of males and adults in the studied populations for each sampling year.
We  also present the mean Trypanosoma cruzi-infection levels.

2010 2011 2012 2013

(a) Octodon degus
Males (%) 53.2 37.5 51.3 34.1
Adults (%) 100.0 98.2 92.9 100.0
Infection (%) 70.4 24.4 18.0 64.6

(b)  Phyllotis darwini
Males (%) 49.1 62.5 53.3 55.0

F
S

C. Jiménez et al. / Mamma

heir size) compared to non-infected individuals, but this dif-
erence was not found for O. degus (Fig. 1b and d). There
as no effect of sex or the number of recaptures in any case

Table 2). However, a year effect was noted in both species
Fig. 2).

iscussion

After four years of assessment, we detected a significant associ-
tion between T. cruzi infection status and the movement behavior
f the native rodents O. degus and P. darwini from a semiarid zone of
hile. However, such association was contrasting between species,
ince movement distances of infected hosts were decreased for

. degus as we initially predicted, but in the case of P. darwini
ovement distances have increased. This association also showed

 strong inter-annual variation for both species, but there was no
orrelation with sex.

ig. 1. Effect of infection status (N = negative, P = positive) on average distances and bod
ignificance: *P < 0.05, **P < 0.01, ***P < 0.001.
Adults (%) 100.0 100.0 71.1 100.0
Infection (%) 61.2 11.4 18.0 20.6
Infected O. degus individuals showed shorter movement dis-
tances compared to non-infected individuals. This species is
colonial and has a social behavior that tends to restrict their
movement around family burrows (Vasquez, 1997; Ebensperger

y condition indexes of Octodon degus and Phyllotis darwini (all years combined).
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Table 2
Generalized Lineal Models fitted for (a) Octodon degus and (b) Phyllotis darwini
using the average distance as response variable. Factors: infection status (posi-
tive/negative), and sex (male/female). Covariates: body condition index (BCI) and
the number of recaptures.

Estimate Std. error t-Value P-value

(a) Octodon degus (N = 272)
Intercept −679.41 79.28 −8.57 <0.01
Status (P) −0.22 0.08 −2.75 0.01
Sex  (M)  −0.06 0.08 −0.70 0.48
BCI  0.25 0.16 1.58 0.12
Year 0.34 0.04 8.60 <0.01
Recaptures 0.08 0.05 1.77 0.08
Status × sex 0.04 0.18 0.21 0.83
Status × year 0.07 0.08 0.89 0.37

(b)  Phyllotis darwini (N = 210)
Intercept 334.43 89.41 3.74 <0.01
Status (P) 0.20 0.09 2.10 0.04
Sex  (M)  0.03 0.09 0.35 0.73
BCI  2.47 0.66 3.74 <0.01
Year −0.17 0.04 −3.73 <0.01
Recaptures 0.07 0.04 1.56 0.12

a
i
m
r

F
b
d

Status × sex 0.20 0.21 1.01 0.32
Status × year −0.23 0.08 −2.74 0.01

nd Bozinovic, 2000; Ebensperger et al., 2012). Similarly, rodents

nfected with Plasmodium became more lethargic and did not avoid

osquito bites (Day and Edman, 1983). In the case of O. degus,  this
eduction in movement distances may  modify foraging areas, or

ig. 2. Temporal variation in movement distance (median ± 1 SE), for infected (black
ars)  and non-infected (white bars) individuals of (a) Octodon degus and (b) Phyllotis
arwini.
ology 80 (2015) 255–259

impair their capabilities to patrol territory boundaries. Although it
is known that T. cruzi infection does not affect survival probabili-
ties in this species (Botto-Mahan et al., 2012), we  cannot discard the
possibility that infected rodents with high parasitemia have high
mortality rates. Moreover, they may  be quickly purged from the
population, as was  observed during laboratory experimental infec-
tion trials in which those individuals with high parasitemia died
within the week after inoculation (Wallace et al., 2001). Therefore,
the infected individuals that we captured and examined might cor-
respond to a more tolerant group with low parasite loads. However,
this aspect remains to be assessed.

In contrast, infected P. darwini individuals showed larger move-
ment distances and greater body mass compared to non-infected
individuals. Probably the latter is due to collateral infection effects
caused by inflammatory processes, which may  produce liquid
retention in those organs invaded by the parasites (Roque et al.,
2005). Such body mass increase may  have two  non-mutually exclu-
sive effects on movement behavior: (1) infected individuals might
need to travel farther to find food because of an increased ener-
getic demand (Magnanou et al., 2006), and (2) they might need to
move beyond their normal range because they cannot maintain a
stable territory when occupied by non-infected conspecifics (Rau,
1983). This increase in rodent movement distances may  also alter
the spatial dynamics of T. cruzi infection, accessing to non-infected
vector colonies that are beyond the normal movement range of
non-infected rodents.

Future studies should consider determining the host threshold
parasitic load that triggers changes in movement behavior. Exper-
iments under controlled conditions may  shed light on this issue,
although this could be challenging to conduct under field condi-
tions. To our best knowledge, this is the first study reporting an
association between T. cruzi and host movement behavior in nat-
ural conditions. Nevertheless, this correlational evidence may  be
influenced by a large-scale temporal variability related to climate
and primary productivity.
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