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a b s t r a c t

The competence of reservoir hosts of vector-borne pathogens is directly linked to its capacity to infect the
vector. Domestic dogs and cats are major domestic reservoir hosts of Trypanosoma cruzi, and exhibit a
much higher infectiousness to triatomines than seropositive humans. We quantified the concentration
of T. cruzi DNA in the peripheral blood of naturally-infected dogs and cats (a surrogate of intensity of par-
asitemia), and evaluated its association with infectiousness to the vector in a high-risk area of the Argen-
tinean Chaco. To measure infectiousness, 44 infected dogs and 15 infected cats were each exposed to
xenodiagnosis with 10–20 uninfected, laboratory-reared Triatoma infestans that blood-fed to repletion
and were later individually examined for infection by optical microscopy. Parasite DNA concentration
(expressed as equivalent amounts of parasite DNA per mL, Pe/mL) was estimated by real-time PCR ampli-
fication of the nuclear satellite DNA. Infectiousness increased steeply with parasite DNA concentration
both in dogs and cats. Neither the median parasite load nor the mean infectiousness differed significantly
between dogs (8.1 Pe/mL and 48%) and cats (9.7 Pe/mL and 44%), respectively. The infectiousness of dogs
was positively and significantly associated with parasite load and an index of the host’s body condition,
but not with dog’s age, parasite discrete typing unit and exposure to infected bugs in a random-effects
multiple logistic regression model. Real-time PCR was more sensitive and less time-consuming than
xenodiagnosis, and in conjunction with the body condition index, may be used to identify highly infec-
tious hosts and implement novel control strategies.

� 2014 Published by Elsevier B.V.

1. Introduction

Trypanosoma cruzi, the etiologic agent of Chagas disease, has
been found infecting approximately 180 species of mammals
(WHO, 2002). The competence of reservoir hosts of vector-borne
pathogens is directly linked to its capacity to infect the vector.
Domestic dogs and cats are major reservoir hosts of T. cruzi in
the domestic environment throughout the Americas (Cardinal
et al., 2008, in press; Crisante et al., 2006; Gürtler et al., 2007;
Noireau et al., 2009; Ramírez et al., 2013). They are usually
highly infectious to triatomine bugs, and display much higher

infectiousness (defined as the proportion of uninfected insects that
become infected after blood-feeding once on an infected host) than
T. cruzi-seropositive humans (Gürtler et al., 2007, 1996). Therefore,
dogs and cats frequently constitute the largest source of T. cruzi for
domestic transmission where Triatoma infestans is the main vector
species as in the Gran Chaco region (Gürtler et al., 2007).

The chances of a triatomine bug becoming infected with T. cruzi
after blood-feeding on an infected host mainly depend on the
probability of ingesting the parasite (determined by the intensity
of parasitemia and bloodmeal size), and its successful establish-
ment and reproduction in the insect gut. The minimum number
of T. cruzi parasites required to infect a bug through artificial
xenodiagnosis was estimated to be one (Moll-Merks et al., 1987).
However, the percentage of infected insects could be highly
variable and depends on T. cruzi Discrete Typing Unit (DTU, i.e.,
genotypes) and strain, triatomine species and not simply on the
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number of trypomastigotes ingested or inoculated (Alvarenga and
Leite, 1982; Garcia et al., 2007; de Lana et al., 1998; Neal and Miles,
1977; da Silveira Pinto et al., 2000).

Previous studies that sought to estimate parasitemia in natu-
rally-infected hosts have traditionally relied on direct counting of
T. cruzi parasites under optical microscopy. However, new technol-
ogies have become available for this purpose (i.e., flow citometry,
DNA amplification). Real-time or quantitative PCR (qPCR) is useful
for the quantification of parasite DNA in different host tissues and
its applications have substantially increased in recent years. In
Chagas disease, qPCR has been mainly applied to human patients
and has been successfully used in the follow-up of treatment out-
comes, diagnosis of infection, and to investigate parasite vertical
transmission (Bua et al., 2012; Duffy et al., 2009; Moreira et al.,
2013; Schijman et al., 2011). Recent studies using qPCR to measure
the concentration of T. cruzi DNA (i.e., a surrogate of intensity of
parasitemia) found that the median bloodstream parasite load of
chronic patients was 62 parasite equivalents/mL and differed sig-
nificantly among countries (de Freitas et al., 2011; Moreira et al.,
2013). Higher parasite loads were recorded in chronic patients
from Argentina and Colombia (Duffy et al., 2013; Moreira et al.,
2013), in patients coinfected with HIV (de Freitas et al., 2011), in
seropositive women giving birth to T. cruzi-infected newborns
(Bua et al., 2012) and in newborns diagnosed by optical microscopy
after delivery (Bua et al., 2013).

There is strong evidence on the clustering and heterogeneity in
the transmission of pathogens, where 20% of individuals in a pop-
ulation would be responsible for 80% of the transmission (Wilson
et al., 2001; Woolhouse et al., 1997; Courtenay et al., 2014). The
small fraction of individuals that infect disproportionately more
susceptible contacts than most infected individuals became known
as ‘‘superspreaders’’ of disease (Stein, 2011). T. cruzi infection,
although mainly a vector-borne disease, shows that a small frac-
tion of the infected dogs and cats were highly infectious to xenodi-
agnosis bugs and could be considered ‘‘superspreaders’’ (Gürtler
et al., 2007).The infectiousness to the vector T. infestans of seropos-
itive dogs was shown to be aggregated (Gürtler et al., 2007) and
associated with an index of the host’s body condition (i.e., external
clinical aspect, ECA) (Petersen et al., 2001), and not associated with
T. cruzi DTU (Cardinal et al., 2008). Mixed outcomes were regis-
tered for age of the dog and exposure to infected bugs (Gürtler
et al., 2007, 1996, 1992). The functional relationship between par-
asitemia and infectiousness to the vector in dogs and cats naturally
infected with T. cruzi (or any other mammalian nonhuman host)
has not been investigated.

In this study we used for the first time a qPCR protocol to
quantify the load of T. cruzi DNA in the peripheral blood of natu-
rally-infected dogs and cats from a well-defined rural area in the
Argentinean Chaco. We also evaluated the association among
infectiousness to the vector, bloodstream parasite load and other
potential predictors of infectiousness, and identified highly infec-
tious hosts.

2. Materials and methods

2.1. Study area

Field work was conducted in the municipality of Pampa del
Indio (26� 20 000 S, 59� 550 000 W), Chaco Province, Argentina. The
study area was described elsewhere (Gurevitz et al., 2011). Prior
to community-wide residual spraying with pyrethroid insecticides,
a cross-sectional survey of all villages revealed that 45.9% of the
inhabited houses were infested with T. infestans (Gurevitz et al.,
2011), and the overall prevalence of T. cruzi infection was 27% in
bugs, 26% in dogs and 29% in cats in August–December 2008
(Cardinal et al., in press).

2.2. Study design

Nested within this larger survey, for current purposes we
selected two neighboring villages (10 de Mayo and Las Chuñas,
with 60 inhabited houses) showing the highest bug prevalence of
infection with T. cruzi (61%) at baseline. Within these villages, all
the houses with at least one T. cruzi-infected T. infestans at baseline
(38 of 60 houses) were selected to conduct a cross-sectional xeno-
diagnostic survey of all dogs and cats. A total of 99 (56.3%) dogs
and 29 (74.4%) cats were examined by xenodiagnosis to increase
the chances of isolating parasites from a large number of individu-
als. Each head of household was informed on the objectives of the
study; an informed oral consent was requested and obtained in all
cases.

Blood samples (up to 7 mL) were drawn by venipuncture and
allowed to clot at ambient temperature. Each serum was separated
after centrifugation at 3000 rpm during 15 min., allocated in tripli-
cate vials and preserved at �20 �C at the field laboratory. Blood
samples were also used (2 mL in dogs and 1 mL in cats) for DNA
extraction and PCR; these were immediately mixed with an equal
volume of guanidine hydrochloride 6 M, EDTA 0.2 M pH 8.00 buffer
(GEB), and stored at 4 �C. Serum samples were transported in dry
ice to the main laboratory at the end of each survey, whereas
GEB samples were kept in a cooler. The host’s body condition
was used as an index of the nutritional status of dogs as described
by Petersen et al. (2001). Each dog was classified as having a good,
regular or poor body condition based on the degree of muscle
development; external evidence of bone structure, state of fur coat,
existence of fatty deposits, and facial expression (Petersen et al.,
2001). Only dogs aged 1 year or more were categorized to avoid
potential confounders due to growth effects and acute infections
(Petersen et al., 2001). Handling and examination of dogs and cats
was conducted according to the protocol approved by the ‘Dr. Car-
los Barclay’ Independent Ethical Committee for Clinical Research
from Buenos Aires, Argentina (IRB No. 00001678, NIH registered
and Protocol No. TW-01-004).

2.3. Xenodiagnosis

Dogs and cats were examined by xenodiagnosis with 10 or 20
uninfected, laboratory-reared fourth-instar nymphs of T. infestans
exposed to the animal’s belly during 20 min, followed by a 10-
min re-exposure period if initially most bugs had not blood-fed
to repletion (Enriquez et al., 2013a). Each bug was individually
examined by optical microscopy (OM) (400�) for T. cruzi infection
30 and 60 days after exposure. The infectiousness to the vector of
dogs and cats that were seropositive for T. cruzi was calculated as
the total number of insects infected with T. cruzi divided by the
total number of insects exposed to the animal and examined for
infection at least once (Gürtler et al., 1992). Bug mortality rate at
30 days post-exposure was 3% in both dogs and cats; and bugs
exposed to dogs molted after a single blood meal (12%) more fre-
quently than bugs fed on cats (8%), though these differences were
not statistically significant (Enriquez et al., 2013b). T. cruzi-infected
dogs and cats were also classified as having high or low infectious-
ness to T. infestans; the ‘‘high infectiousness’’ category included
dogs and cats that were responsible for P80% of all infected triato-
mines used in the xenodiagnostic tests, and the ‘‘low infectious-
ness’’ included the remaining seropositive dogs and cats and that
were also examined by xenodiagnoses.

2.4. Serodiagnosis

Dogs and cats aged 4 months or more were diagnosed serolog-
ically whereas younger animals were examined only by xenodiag-
nosis because maternally-derived antibodies to T. cruzi could
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induce a false-positive result. Seventy (70%) dogs and 27 (93%) cats
examined by xenodiagnosis were also examined by serodiagnosis.
Sera were tested for antibodies to T. cruzi by indirect hemaggluti-
nation assay (IHA) following the manufacturer’s instructions
(Wiener Laboratories S.A.I.C., Buenos Aires, Argentina), an in-house
enzyme-linked immunosorbent assay (ELISA), and an indirect
immunofluorescence test (IFAT) (Ififluor Parasitest Chagas, Labora-
torio IFI, Buenos Aires, Argentina). The serodiagnosis methodolo-
gies and results of dog and cat populations have been reported
elsewhere (Enriquez et al., 2013b). An animal was considered
‘‘seropositive’’ if reactive by at least two assays.

2.5. Molecular analysis

2.5.1. DNA extraction
Guanidine-EDTA blood samples (GEB) of 2 and 4 mL were

heated in boiling water for 10 and 15 min, respectively (Britto
et al., 1993). Prior to DNA extraction, 200 pg of an internal ampli-
fication control DNA (IAC) was added to 400 lL GEB aliquot
(Duffy et al., 2009). Total DNA was purified using a commercial
kit (DNeasy Blood & Tissue Kit, QIAGEN Sciences, Maryland, USA)
and following manufacturer’s instructions avoiding the use of pro-
teinase K and the addition of buffer AL, as reported (Duffy et al.,
2009). Purified DNA was eluted in 200 lL of distilled water and
used as template for PCR and qPCR amplification.

2.5.2. Polymerase chain reaction
DNA from seropositive dogs and cats that were also examined

by xenodiagnosis were tested by means of qualitative and qPCR
assays. The qualitative PCR assay was targeted to the minicircles
of the kinetoplast (kDNA-PCR). The rectal-ampoule samples of 94
OM-negative bugs used in xenodiagnosis of the seropositive dogs
was examined by kDNA-PCR to assess the false-negative rate of
OM procedures. In addition, we included samples from 16 dogs
and 7 cats that resided in the study area and were not infected
by T. cruzi as determined by ELISA, IHA and xenodiagnosis (i.e.,
control hosts). The comparison of kDNA-PCR results and xenodiag-
nosis has been reported elsewhere (Enriquez et al., 2013b).

2.5.3. Real-time PCR assay
The bloodstream parasite load in dogs and cats was quantified

by amplifying a T. cruzi satellite DNA flanked by the Sat Fw (50-
GCAGTCGGCKGATCGTTTTCG-30) and Sat Rv (50-TTCAGRGTTGTTT
GGTGTCCAGTG-30) oligonucleotides (Duffy et al., 2009). The stan-
dard curve for DNA quantification (generated with T. cruzi CL Bren-
er clone), reagents, control samples and cycling profile for T. cruzi
DNA amplification were performed as previously described for
human samples (Bua et al., 2012). Samples were run in duplicates
using a commercial kit (SYBR GreenER qPCR SuperMix Universal,
Invitrogen, Life Technologies, Grand Island, NY, USA) and 8 lL of
template DNA in a 20 lL final volume.

The standard calibration curve for IAC was carried out using
blood samples of dogs not infected with T. cruzi (i.e., dogs residing
in non-endemic areas). Samples were spiked with 400 pg, 40 pg
and 4 pg of IAC. The IAC was quantified using 0.6 lM of primers,
IS Fw (50-AACCGTCATGGAACAGCACGTAC-30) and IS Rv (50-CTAGAA
CATTGGCTCCCGCAACA-30) (Duffy et al., 2009) using a commercial
kit (Quantitec SYBR Green PCR kit, QIAGEN Sciences, Maryland,
USA). After 15 min of pre-incubation at 95 �C, PCR amplification
was carried out for 40 cycles (94 �C for 15 s, 59 �C for 30 s and
72 �C for 30 s).

Given that the number of satellite DNA repeats differs among
different T. cruzi DTUs, DNA quantification was normalized accord-
ing to the identified DTU (Duffy et al., 2009). Parasite DNA concen-
tration was expressed as equivalent amounts of parasite DNA per

mL (Pe/mL). An ABI 7500 thermocycler (Applied Biosystems, Carls-
bad, CA, USA) was used in all qPCR amplifications.

2.5.4. DTU identification
Parasite DTUs were identified by PCR targeted to three genomic

markers: spliced-leader (SL) DNA, 24Sa ribosomal RNA genes and
A10 marker as described by Burgos et al. (2007). PCR products
were analyzed in 2.5% or 3% agarose gels (Invitrogen, USA) and
UV visualized after staining with Gel Red (GenBiotech). Identifica-
tion of DTUs infecting dogs and cats based on isolated parasites
was reported elsewhere (Enriquez et al., 2013a). In the current
study, additional DTU identifications from seropositive, xenodiag-
nosis-negative dogs (n = 6) and cats (n = 5) and from a seropositive,
xenodiagnosis-positive dog were attempted directly from GEB or
rectal ampoule samples of OM-negative, kDNA-PCR-positive bugs
used in xenodiagnostic tests of these animals. These additional
dogs and cats belonged to the same villages, and samples were
taken at the same time as those included in Enriquez et al.
(2013a). DNA was extracted from the bugs’ rectal ampoule using
DNAzol� (Invitrogen, USA) as described previously (Maffey et al.,
2012). DTU identifications were performed introducing the follow-
ing modifications to avoid unspecific amplifications within the
Spliced Leader region. SL-IR I, using primers TC2 and UTCC, was
used to identify TcI (475 bp) as follows: one cycle at 94 �C for
3 min, 6 cycles at 62 �C for 40 s, 6 cycles at 60 �C for 40 s, 40 cycles
at 58 �C for 40 s and final extension step at 72 �C for 10 min; and
SL-IR II, using primers TC1 and UTCC, was used to identify TcII,
TcV, and TcVI (425 bp) as follows: one cycle at 94 �C for 3 min, 5
cycles at 68 �C for 40 s, 5 cycles at 66 �C for 40 s, 5 cycles at
64 �C for 40 s, 3 cycles at 62 �C for 40 s, 30 cycles at 60 �C for
40 s and final extension step at 72 �C for 10 min. To enhance T. cruzi
detection, PCR reactions were carried out at a final volume of 50 lL
of reaction mix, with 8 lL of DNA sample as template and using
Taq Platinum DNA polymerase (Invitrogen, USA). Given that two
unspecific bands in the SL-IR I PCR were persistently obtained in
GEB samples, the expected amplicon of 475 pb was purified and
sequenced to confirm TcI identification.

Incomplete identifications of DTUs were achieved in some cases
in which only a 425 bp-band was obtained in the SL-IR II PCR and
no bands in the other PCR assays due to low DNA content. These
cases were described as TCII/V/VI.

2.6. Sequence analysis of SL-IR I

The PCR-amplified DNA was purified with Qiaquick Gel Extrac-
tion kit (Qiagen) and cloned into pGEMT-easy vector following the
manufacturer’s instructions (Promega, Madison, WI). Recombinant
plasmids were screened by digestion with EcoRI (New England
Biolabs) and sequenced using T7 and SP6 universal primers by
Macrogen (Inc., Seoul, Korea) in an ABI PRISM 3730 DNA Analyzer
automated sequencer (Applied Biosystems) and aligned manually
or using MEGA 5.1 software (Tamura et al., 2007). Newly reported
sequences are available at GenBank under accession numbers
KF964667, KF964668 and KF964669. A consensus of forward and
reverse sequences was created and a BLAST search was performed
in GenBank database to compare sequence identity.

2.7. Data analysis

Agresti–Coull binomial 95% confidence intervals (CI) were used
for proportions. The relationship between infectiousness to the
vector of dogs and cats infected with T. cruzi and potential predic-
tors was analyzed using maximum likelihood multiple logistic
regression implemented in Stata (Stata 10.1, Stata Corp, College
Station, Texas). Only dogs and cats aged 1 year or more were
included in the regression to avoid potential confounders due to
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growth effects. Because the bugs used in xenodiagnosis were
clustered on individual dogs or cats, observations are not indepen-
dent. Therefore, the xtmelogit command was used to include ran-
dom effects that measure the residual effects due to each subject
on the probability of bug infection. The dependent variable was
the infection status of each bug used in xenodiagnosis. The
independent variables were the bloodstream parasite load (a con-
tinuous variable, in Pe/mL), body condition (two levels: 0 = good,
1 = regular or poor); age of the host (a continuous variable, in
months); exposure to infected bugs, as measured by the
abundance of T. infestans infected with T. cruzi captured per
15 min-person per site in domiciles, kitchens and storerooms
(i.e., typical resting sites of dogs and cats), categorized in low, med-
ium and high-risk levels, 0 = 0; 1 = 1–5, and 2 P 5 bugs, respec-
tively; and identified DTU (0 = TcV, 1 = TcVI; 2 = TcI or TcIII).
Identified DTU was excluded as a predictor in cats due to the small
sample size. The body condition status was divided into two levels
because of the low number of dogs with a poor body condition.

Interaction terms were added stepwise and dropped from the final
model if not significant at a nominal significance level of 5%. The
Wald test examined the hypothesis that all regression coefficients
are 0.

To reflect the potential ability of a dog in a given body condition
category to infect a bug after feeding to repletion, we calculated an
Infectious Potential Index (IPI) for each category (Petersen et al.,
2001) as the product of the proportion of seropositive dogs, the
proportion of seropositive dogs with a positive xenodiagnosis,
and the median infectiousness of seropositive dogs with a positive
xenodiagnosis in each category.

3. Results

3.1. Parasite concentration

A total of 44 seropositive dogs and 14 seropositive cats that had
been examined by xenodiagnosis were assayed by qPCR, and addi-
tionally, a xenodiagnosis-positive, seronegative cat was also tested.
All of these samples were qPCR-positive except one seropositive
cat that was negative by xenodiagnosis and kDNA-PCR. All control
dogs (n = 16) and cats (n = 7) that were both seronegative and
xenodiagnosis-negative were also negative by kDNA-PCR and
qPCR. In two xenodiagnosis-negative, qPCR-positive cats, DNA
quantifications could not be normalized because DTU identifica-
tions were unsuccessful, therefore they were excluded from
further analysis.

The frequency distribution of parasite DNA concentration
estimated by qPCR showed a negative binomial distribution in both
host populations (Fig. 1). The median bloodstream parasite load
was slightly higher in cats (median = 9.7 Pe/mL, first-third quartiles

Table 1
Infectiousness to the vector T. infestans of dogs and cats infected with T. cruzi according to potential risk factors; Pampa del Indio, Chaco, 2008.

Factor Dogsa Catsa

Median infectiousness%
(first-third quartiles)

OR (95% CI) Median
infectiousness%
(first-third quartiles)

OR (95% CI)

Host body condition –
Good 16 (5–68) 1 – –
Regular/poor 64 (32–84) 4.45 (1.24–16.01) – –

Parasitemia (Pe/mL) – 1.02 (1.00–1.04) – 1.02 (1.00–1.04)

Exposure to infected bugs (abundance of infected-bug captured per 15 min-person per site)
0 55 (35–75) 1 67 (25–75) 1
1–5 68 (35–84) 0.41 (0.03–6.58) 79 (78–79) 0.21 (0.01–5.17)
>5 20 (5–65) 0.40 (0.02–9.43) 0 (0–50) 0.20 (0.01–6.66)

Age of host – 1.00 (0.99–1.02) – 1.18 (0.93–1.48)

DTU
TcV 30 (16–45) 1 – –
TcI or TcIII 38 (0–75) 0.58 (0.02–22.42) – –
TcVI 62 (30–80) 2.22 (0.45–10.94) – –

a Three dogs and four cats aged <1 year were not included in the regression.

Table 2
Relationship between host body condition and infectiousness to T. infestans of dogs
infected with T. cruzi aged P1 year; Pampa del Indio, Chaco, 2008.

Host
body
condition

Percentage
of
seropositive
dogs (No.
examined)

Percentage of
seropositive dogs
with a positive
xenodiagnosis
(No. examined)

Median
infectiousness
of
xenodiagnosis-
positive dogs

Infectious
potential
index

Good 55 (56) 78 (23) 30 0.13
Regular 50 (50) 93 (25) 63 0.29
Poor 80 (5) 100 (3) 80 0.64
Total 54 (111) 85 (41) 61 0.28

Table 3
Relationship among qualitative kDNA-PCR, qPCR and parasite load to detect T. cruzi-infected dogs and cats with different levels of infectiousness.

Host Infectiousnessa No. positive xenodiagnosis (No.
examined)

Mean infectiousness
(%)

Median parasite load (Q1–
Q3)

No. positive kDNA
(%)

No. positive qPCR
(%)

Dogs High 22 (22) 79 21.3 (7.3–39.3) 22 (100) 22 (100)
Low 16 (22) 19 2.4 (1.3–12.6) 17 (77) 22 (100)
Total 38 (44) 48 8.1 (1.5–26.6) 39 (89) 44 (100)

Cats High 7 (7) 79 96.1(18.1–202.1) 7 (100) 7 (100)
Low 3 (8) 14 3.0 (2.2–7.4) 6 (75) 7 (88)
Total 10 (15) 44 9.7 (2.9–96.9) 13 (87) 14 (93)

a The ‘‘high infectiousness’’ category included dogs and cats that were responsible for P80% of all infected triatomines used in the xenodiagnostic tests. The ‘‘low
infectiousness’’ category included all remaining seropositive dogs and cats examined by xenodiagnosis.
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[Q1–Q3] = 2.9–96.9, range 0.0–1101.8) than in dogs (med-
ian = 8.1 Pe/mL, Q1–Q3 = 1.5–26.6, range 0.7–214.5), although this
difference was not statistically significant (Kruskal–Wallis test,
P = 0.5). If the two seropositive, xenodiagnosis-negative cats in
which DNA quantifications could not be normalized had been
infected either with TcI or TcVI (i.e., the extreme cases for normal-
ization), their parasitemia would range between <1 and 10 Pe/mL.

3.2. Infectiousness to the vector and parasite load

Overall, 86% of dogs (n = 44) and 64% of cats (n = 14) seroposi-
tive for T. cruzi were positive by xenodiagnosis. The mean infec-
tiousness to T. infestans did not differ significantly between dogs
(48%, 95% confidence interval [CI] = 33–62%) and cats (44%, 95%
CI = 10–63%). Thirteen percent of 94 OM-negative bugs were posi-
tive by kDNA-PCR; thus, the corrected infectiousness to the vector
would rise to 54%. The frequency distribution of infectiousness
showed a bimodal pattern in both host populations (Fig. 2).

The infectiousness of infected dogs and cats increased steeply
with parasite load, reaching maximum infectiousness (95%) at
96.9 Pe/mL for cats and 13.0 Pe/mL for dogs (Fig. 3). No clear asso-
ciation was observed between DTU and host infectiousness or
bloodstream parasite load (Fig. 3). However, the two cats and the
only dog infected with TcI had nil infectiousness despite having
7.4, 9.7 and 20.5 Pe/mL, respectively (Fig. 3) (Appendix). In these

three individuals TcI was confirmed by sequence analysis of
Spliced Leader region (SL-IR I) (i.e., 98–100% sequence identity).

Random-effects multiple logistic regression model showed that
infectiousness to the vector of seropositive dogs was significantly
associated with the bloodstream parasite load (OR = 1.02, 95%
CI = 1.00–1.04, P < 0.05) and body condition (OR = 4.45, 95%
CI = 1.24–16.01, P = 0.02) (Wald v2 = 11.76, P < 0.01) (Table 1). No
association was found between infectiousness and age of the dog,
exposure to infected bugs at the dog’s house and DTU. The median
parasite load in dogs with poor or regular body condition (9.93 Pe/
mL, Q1–Q3 = 3.03–28.15) was approximately 4 times higher than
in dogs with good condition (2.67 Pe/mL, Q1–Q3 = 1.38–18.90),
but this difference was not statistically significant (Kruskal–Wallis,
P = 0.17).

The infectiousness of infected cats was significantly associated
with parasite load (OR = 1.02, 95% CI = 1.00–1.04, P = 0.02) (Wald
v2 = 4.83, P = 0.09) (Table 1). No significant association between
infectiousness and age of the cat and exposure to infected bugs
was found by random-effects multiple logistic regression analysis.

3.3. Body condition and infectiousness

The classification of 111 dogs aged P1 year showed that 52%,
43% and 5% of them were in a good, regular and poor body condi-
tion, respectively (Table 2). The mean (±SD) age (3.0 ± 2.6, 4.0 ± 2.6,
and 5.5 ± 6.9 years) and the proportion of female dogs (36%, 39%
and 40%, v2 = 0.2, df: 2, P = 0.9) were similar among categories
ranging from good to poor conditions, respectively. The prevalence
of T. cruzi infection varied between 50% and 80% and was not sig-
nificantly different among body condition categories (v2 = 1.7, df:
2, P = 0.2). The median infectiousness increased from 30% in dogs
with good condition to 63% and 80% in animals with a regular
and poor condition, respectively. Dogs with a poor condition had
an infectious potential index (IPI) 2.2 times greater than dogs with
a regular condition, and 4.9 times greater than those in a good con-
dition (Table 2). However, ‘‘poor’’ dogs had a very low sample size
of 5 versus the total sample size of 111.

3.4. Profile of infected dogs and cats with high or low infectiousness

Nearly half of the dogs (50%) and cats (47%) showed high infec-
tiousness and were responsible of at least 80% of the infected xeno-
diagnosis bugs. The median parasite load was nearly 10 times
greater for dogs with high infectiousness than for dogs with low
infectiousness and this difference was statistically significant
(Kruskal–Wallis test, P < 0.01). For cats this relationship was
32 times greater (Kruskal–Wallis test, P = 0.02) (Table 3). Quantita-
tive PCR could not distinguish between highly infectious and non-
highly infectious hosts, given that it detected T. cruzi DNA in 100%
of the seropositive dogs and in 93% of the seropositive cats,
whereas kDNA-PCR detected 89% and 87% of them, respectively
(Table 3). Four seropositive dogs and one seropositive cat that were
both qPCR-positive and kDNA-PCR-negative showed very low
infectiousness to the vector (range, 0–5%).

4. Discussion

By means of a real-time quantitative PCR protocol, this study
shows that the parasite load detected in the bloodstream of dogs
and cats naturally infected with T. cruzi was closely associated with
their infectiousness to the vector, and on average, was 4–5 times
higher than that of chronic Chagas disease patients examined else-
where (de Freitas et al., 2011; Moreira et al., 2013).

The median bloodstream parasite load was 8.1 Pe/mL in dogs
and 9.7 Pe/mL in cats, whereas in chronic patients was 62 Pe/mL
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(de Freitas et al., 2011; Moreira et al., 2013). Furthermore, the sen-
sitivity of qPCR in seropositive, chronic patients ranged from 41%
to 76% (Duffy et al., 2013; Moreira et al., 2013; Piron et al.,
2007), whereas in our study 93–100% of seropositive cats and dogs
were qPCR-positive. These substantial differences in parasite load
most likely explain the much lower proportion of T. cruzi-seropos-
itive humans with a positive xenodiagnosis and their much lower
infectiousness to bugs relative to seropositive dogs and cats
(Coura et al., 1991; de Freitas et al., 2011; Gürtler et al., 1996).

In our study, the infectiousness of dogs and cats increased non-
linearly from 0% to 85% with small increases in bloodstream para-
site load. Two direct implications follow from these observations:
first, a positive xenodiagnosis can be obtained with very low para-
site load (i.e., 0.7 and 1.6 Pe/mL for dogs and cats, respectively),
although the ultimate fraction of bugs that become infected may
be highly variable. Second, given that 96% of the dogs and 90% of
cats had more than 0.7–1.6 Pe/mL, a large proportion of them is
expected to be highly infectious to the vector, as our study attests.

The wide variability in the infectiousness of dogs and cats with
very low bloodstream parasite load may be related, at least in part,
to unrecorded variations in the effective bloodmeal size achieved
by the bugs used in xenodiagnosis. The actual infectiousness is
expected to be greater than 44–48% because of the limited sensi-
tivity of optical microscopy when the intensity of rectal infections
is low (false-negative rate was 13%).

There were a few cases in which the high infectiousness
observed could not be explained by the estimated parasite load
of the individual host on which the bugs had fed, as in a TcVI-
infected dog with a regular body condition and 0.8 Pe/mL which
infected 17 of 20 insects. Perhaps the differential origin of the
blood samples for qPCR (venous blood) and xenodiagnosis (capil-
lary blood ingested by the bugs) may explain this apparent incon-
sistency (Ferreira et al., 2007). Parasite DNA concentrations
differed between tissues in dogs naturally infected with Leishmania
infantum (Ferreira et al., 2013). Technical errors in the quantifica-
tion of bloodstream parasite load may be ruled out because all
blood samples from dogs with very low parasite load and large
infectiousness were repeated and the initial outcome corroborated
(results not shown). Although rather unlikely, we cannot rule out
the presence of inhibitors that affected the performance of qPCR
despite IAC amplifications were consistently satisfactory. New pro-
tocols based on multiplex qPCR amplifying both DNA targets (i.e.,
DNA of T. cruzi and IAC) in the same reaction tube could enhance
the reproducibility of qPCR assays (Duffy et al., 2013).

Dogs and cats had similar infectiousness to the vector and this
distribution was aggregated, as in studies conducted elsewhere
(Gürtler et al., 2007). There was a fraction of highly infectious dogs
and cats that may contribute disproportionally to (peri)domestic
transmission and persistence of T. cruzi. This heterogeneous distri-
bution of parasite burden in host populations is a generalized pat-
tern in macroparasites and microparasites (Wilson et al., 2001;
Woolhouse et al., 1997) and may be used for targeted control strat-
egies. T. cruzi-infected Dasypus novemcinctus armadillos and Didel-
phis albiventris opossums also have high infectiousness (Orozco
et al., 2013).

Multiple logistic regression analysis showed that the infectious-
ness of dogs was associated with the bloodstream parasite load
and the body condition of the individual host. The latter is likely
reflecting the combined effects of the immune system and the
nutritional status of the host (Keusch, 2003; Machado-Coelho
et al., 2005; Petersen et al., 2001). Dogs with a regular or poor body
condition showed a nearly fourfold higher median parasite load
than dogs in good conditions. The former were probably less effec-
tive in controlling parasitemia for reasons that remain to be
identified.

Exposure to repeated reinfections with T. cruzi via inoculations
was positively correlated with a slight and transient increase in
parasitemia in experimentally infected dogs and mice (Machado
et al., 2001; Bustamante et al., 2007). In our study, however, expo-
sure to infected bugs was not associated with increased infectious-
ness in dogs; previous surveys yielded mixed outcomes on this
point (Gürtler et al., 2007, 1992). A possible explanation for these
discrepancies is that our metric of exposure in the regression
model may not represent in a precise manner the actual likelihood
of reinfection the dogs faced throughout its home range in the past.
In addition, we found no association between infectiousness and
age of dogs (as in one of three previous studies: Gürtler et al.,
2007, 1996, 1992) and parasite DTU (Cardinal et al., 2008). Other
factors not evaluated here, such as concomitant parasitic infec-
tions, stress levels, inoculum size, and genetic background of host
and parasite, may eventually mask the effects of age, DTU and
reinfections on infectiousness. Moreover, the existence of a poly-
morphism in the genes involved in the immune response could
also affect infectiousness, as in dogs infected with L. infantum
(Quinnell et al., 2003). In cats, infectiousness was only associated
with parasite load. TcVI-infected cats were more infectious that
the few ones infected with TcV or TcI, but samples sizes were too
small to make any sound conclusion.
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The concurrent finding of TcI infections with bloodstream para-
site load ranging from 7.4 to 20.5 Pe/mL and nil infectiousness (as
determined by optical microscopy) suggest a differential behavior
of TcI or a different susceptibility of the vector species involved.
Indeed, TcI-infected dogs and cats were rare and could only be
identified by means of a highly sensitive kDNA-PCR applied to
the rectal-ampoule lysates of xenodiagnostic bugs or GEB samples.
The substantial variations in metacyclogenesis and trypomastigote
density among triatomine species (Carvalho-Moreira et al., 2003;
Loza-Murguía and Noireau, 2010; Perlowagora-Szumlewicz and
Moreira, 1994) may explain the nil infectiousness (as measured
by optical microscopy) recorded in TcI-infected dogs and cats.
However, samples sizes were small and this relationship should
be further investigated.

In our study, approximately 50% of the infected dogs and cats
were responsible for at least 80% of the infected T. infestans used
in xenodiagnosis. All of them were positive by qPCR and kDNA-
PCR. However, dogs and cats with very low infectiousness to the
vector (<20%) were also frequently positive by these techniques.
These results suggest that the quantitative estimates of parasite
load and not the qualitative outcomes of qPCR or kDNA-PCR would
be a more precise tool to identify highly infectious dogs and cats. A
wide variability in infectiousness (range, 0–63% for dogs and
35–67% for cats) was observed between 1 and 5 Pe/mL.
Courtenay et al. (2014) recently showed that quantitative PCR
was needed to identify highly infectious L. infantum-infected dogs.

Quantitative PCR was more sensitive and less time-consuming
than xenodiagnosis, and alone or in conjunction with the body con-
dition index, may be helpful to identify highly infectious hosts;
replace xenodiagnosis (or hemoculture) to assess treatment effi-
cacy or infection status, and contribute to novel control strategies
(e.g., targeted treatment or vaccination) that reduce the risks of
domestic transmission of T. cruzi.
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