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Abstract
We conducted a genome-wide scan for visceral leishmaniasis in mixed-breed dogs from a

highly endemic area in Brazil using 149,648 single nucleotide polymorphism (SNP) markers

genotyped in 20 cases and 28 controls. Using a mixed model approach, we found two can-

didate loci on canine autosomes 1 and 2. The positional association on chromosome 2

mapped to a predicted DNAse sensitive site in CD14+ monocytes that serve as a cis-regu-

latory element for the expression of interleukin alpha receptors 2 (IL2RA) and 15 (IL15RA).
Both interleukins were previously found to lead to protective T helper 1 cell (Th1) response

against Leishmania spp. in humans and mice. The associated marker on chromosome 1

was located between two predicted transcription factor binding sites regulating the expres-

sion of the transducin-like enhancer of split 1 gene (TLE1), an important player in Notch sig-

naling. This pathway is critical for macrophage activity and CD4+ T cell differentiation into

Th1 and T helper 2. Together, these findings suggest that the human and mouse model for

protective response against Leishmania spp., which involves Th1 and macrophage modula-

tion by interleukins 2, 15, gamma interferon and Notch signaling, may also hold for the

canine model.
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Introduction
The domestic dog (Canis lupus familiaris) is the primary urban reservoir of visceral leishmani-
asis (VL), a neglected tropical disease that affects about 500,000 people every year [1]. Suscepti-
bility to VL has been reported in several dog breeds, such as the Boxer, Doberman, German
Shepherd and Cocker Spaniel, indicating the existence of an important, yet not understood,
genetic component underlying host-parasite interplay [2–4].

Quilez et al. (2012) [5] estimated that additive genetic variance could account for as much
as 64% of the total variance in VL clinical manifestations in a sample of Boxer dogs, and
showed that the clinical outcome of 60% of the analyzed infected dogs could correctly be pre-
dicted using a panel of 126,607 genome-wide single nucleotide polymorphism (SNP) markers.
Although candidate genes implicated in VL have been proposed in both humans and dogs
[4,6,7], evidence from agnostic genome-wide scans remains limited to only a few reports [5,8].

Here, we used over 145,000 SNPs distributed throughout the canine genome to identify
genes involved in Leishmania spp. infection in random mating mixed-breed (mongrel) dogs
originated from an area highly endemic for VL (Araçatuba, São Paulo–Brazil).

Results and Discussion
Fig 1 summarizes the sample screening process conducted in this study. Of the 442 sampled
animals, 223 (50.5%) tested positive for Leishmania spp. by Polymerase Chain Reaction (PCR)
and 168 (38.4%) by Indirect Enzyme-linked Immunosorbent Assay (ELISA). Considering posi-
tive status in at least one of the diagnostic tests, we observed 263 positive dogs (59.5%).

To evaluate genotype-phenotype associations, we selected samples for which the PCR and
ELISA results were concordant, which reduced the number of samples to 306, with 178
(58.2%) testing negative and 128 (41.8%) testing positive. Additionally, in order to maximize
the likelihood of exposure in the sample, we considered cases and controls only the animals
that presented at least five years of age. Therefore, a total of 24 cases and 60 controls were iden-
tified. In order to balance the number of cases and controls, we randomly genotyped 20 cases
and 28 controls with the Illumina CanineHD BeadChip.

From the initial set of 173,661 markers, 149,648 (86.2%) passed all inclusion criteria (see
Material and Methods), and no individual was excluded due to low call rate (<90%). We per-
formed a genome-wide scan in dogs with positive and negative diagnostic tests for Leishmania
spp. infection using a mixed model approach [9]. The genomic inflation factor was approxi-
mately 1, indicating that confounding due to population structure and cryptic relatedness were
dully controlled in the analysis. Two markers were declared significant (p< 1 x 10−5), repre-
senting two different loci on autosomes 1 and 2 (Fig 2).

The marker mapping at 32,560,323 bp on chromosome 2 (rs22840096, p = 4.7 x 10−6, see
Fig 3) presented a B allele frequency (Illumina A/B allele coding) of 43% in cases and of 7% in
controls, and an estimated odds ratio of 16.12 ± 2.09. This positional association was found
approximately 200 kb upstream of IL2RA and IL15RA, which encode for interleukin 2 (IL-2)
and 15 (IL-15) alpha receptors, respectively. Also, the variant overlapped a predicted CD14+
monocyte DNAse hypersensitive site, which suggests that the positional candidate may be cap-
turing the signal of a variant cis-regulating the expression of downstream genes IL2RA and
IL15RA in macrophages. Cytokines IL-2 and gamma interferon, which are mainly produced by
T helper 1 (Th1) cells, are related to protection against Leishmania spp. [10]. In fact, Th1 and T
helper 2 (Th2) responses, presumably mediated by cytokines such as IL-2 and gamma inter-
feron, were respectively found to be associated with resistance and susceptibility against Leish-
mania spp. in the mouse model [11]. Also, IL-15 is mainly produced by monocytes and was
previously found to be protective by inducing the production of IL-12 and consequently Th1
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Fig 2. A genome-wide scan using a variance components model in mixed-breed dogs identifies two loci associated with infection by Leishmania
spp. (p < 1 x 10−5). The markers on autosomes 1 (rs22039047, p = 4.6 x 10−6) and 2 (rs22840096, p = 4.7 x 10−6) presented estimated B allele (Illumina A/B
genotype calls) odds ratios of 16.12 ± 2.09 and 37.34 ± 3.09, respectively.

doi:10.1371/journal.pone.0136749.g002

Fig 1. Sample screening for Leishmania spp. infection in mixed-breed dogs. Samples were selected to maximize the likelihood of exposure (by age)
and correct infection diagnosis (by concordance of diagnostic tests). Balanced numbers of cases and controls were genotyped and quality-controlled.

doi:10.1371/journal.pone.0136749.g001
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celular response, leading to parasite elimination in infected cells [12,13]. The complex immune
response against Leishmania spp. parasites in dogs is still superficially understood, but the
functional candidate genes found in the vicinity of our positional association suggest that these
interleukins also play an important role in the control and resolution of the infection in the
canine model.

The marker on chromosome 1 at position 80,707,336 (rs22039047, p = 4.6 x 10−6, see Fig 4)
exhibited an estimated odds ratio of 37.34 ± 3.09 and a B allele frequency of 32.5% in cases and
1.8% in controls. Comparative genomics analysis using ENCODE and UCSC data suggested
that the marker is between two transcription factor binding sites regulating the expression of
TLE1 (transducin-like enhancer of split 1). This gene is also known as Q6JDG1_CANFA and
participates in the Notch signaling pathway [14], which is critical for macrophage activity and
CD4+ T cell differentiation. Mice lacking notch signaling in CD4+ T cells were shown to have
defective Th2 cell differentiation, but they were able to differentiate in Th1 cells and control
Leishmania major infection [15]. Also, Notch receptors were shown to be necessary for gamma
interferon production by murine Th1 cells during Leishmania major infection [16]. Interest-
ingly, the positional associations on chromosomes 1 and 2 found in the present study point to
the same resistance mechanism, which involves parasite killing triggered by T helper 1 cells
and macrophage signaling.

Conclusions
We identified positional candidate loci for Leishmania spp. infection in dogs, which shelter
functional candidate genes participating in important molecular mechanisms underlying para-
site elimination. This preliminary study involved a small sample of mongrel dogs, and the find-
ings reported here require replication to confirm and further elucidate the role of these loci in

Fig 3. Regional plot of the chromosome 2marker (rs22840096) associated with Leishmania spp. infection in mixed-breed dogs.Of note, the marker
is located approximately 200 kb from IL2RA and IL15RA in a predicted CD14+ monocyte DNAse hypersensitive site. At the bottom, the D' measure of linkage
disequilibrium shows the extent of SNP tagging nearby the positional association.

doi:10.1371/journal.pone.0136749.g003
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visceral leishmaniasis. Fine mapping these candidate genes using re-sequencing data may con-
tribute to the identification of variants implicated in susceptibility to visceral leishmaniasis in
dogs.

Materials and Methods

Sampling and Study Area
The study was conducted in the municipality of Araçatuba (São Paulo state, Brazil), an area
highly endemic for canine VL since 1999. Dog blood samples were obtained from two different
sources: 1) dogs seen at the Veterinary Hospital of the Faculty of Veterinary Medicine of Ara-
çatuba (UNESP); or 2) dogs submitted for euthanasia at the Center for Zoonosis Control of
Araçatuba. This study was carried out in strict accordance with the recommendations in the
Ethical Principles of the Brazilian College of Animal Experimentation (COBEA– http://www.
cobea.org.br). The protocol was approved by the UNESP Ethics Committee on Animal Experi-
mentation (CEUA-FOA permit number: 2008–001309). Written informed consent was
obtained from all participant owners. We sampled a total of 442 dogs over two years of age,
assuming that they had been naturally exposed to the parasite based upon the extremely high
disease prevalence and minimum age of exposure to Leishmania spp. in the study area [17].

Infection Status
Amplification of Leishmania spp. kinetoplast DNA: Purification of DNA from canine blood
samples was performed by the phenol/chloroform/isoamyl alcohol method [18]. Detection of
parasite DNA was based on the primers described by Rodgers et al. (1990) [19], which amplify

Fig 4. Regional plot of the chromosome 1marker (rs22039047) associated with Leishmania spp. infection in mixed-breed dogs. The marker is in the
vicinity of a predicted transcription factor binding site controlling the expression of TLE1 (Q6JDG1_CANFA). At the bottom, the D' measure of linkage
disequilibrium shows the extent of SNP tagging nearby the positional association.

doi:10.1371/journal.pone.0136749.g004
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a 120-bp conserved region of the Leishmania spp. kinetoplast. A positive control (DNA sample
from a dog with positive serological diagnosis and clinical signs of leishmaniasis), a negative
control (DNA sample from a dog with negative serological diagnosis and no clinical signs) and
a negative control reaction (no DNA) were included in each PCR amplification. The PCR
products were visualized by gel electrophoresis in 8% polyacrylamide gels stained with silver
nitrate solution.

Indirect Enzyme-linked immunosorbent assay (ELISA): The ELISA test was conducted
according to Lima et al. (2005) [20]. Positive (case) or negative (control) leishmaniasis status
was determined for those dogs with at least 5 years of age that had identical diagnostic results
for the PCR and ELISA tests.

Genome-Wide SNP Genotyping
A balanced subset of the identified cases and controls was randomly chosen and genotyped for
173,661 SNP markers using the Illumina CanineHD BeadChip, according to the manufac-
turer's protocol.

Association Analysis
We used the SNP & Variation Suite 8 (SVS–Golden Helix Inc., available at: http://goldenhelix.
com/SNP_Variation/) software to test for phenotype-genotype associations via a linear mixed
model controlled for random polygenic effects [9]. Prior to the SNP association analysis, geno-
typic data were filtered based on the following inclusion criteria: SNP call rate greater than
95%, SNP minor allele frequency (MAF) greater than 5%, SNP p-value for Hardy-Weinberg
Equilibrium (HWE) exact test greater than 10−5, and sample call rate greater than 90%. Mark-
ers were prioritized for investigation based on a significance threshold of p< 1 x 10−5. Log-
odds ratios for these markers were estimated based on the slopes from a generalized linear
model assuming a binomial distribution and a logit link function using glm() in R v.3.1.0 (avail-
able at: http://www.r-project.org/).

Gene and Regulatory Elements Annotation
Genomic regions harboring significant signals were visually inspected for gene annotation
using the GoldenHelix Genome Browse software (available at: http://goldenhelix.com/
GenomeBrowse/) and the Ensemble Genes 61 reference set. Prediction of regulatory elements
was performed by lifting over CanFam2.0 coordinates to the Human GRCh37/hg19 assembly
by orthology, and annotating ENCODE tracks in the UCSC genome browser (available at:
http://genome.ucsc.edu/).
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S1 File. Supporting phenotype and genotype data.
(ZIP)

Author Contributions
Conceived and designed the experiments: CMN JFG ESR. Performed the experiments: ESR
APNQ JRS VRG HBP CMT. Analyzed the data: YTU ESR SHVP RDS. Contributed reagents/
materials/analysis tools: CMN SHVP VMFL JFG TSS JFT RDS. Wrote the paper: YTU.

GWAS for Canine Leishmaniasis

PLOS ONE | DOI:10.1371/journal.pone.0136749 September 8, 2015 6 / 8

http://goldenhelix.com/SNP_Variation/
http://goldenhelix.com/SNP_Variation/
http://www.r-project.org/
http://goldenhelix.com/GenomeBrowse/
http://goldenhelix.com/GenomeBrowse/
http://genome.ucsc.edu/
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136749.s001


References
1. World Health Organization (2010) Control of the leishmaniases: report of a meeting of the WHOExpert

Commitee on the Control of Leishmaniases, Geneva, 22–26 March 2010. Available: http://apps.who.
int/iris/bitstream/10665/44412/1/WHO_TRS_949_eng.pdf.

2. Abranches P, Silva-Pereira MCD, Conceição-Silva FM, Santos-Gomes GM, Janz JG (1991) Canine
leishmaniasis: pathological and ecological factors influencing transmission of infection. J Parasitol 77:
557–561. doi: 10.2307/3283159 PMID: 1865262

3. França-Silva JC, da Costa RT, Siqueira AM, Machado-Coelho GL, da Costa CA, MaryrinkW et al.
(2003) Epidemiology of canine visceral leishmaniosis in the endemic area of Montes Claros Municipal-
ity, Minas Gerais State, Brazil. Vet Parasitol 111: 161–173. doi: 10.1016/S0304-4017(02)00351-5
PMID: 12531292

4. Sanchez-Robert E, Altet L, Sanchez A, Francino O (2005) Polymorphism of Slc11a1 (Nramp1) gene
and canine leishmaniasis in a case-control study. J Hered 96: 755–758. doi: 10.1093/jhered/esi111
PMID: 16251521

5. Quilez J, Martínez V, Woolliams JA, Sanchez A, Pong-Wong R, Kennedy LJ et al. (2012) Genetic Con-
trol of Canine Leishmaniasis: Genome-Wide Association Study and Genomic Selection Analysis. PLoS
One 7: e35349. doi: 10.1371/journal.pone.0035349 PMID: 22558142

6. Altet L, Francino O, Solano-Gallego L, Renier C, Sánchez A (2002) Mapping and sequencing of the
canine NRAMP1 gene and identification of mutations in Leishmaniasis-susceptible dogs. Infect Immun
70: 2763–2771. doi: 10.1128/IAI.70.6.2763–2771.2002 PMID: 12010961

7. Quinnell RJ, Kennedy LJ, Barnes A, Courtenay O, Dye C, Garcez LM et al. (2003) Susceptibility to vis-
ceral leishmaniasis in the domestic dog is associated with MHC class II polymorphism. Immunogenet-
ics 55: 23–28. doi: 10.1007/s00251-003-0545-1 PMID: 12715244

8. LeishGEN Consortium, Wellcome Trust Case Control Consortium, Fakiola M, Strange A, Cordell HJ,
Miller EN et al. (2013) Common variants in the HLA-DRB1-HLA-DQA1 HLA class II region are associ-
ated with susceptibility to visceral leishmaniasis. Nat Genet 45: 208–213. doi: 10.1038/ng.2518 PMID:
23291585

9. Kang HM, Sul JH, Service SK, Zaitlen NA, Kong S-Y, Freimer NB et al. (2010) Variance component
model to account for sample structure in genome-wide association studies. Nat Genet 42: 348–354.
doi: 10.1038/ng.548 PMID: 20208533

10. Carvalho EM, Badaró R, Reed SG, Jones TC, JohnsonWD Jr. (1985) Absence of gamma interferon
and interleukin 2 production during active visceral leishmaniasis. J Clin Invest 76: 2066–2069. doi: 10.
1172/JCI112209 PMID: 3935667

11. Reiner SL, Locksley RM (1995) The regulation of immunity to Leishmania major. Annu Rev Immunol
13: 151–177. doi: 10.1146/annurev.iy.13.040195.001055 PMID: 7612219

12. Milano S, Di Bella G, D’Agostino P, Barbera C, Caruso R, La Rosa M et al. (2002) IL-15 in human vis-
ceral leishmaniasis caused by Leishmania infantum. Clin Exp Immunol 127: 360–365. doi: 10.1046/j.
1365-2249.2002.01749.x PMID: 11876762

13. D’Agostino P, Milano S, Arcoleo F, Di Bella G, La Rosa M, Ferlazzo V et al. (2004) Interleukin-15, as
interferon-gamma, induces the killing of Leishmania infantum in phorbol-myristate-acetate-activated
macrophages increasing interleukin-12. Scand J Immunol 60: 609–614. doi: 10.1111/j.0300-9475.
2004.01522.x PMID: 15584972

14. Larabee JL, Shakir SM, Barua S, Ballard JD (2013) Increased cAMP in monocytes augments notch sig-
naling mechanisms by elevating RBP-J and transducin-like enhancer of split (TLE). J Biol Chem 288:
21526–21536. doi: 10.1074/jbc.M113.465120 PMID: 23775085

15. Tu L, Fang TC, Artis D, Shestova O, Pross SE, Maillard I et al. (2005) Notch signaling is an important
regulator of type 2 immunity. J Exp Med 202: 1037–1042. doi: 10.1084/jem.20050923 PMID:
16230473

16. Auderset F, Schuster S, Coutaz M, Koch U, Desgranges F, Mecrk E et al. (2012) Redundant Notch1
and Notch2 signaling is necessary for IFNγ secretion by T helper 1 cells during infection with Leish-
mania major. PLoS Pathog 8. doi: 10.1371/journal.ppat.1002560 PMID: 22396647

17. Nunes CM, Lima VMF, Paula HB, Perri SHV, Andrade AM, Dias FE et al. (2008) Dog culling and
replacement in an area endemic for visceral leishmaniasis in Brazil. Vet Parasitol 153: 19–23. doi: 10.
1016/j.vetpar.2008.01.005 PMID: 18314275

18. Sambrook J, Russell DW. Molecular Cloning: A Laboratory Manual. Cold Spring Harb Lab Press;
2001.

19. Rodgers MR, Popper SJ, Wirth DF (1990) Amplification of kinetoplast DNA as a tool in the detection
and diagnosis of Leishmania. Exp Parasitol 71: 267–275. doi: 10.1016/0014-4894(90)90031-7 PMID:
2170165

GWAS for Canine Leishmaniasis

PLOS ONE | DOI:10.1371/journal.pone.0136749 September 8, 2015 7 / 8

http://apps.who.int/iris/bitstream/10665/44412/1/WHO_TRS_949_eng.pdf
http://apps.who.int/iris/bitstream/10665/44412/1/WHO_TRS_949_eng.pdf
http://dx.doi.org/10.2307/3283159
http://www.ncbi.nlm.nih.gov/pubmed/1865262
http://dx.doi.org/10.1016/S0304-4017(02)00351-5
http://www.ncbi.nlm.nih.gov/pubmed/12531292
http://dx.doi.org/10.1093/jhered/esi111
http://www.ncbi.nlm.nih.gov/pubmed/16251521
http://dx.doi.org/10.1371/journal.pone.0035349
http://www.ncbi.nlm.nih.gov/pubmed/22558142
http://dx.doi.org/10.1128/IAI.70.6.27632771.2002
http://www.ncbi.nlm.nih.gov/pubmed/12010961
http://dx.doi.org/10.1007/s00251-003-0545-1
http://www.ncbi.nlm.nih.gov/pubmed/12715244
http://dx.doi.org/10.1038/ng.2518
http://www.ncbi.nlm.nih.gov/pubmed/23291585
http://dx.doi.org/10.1038/ng.548
http://www.ncbi.nlm.nih.gov/pubmed/20208533
http://dx.doi.org/10.1172/JCI112209
http://dx.doi.org/10.1172/JCI112209
http://www.ncbi.nlm.nih.gov/pubmed/3935667
http://dx.doi.org/10.1146/annurev.iy.13.040195.001055
http://www.ncbi.nlm.nih.gov/pubmed/7612219
http://dx.doi.org/10.1046/j.1365-2249.2002.01749.x
http://dx.doi.org/10.1046/j.1365-2249.2002.01749.x
http://www.ncbi.nlm.nih.gov/pubmed/11876762
http://dx.doi.org/10.1111/j.0300-9475.2004.01522.x
http://dx.doi.org/10.1111/j.0300-9475.2004.01522.x
http://www.ncbi.nlm.nih.gov/pubmed/15584972
http://dx.doi.org/10.1074/jbc.M113.465120
http://www.ncbi.nlm.nih.gov/pubmed/23775085
http://dx.doi.org/10.1084/jem.20050923
http://www.ncbi.nlm.nih.gov/pubmed/16230473
http://dx.doi.org/10.1371/journal.ppat.1002560
http://www.ncbi.nlm.nih.gov/pubmed/22396647
http://dx.doi.org/10.1016/j.vetpar.2008.01.005
http://dx.doi.org/10.1016/j.vetpar.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18314275
http://dx.doi.org/10.1016/0014-4894(90)90031-7
http://www.ncbi.nlm.nih.gov/pubmed/2170165


20. Lima VMF, Biazzono L, Silva AC, Correa APFL, Luvizotto MCR (2005) Serological diagnosis of visceral
leishmaniasis by an enzyme immunoassay using protein A in naturally infected dogs. Pesqui Veteri-
nária Bras 25: 215–218. doi: 10.1590/S0100-736X2005000400005

GWAS for Canine Leishmaniasis

PLOS ONE | DOI:10.1371/journal.pone.0136749 September 8, 2015 8 / 8

http://dx.doi.org/10.1590/S0100-736X2005000400005

