
ABSTRACT 

FRIEDENBERG, STEVEN G. Understanding the Genetic Basis of Addison’s Disease in 
Standard Poodle Dogs. (Under the direction of Dr. Kathryn M. Meurs). 
 
 Addison’s disease is an endocrine disorder in which the adrenal cortex is destroyed 

by the body’s own immune system. The disease is naturally occurring in both humans and 

dogs, and tends to have an increased prevalence in certain subpopulations (e.g. humans of 

Scandinavian and Mediterranean descent; Standard Poodle and Portuguese Water dogs). 

Destruction of the adrenal cortex results in the inability to produce key hormones 

(glucocorticoids and mineralocorticoids) that are crucial to both fluid/electrolyte balance and 

the stress response. Clinically, patients present with nonspecific signs including lethargy, 

weakness, and waxing/waning gastrointestinal upset – just to name a few. In fact, the disease 

is often referred to as “the great pretender” because of its ability to mimic the symptoms of 

so many other disorders. 

 In this dissertation, we attempted to better understand the genetic basis of the disease 

in dogs using Standard Poodles as a model. The first chapter describes our effort to improve 

upon the phenotyping of the disease in dogs by better characterizing the T lymphocyte cell 

population in the adrenocortical tissue of affected dogs. The second chapter lays a foundation 

for our genetics studies by describing the first reported application of a technique known as 

genotype imputation in the dog, which greatly increases the density of markers available for 

genetics studies. In the third chapter, we defined regions of the genome that are under 

selection in Standard Poodles and explored the idea that some genes responsible for 

Addison’s disease may be fixed within the breed. And in the last chapter, we completed a 

thorough search for the genetic basis of Addison’s disease in Standard Poodles using both 

SNP arrays and whole-genome sequencing. 



 While we did not find “the” cause for Addison’s disease in the breed, our research 

nonetheless made significant headway toward understanding the disorder in dogs. We 

characterized the autoimmune response as being mediated primarily by CD4+ T cells, 

identified several intriguing candidate gene pathways under selection in Standard Poodles, 

and defined the disease as likely being a polygenic/complex disorder. Given our findings, we 

also identified several important next steps, including a broad search for a disease-defining 

autoantibody as well as additional cross-breed genetics studies that may help in pinpointing 

specific polymorphisms. 

 Like other complex autoimmune diseases, Addison’s disease remains an important 

and challenging problem in both canine and human medicine, and it is our hope that through 

continued research in the field, that we will achieve our long-term goal of decreasing the 

incidence of the disease and improving long-term outcomes for affected patients – dog and 

human alike.  
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PROLOGUE 

 The four chapters that follow represent the culmination of an effort aimed at 

understanding the genetic basis of Addison’s disease in Standard Poodle dogs. In addition to 

attempting to meet this lofty goal, the work completed here also served the important didactic 

role of teaching the primary author the skills and techniques necessary to complete a 

thorough analysis of next-generation sequencing data. 

 The first chapter describes an endeavor to add to the phenotypic characterization of 

Addison’s disease in dogs, and supports the notion that the disease is largely mediated by 

aberrations in the adaptive immune system. We gathered archived adrenal gland samples 

from dogs with Addison’s disease and tested specific antibodies to characterize lymphocyte 

sub-populations in dogs with active cortical adrenalitis. We demonstrated that the primary 

inflammatory cells are CD4+ T cells, which suggests the possibility of an antigen-antibody 

reaction underlying the pathogenesis of the disease. This finding supports the notion that the 

ongoing search for a serum antibody that can predict disease onset in dogs (as has already 

been identified in humans) may have significant merit. 

 In the second chapter, we report on the first use of a technique known as genotype 

imputation in the dog. This method, which has been developed primarily by groups at the 

University of Washington and Oxford University, allows for the prediction of a large number 

of genotypes from a much smaller (but representative) set of genotypes. We identified the 

optimal imputation methods for use in the dog, and made use of this technique in the hunt for 

Addison’s disease-related genes in Standard Poodles. As an indication of the power of this 
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technique, we were able to achieve an18-fold enrichment in SNP density with 98% accuracy 

in our genome-wide association study of Addison’s disease in Standard Poodles. 

 Having improved upon the phenotypic characterization of dogs with Addison’s 

disease and tailored an important computational genetics technique for use in dogs, in the 

third chapter we begin in earnest our search to understand Addison’s disease genetics in 

Standard Poodles. Here, we applied several methods to identify regions of artificial selection 

within the Standard Poodle breed using data derived from whole-genome sequencing of 15 

Standard Poodles and 49 non-Poodle dogs. Identification of these regions allowed us to 

explore the hypothesis that all Standard Poodles may be predisposed to Addison’s disease by 

means of genetic hitchhiking – whereby selection for a specific trait (e.g. curly hair) may 

have also inadvertently selected for some genes that contribute to the pathogenesis of 

Addison’s disease within the breed. 

 In the final chapter, we undertook a thorough search for specific genetic 

polymorphisms that cause Addison’s disease in Standard Poodles. We performed two 

genotyping techniques – SNP arrays and whole genome sequencing – and using the resulting 

data we tested various hypotheses in an attempt to identify disease-associated genetic 

variants. Our first step was performing the “classic” case-control genome-wide association 

study to look for single, large-effect variants associated with Addison’s disease. Our analysis 

shows that contrary to some prior studies (not based on actual genotype data), that there is no 

single, fully-penetrant, major causative locus for Addison’s disease in Standard Poodles. 

However, our subsequent analyses of whole-genome sequencing data do suggest some 

intriguing gene pathways that may be associated with the disease – pathways whose further 



 

3 

investigation will require a combination of computational, benchtop, and in vivo techniques 

in order to dissect role of specific genetic variants in what is likely to be a complex genetic 

disorder. 
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CHAPTER 1 

 

Immunohistochemistry and in situ hybridization of lymphocytic inflammation in the 

adrenal glands of dogs with autoimmune Addison’s disease 

 

Steven G. Friedenberg1, Danielle L. Brown2, Kathryn M. Meurs1, J. McHugh Law3 

 

1 Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State 

University, Raleigh, NC 27607, USA 

2 WIL Research (a Charles River Company), Hillsborough, NC 27278, USA 

3 Department of Population Health and Pathobiology, College of Veterinary Medicine, North 

Carolina State University, Raleigh, NC 27607, USA 

 

Veterinary Pathology. 2016 submitted. 
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Abstract 

 Addison’s disease is an autoimmune condition common in certain dog breeds (e.g., 

Standard Poodles, Portuguese Water Dogs) that leads to the destruction of the adrenal cortex 

and a clinical syndrome involving anorexia, gastrointestinal upset, and electrolyte 

imbalances. Previous studies have demonstrated that this destruction is strongly associated 

with lymphocytic-plasmacytic inflammation, and that the lymphocytes are primarily T cell in 

origin. In this study, we used both immunohistochemistry and in situ hybridization to 

characterize the T cell subtypes involved. We collected autopsy specimens of 5 dogs with 

Addison’s disease and 2 control dogs, and using the aforementioned staining techniques, 

showed that the lymphocytes are primarily CD4+ rather than CD8+ in origin. These findings 

could have important implications for improving our understanding of the pathogenesis of 

the disease and searching for underlying causative genetic polymorphisms. 
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Introduction 

 Primary hypoadrenocorticism, or Addison’s disease (AD), is believed to be an 

inherited disorder in dogs caused by the immune-mediated destruction of the adrenal cortex 

(Van Lanen and Sande 2014). Overrepresented breeds include Standard Poodles, Portuguese 

Water Dogs (PWD), and Bearded Collies, among others (Hanson et al. 2015). Evidence for 

the immune-mediated nature of the disease originates from histologic studies of autopsy 

specimens which demonstrated lymphocytic-plasmacytic inflammation in the adrenal cortex 

of acutely affected animals (Hadlow 1953; Schaer et al. 1986; Boujon et al. 1994). 

Additionally, recent studies have shown that about 25% of dogs develop autoantibodies 

against the P450 side-chain cleavage enzyme CYP11A1 (Boag et al. 2015), much like 

humans who commonly develop autoantibodies against the related steroidogenic enzyme 

CYP21A2 (Brønstad et al. 2014). 

 Further evidence of the immune-mediated nature of AD in dogs comes from 

association studies of various MHC class II alleles in affected and unaffected animals across 

multiple breeds (Hughes et al. 2010; Massey et al. 2013a; Boag and Catchpole 2014). Similar 

associations between MHC class II alleles and other autoimmune diseases have been widely 

reported in dogs (Kennedy et al. 2006b; Kennedy et al. 2006a; Wilbe et al. 2009; Massey et 

al. 2013b; Massey et al. 2014). These genetic associations support the notion that the 

pathogenesis of AD may result, at least in part, from interactions between professional 

antigen presenting cells (which present peptides on MHC class II proteins) and CD4+ T cells 

(which bind peptide-loaded MHC class II molecules) (Parham 2014). 
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 In addition to MHC class II molecules, MHC class I molecules (which primarily 

interact with CD8+ T lymphocytes) have also been implicated in the pathogenesis of several 

human autoimmune diseases, most notably ankylosing spondylitis and type I diabetes 

(Schirmer et al. 2002; Tsai et al. 2008; Faustman and Davis 2009; Bulek et al. 2012; Sinha et 

al. 2015; Hayashi et al. 2016). In MHC class I-associated diseases, affected tissues are often 

infiltrated with CD8+ T cells, or an elevated CD8+ T cell count is detectable in the 

bloodstream (Schirmer et al. 2002; Atagunduz et al. 2005; Willcox et al. 2009). Recently, a 

link between AD and a CD8+ T cell response specific for CYP21A2 has been demonstrated 

in humans, suggesting a role for MHC class I genes in the pathogenesis of the disease. 

To date, the relative contribution of CD4+ vs. CD8+ T cells to the lymphocytic inflammation 

observed in the adrenal cortex of dogs with AD has not been explored. A recent histologic 

study of canine adrenal glands demonstrated a preponderance of T cell (vs. B cell) infiltrates 

in dogs with adrenalitis and AD (Frank et al. 2013); however specific T cell subtypes were 

not evaluated. 

 In this study, we used both immunohistochemistry (IHC) and in situ hybridization 

(ISH) on adrenal gland tissue collected from dogs with AD to examine the relative proportion 

of CD4+ vs. CD8+ T lymphocytes. Based on prior studies in dogs showing an association 

between MHC class II alleles and AD, we hypothesized that we would observe primarily 

CD4+ T cells in affected adrenal tissue. However, we also reasoned that the concurrent 

presence of a strong CD8+ T cell response might implicate the involvement of MHC class I 

genes in the pathogenesis of canine AD as well, thereby identifying an additional group of 

candidate genes for future study. 
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Materials and methods 

Animal selection 

 We reviewed the autopsy database at North Carolina State University using the search 

terms “Addison’s disease” and “hypoadrenocorticism” for cases evaluated between 2004 and 

2015 and selected those records from which adrenal gland tissue was collected. We then 

reviewed the pathology reports, laboratory findings, and clinical history from each case in 

order to select those with a definitive diagnosis of typical or atypical AD. Requirements for a 

definitive diagnosis of typical AD included: serum sodium:potassium ratio < 27:1, ACTH 

stimulation test with pre- and post-cosyntropin cortisol levels < 2 µg/dL, and a supportive 

clinical history (e.g., waxing/waning gastrointestinal signs, anorexia, weakness, hypovolemic 

shock) (Van Lanen and Sande 2014). For atypical AD, serum sodium:potassium was allowed 

to be ≥ 27:1 but other inclusion criteria were identical. Subsequently, we reviewed 

hematoxylin and eosin-stained adrenal gland sections from these cases and selected those 

with histologic evidence of lymphocytic/plasmacytic adrenalitis for inclusion in this study. 

We also searched the autopsy database over the same time period for cases in which adrenal 

gland tissue was collected but determined to be histologically normal based upon pathology 

reports. A subset of these cases was reviewed to ensure a normal cortical:medullary ratio and 

the absence of adrenocortical inflammation. These cases were selected for inclusion in this 

study as control samples. 

 H&E-stained sections from all cases, including controls, were also screened to ensure 

reasonable postmortem interval and proper tissue fixation; freedom from remarkable 

microscopic artifacts; and adequate amount of adrenal gland tissue from each case for 
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staining. These were considered potential confounding factors that could interfere with the 

consistency of our assessment of the IHC and ISH results. 

Immunohistochemistry 

 Immunohistochemistry was performed on adrenal gland tissue collected at autopsy 

using antibodies against CD3, CD4, and CD8. CD3 staining was performed in order to verify 

the quality of the tissue samples. The CD3 antibody used (Dako A0452) is a rabbit 

polyclonal antibody raised against a synthetic peptide comprising amino acids 156-168 from 

the cytoplasmic part of the human CD3 ε-chain coupled to bovine thyroglobulin, and is used 

regularly at our institution for the detection of T cell lymphoma in canine patients. The CD4 

antibody used (Santa Cruz Biotechnology sc-1140) is a goat polyclonal antibody raised 

against a synthetic peptide mapping to the C-terminus of human CD4, and is recommended 

by the manufacturer for detection of CD4 in dogs. The CD8 antibody used (Abcam ab4055) 

is a rabbit polyclonal antibody raised against a synthetic peptide comprising the 13 C-

terminal amino acids of the cytoplasmic domain of the human CD8 α-chain, and is 

recommended by the manufacturer for detection of CD8 in dogs. 

 For CD3 staining, paraffin-embedded tissue from each sample was cut into sections 

of 5 µm, deparaffinized, and blocked with 3% H2O2 in distilled water. Epitope retrieval was 

performed using proteinase K (Dako S3020) for 5 minutes, and sections were again blocked 

with Fc Receptor Blocker (Innovex NB309) for 30 minutes. The primary antibody was 

applied for 20 minutes at room temperature (1:150 dilution), followed by an anti-rabbit HRP-

labeled polymer (Dako EnVision+ K4010) for 30 minutes and diaminobenzidine (DAB, 

Thermo Scientific TA-125-QHDX) for 5 minutes. 
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 For CD4 staining, 5 µm deparaffinized tissue sections were placed in an antigen-

retrieval buffer (Thermo Scientific TA-135-HBL), and heat-induced epitope retrieval was 

performed using a decloaking chamber for 30 seconds at 120˚C followed by 10 seconds at 

90˚C. Sections were blocked with 3% H2O2 in distilled water, followed by additional 

blocking for 10 minutes using serum-free Protein Block (Dako X0909). Incubation with the 

primary antibody was performed overnight at 4˚C (1:250 dilution) and then donkey anti-goat 

IgG (Jackson ImmunoResearch 705-065-147) was applied for 1 hour at room temperature 

(1:500 dilution). Staining was visualized using a Vectastain ABC Elite Kit (Vector Labs PK-

6100) at 1:50 dilution followed by diaminobenzidine (Thermo Scientific TA-125-QHDX) 

with a reaction time of 1.5 minutes. 

 For CD8 staining, heat-induced epitope retrieval and initial blocking was performed 

as described for the CD4 antibody. A second block was performed for 60 minutes using 

normal goat serum in Tris buffer, followed by incubation with the primary antibody 

overnight at 4˚C (1:500 dilution) and then goat anti-rabbit IgG (Jackson ImmunoResearch 

111-065-144) for 1 hour at room temperature (1:500 dilution). Staining was visualized as 

described for the CD4 antibody. 

 In addition to the adrenal gland tissue, canine lymph node and spleen collected at 

autopsy from different animals were used as positive controls for each antibody. 

In situ hybridization 

 In situ hybridization using probes targeting CD4 and CD8 was performed on 

additional sections from the same tissue blocks used for IHC. Custom probes for each mRNA 

were designed by Advanced Cell Diagnostics (ACD, Hayward, CA). The CD4 probe was 
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designed using RefSeq gene NM_001003252, with 20 Z-pairs targeting bases 420-1373. The 

CD8 probe was designed using RefSeq gene NM_001002935, with 15 Z-pairs targeting 

bases 41-900. 

 For both CD4 and CD8, tissue sections were deparaffinized and dehydrated in 100% 

ethanol, and then boiled for 15 minutes in 1× Target Retrieval Reagent (ACD 322000). In 

situ hybridization was subsequently performed on the Ventana Discovery XT system using 

the ACD RNAscope VS assay (ACD 322200) with brown labeling following the 

manufacturer’s protocols. 

 In addition to the adrenal gland tissue, canine thymus tissue collected at autopsy from 

different animals was used as a positive control for each probe. 

Histological scoring 

 Each stained tissue section (one section per animal per stain) was evaluated by a 

board-certified (ACVP) veterinary pathologist (JML) who was blinded to the clinical 

diagnosis in each case. Adrenal gland sections were first assessed for overall staining quality, 

staining intensity, and (with the aid of companion H&E-stained sections) relative degree of 

adrenalitis and overall distribution of cortical inflammatory infiltrates, with particular focus 

on the lymphocytes. The sections were scored using a four-tiered, semi-quantitative method 

(Karihtala et al. 2013; Gamba et al. 2014) based on the percentage of positively stained 

lymphocytes, as follows: 0 = 0-2% positive cells, 1 = 2-10% positive cells, 2 = 10-50% 

positive cells, and 3 = greater than 50% positive cells. The same scoring system was applied 

to both the immunohistochemistry and in situ hybridization experiments. 
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 Non-specific/background staining of cells other than lymphocytes (such as 

macrophages or parenchymal cells) was, for most of these, lighter than the lymphocytes and 

was ignored. These background-stained cells were identified based on their cell morphology. 

For each adrenal gland section, the entire section was assessed and scored using multiple 40× 

objective fields (400× total magnification) until the entire tissue section was scored. Given 

the small sample size as well as the semi-quantitative nature of our scoring algorithm, we did 

not attempt to perform statistical analyses on our findings. 

 

Results 

Samples included 

 Our database search revealed 17 possible cases of dogs with AD. After reviewing the 

laboratory findings and clinical history, we selected 10 of these dogs for histologic review. 

Five cases were excluded based upon the absence of lymphocytic adrenalitis. The remaining 

5 dogs were included in this study and are described in Table 1. Affected dogs included 5 

different breeds with an age range of 2.3 to 11 years (median 7.9 years) at the time of 

autopsy. Two dogs had atypical and three dogs had typical AD. Given the small sample size, 

no attempt was made to associate the character of the inflammatory response with the breed, 

age, or clinical classification of an affected animal. 

 We also selected two dogs with normal adrenal gland tissue for inclusion as control 

samples. These dogs included a 6.8-year-old spayed female mixed breed dog with a pre-

mortem clinical diagnosis of acute kidney injury, and an 8.8-year-old castrated male 
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American Cocker Spaniel with a pre-mortem clinical diagnosis of vomiting, diarrhea, and 

seizures. 

Histological findings 

 A summary of the overall histological findings, immunohistochemistry, and in situ 

hybridization are provided in Table 2. All five AD cases exhibited some degree of 

lymphocytic-plasmacytic inflammation, as required for inclusion in the study. 

 Cases 1, 2, and 3 generally showed multifocal, moderate cortical inflammation. In 

some areas, lymphocytes and plasma cells were admixed with small to moderate numbers of 

macrophages, some of which contained phagocytosed pigmented material. Areas with 

pigmented macrophages tended to make scoring of DAB-stained lymphocytes more 

challenging. In case 4, the intensity of the inflammation was milder. In case 5, one adrenal 

gland had a band of severe lymphocytic-plasmacytic adrenalitis, along with scattered 

hemorrhages and several thrombosed small caliber blood vessels. 

IHC and ISH 

 In all sections, the staining quality and intensity for both the IHC and the ISH sections 

were judged to be very good, with an overall even staining distribution of the lymphocytic 

infiltrates. The CD3-stained sections were of good quality and served as positive controls for 

T cell staining, to assure the condition of these postmortem tissue specimens (adequate 

fixation, lack of significant postmortem autolysis, etc.). As expected, the two control adrenals 

were scored as 0 with no remarkable non-specific staining of non-lymphocyte leukocytes. A 

summary of the staining results is provided in Table 2. 
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 Overall in the IHC results of the five cases evaluated, the lymphocyte population was 

comprised mainly of CD4+ T cells, with fewer numbers of CD8+ present by comparison 

(Figure 1). Staining extent for CD4 on four of five cases was scored as 3 or >50%, while the 

fifth case was scored as 2. Regarding CD8 IHC, the staining results were somewhat more 

variable, with scores of 2 and 1, but with some sections having more problems with 

nonspecific staining or overstaining. 

 As expected, ISH staining showed a similar staining pattern to the IHC staining, with 

mainly CD4+ T cells and very few CD8+ cells by comparison (Figure 2). With CD4, the AD 

cases were scored as either 2 or 3, whereas CD8 was again more variable. Two of the ISH 

sections had comparatively faint staining, likely due to the samples not being optimally fixed 

for ISH procedures. 

 

Discussion 

 In this study, we used two types of special staining (targeting either protein antigens 

or mRNA) to evaluate whether the lymphocytic inflammation observed in dogs with AD is 

more consistent with a CD4+ or a CD8+ T cell response. Using both immunohistochemistry 

and in situ hybridization, our analysis showed that the preponderance of lymphocytes in the 

adrenal cortices of the dogs we evaluated with AD are CD4+. This finding, if replicated in a 

larger number of dogs, could have important implications in explaining the pathophysiology 

of the disease in this species. 

 CD4+ T cells are diverse group of lymphocytes with numerous roles in host defense. 

Historically, they have been divided into Th1 and Th2 subsets, largely based upon their 
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propensity to produce IFN-g or IL-4, respectively. However, recent studies have 

demonstrated the existence of a much more diverse group of CD4+ T cell subsets, including 

Th17, Treg, and Tfh cells (Hirahara and Nakayama 2016). Many of these subsets have been 

strongly associated with the development of different autoimmune diseases in humans 

ranging from ulcerative colitis to multiple sclerosis (Hirahara and Nakayama 2016). Hence, 

the presence of CD4+ T cells in dogs with AD is consistent with the autoimmune nature of 

the disorder. While our investigation did not attempt to dissect the composition of specific 

CD4+ T cell subsets, further studies in this area could help provide additional clarity 

regarding the pathogenesis of AD in dogs. 

 Additionally, certain genes have been shown to be potent activators or signal 

transducers for specific CD4+ T cell subsets, such as CTLA4, STATs, and GATA-binding 

proteins (Sakaguchi et al. 2008; O'Shea et al. 2011; Tindemans et al. 2014). Genes that are 

known to interact with CD4+ T cells might therefore make attractive candidate genes for 

studying the genetic basis of AD in dogs. In fact, studies in dogs have previously reported 

associations between CTLA4 and AD in some dog breeds (Hughes et al. 2011; Short et al. 

2013); however, associations with many other genes that alter CD4+ T cell function remain 

unexplored. 

 Our findings are also consistent with the demonstrated association of MHC class II 

genes and canine AD (Hughes et al. 2010; Massey et al. 2013a; Boag and Catchpole 2014), 

as certain CD4+ T cell subsets (Tfh cells) directly interact with MHC class II molecules on 

the surface of dendritic cells (Ma et al. 2012). Furthermore, given that Tfh cells stimulate B 

cells to produce specific antibodies, further efforts to identify autoantibodies in dogs may be 
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warranted. To date, autoantibodies have been detected against the steroidogenic enzyme 

CYP11A1 in approximately 25% of dogs (Boag et al. 2015); however additional research in 

this area may yield insights regarding other autoantibodies in a larger percentage of the 

canine AD population. 

 In addition to noting a preponderance of CD4+ T cells in the adrenal glands of dogs 

with AD, we also found evidence of a small number of CD8+ T cells contributing to the 

inflammatory response. This finding suggests that the pathogenesis of AD is complex, and 

that multiple pathways may be responsible for the immune-mediated destruction of the 

adrenal cortex in canine AD. 

 Beyond the implications of our pilot study regarding the pathogenesis of canine AD, 

to the best of our knowledge this study represents the first report of both IHC and ISH 

staining of canine adrenal glands. Detection of specific molecular targets can be challenging 

even under the best of conditions, but especially in a retrospective study using formalin-

fixed, paraffin-embedded tissues derived from postmortem examinations. The antibodies 

used in this study for immunohistochemistry were specifically recommended by the 

manufacturer for detection of CD4 and CD8 in dogs in fixed tissue. Due to some background 

staining of parenchymal cells (this may vary with development time of the chromogen), as 

well as small numbers of macrophages with phagocytosed pigmented material, we chose to 

score these slides manually rather than with the aid of computer image analysis; labeled 

lymphocytes were easily identified at high magnification, whereas an imaging program may 

have had trouble with cell differentiation in some sections. With case pre-selection and 

appropriate antigen retrieval and blocking procedures, immunostaining of lymphocyte 
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subsets was judged to be of good to excellent quality in all sections. Likewise, with this next-

generation methodology of ISH (RNAscope® technology), custom probes were designed for 

CD4 and CD8 that were sensitive enough to detect single mRNA transcripts and had a short 

enough target that they could successfully hybridize with partially degraded RNA in these 

fixed, paraffin-embedded canine tissues. Compared to flow cytometry, histology-based 

techniques allow visualization of the “tagged” cells within their morphological context and, 

in this case, their relationship to other inflammatory infiltrates and their relative distribution 

and concentration within the adrenal cortex. 

 One major limitation of this study was the small sample size. The reason for the small 

sample size is largely a function of the retrospective nature of this work, as well as the fact 

that most of the adrenal glands we initially reviewed did not show evidence of active 

lymphocytic-plasmascytic adrenalitis. Because of our small sample size, we did not limit our 

study to a specific breed or age group, nor did we attempt to perform statistical analyses on 

our findings. Additionally, we included dogs with both typical and atypical AD as long as 

active lymphocytic-plasmacytic inflammation was present in the adrenal cortex. While some 

clinical cases of atypical AD may be caused by decreased ACTH production resulting in 

atrophy of the zona fasiculata and reticularis, these atypical cases would not be expected to 

show active lymphocytic-plasmacytic inflammation consistent with an immune-mediated 

process (Thompson et al. 2007; McGonigle et al. 2013). For this pilot study, therefore, we 

opted to be more inclusive in our sample selection criteria in order to maximize the number 

of cases available, and validate our findings using multiple immunostaining techniques. 
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 One other limitation of this study is that we were unable to control for the time after 

disease onset in which the adrenal gland tissue was evaluated. As the nature of the 

inflammatory response is likely to change over time as the adrenal cortex is destroyed in AD, 

it is reasonable to expect that the composition of the lymphocyte infiltrates may change over 

time as well. Further (possibly non-retrospective) studies that attempt to control for the 

timing of the inflammatory response in dogs with AD may provide insights into the changing 

nature of lymphocyte sub-populations in the adrenal gland. 

 In summary, in this pilot study of the adrenal glands of five dogs with AD, we 

showed that the primary lymphocyte population consists of CD4+ T cells rather than CD8+ T 

cells, and confirmed this finding using both IHC and ISH. Further studies are warranted that 

include a larger sample size, and studies that attempt to disaggregate specific CD4+ T cell 

subpopulations may yield further insights regarding the pathogenesis of Addison’s disease in 

dogs.  
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Tables 

Table 1. Signalment and clinical history in 5 dogs with Addison’s disease and concurrent lymphocytic adrenalitis 

included as cases in this study. 

Age is measured in years. Serum sodium and potassium concentrations are measured in mmol/L. Normal [Na+] is 138-160 

mmol/L and normal serum [K+] is 3.7-5.8 mmol/L. Cortisol is measured in µg/dL. Normal cortisol level is >2 µg/dL after 

administration of 5 µg/kg ACTH. Abbreviations: ACTH – adrenocorticotropic hormone; AD – Addison’s disease. 

 
Case Breed Gender Age at 

autopsy 
Na+ K+ Na:K Cortisol 

pre-
ACTH 

Cortisol 
post-
ACTH 

AD 
type 

Clinical diagnosis 

1 Airedale 
Terrier 

MN 7.9 142.0 4.9 29.0 1.7 1.4 atypical congestive heart failure 
secondary to dilated 
cardiomyopathy 

2 Beagle M 2.3 136.1 6.7 20.3 <1.0 <1.0 typical aspiration pneumonia 
3 Yorkshire 

Terrier 
FN 11.0 138.0 7.9 17.5 <1.0 <1.0 typical pulmonary 

thromboembolism 
4 Standard 

Poodle 
MN 9.3 147.0 4.2 35.0 <1.0 <1.0 atypical intramuscular 

hemangiosarcoma 
5 Great 

Pyrenees 
MN 5.0 133.2 7.2 18.5 <1.0 <1.0 typical collapse, hypovolemic 

shock 
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Table 2. Histological data from H&E, IHC, and ISH on adrenal gland sections. 

Cases are numbered as in Table 1; control 1 is a 6.8-year-old female spayed mixed breed dog, and control 2 is an 8.8-year-old 

male castrated American Cocker Spaniel. IHC and ISH scores represent semi-quantitative estimate of the % positive 

lymphocytes in each slide where 0 = 0-2% positive cells, 1 = 2-10% positive cells, 2 = 10-50% positive cells, and 3 = greater 

than 50% positive cells. 

 
Sample H&E description IHC, 

CD4 
IHC, 
CD8 

ISH, CD4 ISH, CD8 

Case 1 multifocal, moderate, lymphoplasmacytic adrenalitis 3 2 2 0 
Case 2 multifocal, moderate, lymphoplasmacytic adrenalitis 2 2 3 2 
Case 3 multifocal, moderate to severe lymphoplasmacytic 

adrenalitis, with numerous pigmented macrophages 
3 1 3 1 

Case 4 mild lymphoplasmacytic adrenalitis; only at one pole in 
both adrenals 

3 2 0 0 

Case 5 band of severe lymphoplasmacytic adrenalitis around 
each gland, with a few scattered eosinophils and 
hemorrhages, plus several thrombosed small caliber 
vessels 

3 2 2 1 

Control 1 normal adrenal gland 0 0 0 0 
Control 2 normal adrenal gland 0 0 0 0 

 



 

21 

Figures 

 

Figure 1. Immunohistochemistry from case 3. 

Fig. 1A is an H&E-stained section at high magnification, showing a focal area of adrenal cortex with heavy infiltrates of 

lymphocytes and plasma cells admixed with foamy macrophages, some of which are pigmented. Fig. 1B is the same area 

stained for CD4, showing large numbers of lymphocytes with strong positive staining of the cytoplasmic membrane. This 

section was scored as Grade 3 for staining extent. Fig. 1C again shows the same region of adrenal cortex, but stained for 

CD8. Fewer lymphocytes show positive cytoplasmic membrane staining, scored as Grade 1 overall in the section. 
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Figure 2. In situ hybridization from cases 3, 2. 

Fig. 2A shows the same area of canine adrenal cortex from case 3 in Fig. 1, stained to detect CD4 by ISH. Numerous 

lymphocytes have moderate to strong cytoplasmic membrane staining (Grade 3). Fig. 2B shows the same area stained for 

CD8 by ISH. In this section, only a few lymphocytes are CD8 positive (Grade 1), and the staining intensity is low. Fig. 2C is 

a section from case 2, showing moderate numbers of CD8 positive cells detected by ISH. Overall, this adrenal section was 

scored as Grade 2. 
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Figure 3. Semi-quantitative scoring of lymphocytic inflammation in the adrenal glands 

of five dogs with Addison’s disease. 

Adrenal gland sections were stained using IHC (left panel) and ISH (right panel) using 

antibodies (IHC) or probes (ISH) for CD4 and CD8, and the extent of lymphocytic 

inflammation for each cell type was quantified on a scale of 0-3 as described in the 

manuscript. CD4 staining is represented by blue dots and CD8 staining is represented by red 

triangles; dashed lines connect the findings for each sample. A small amount of jitter was 

added to each point to permit visualization of overlapping values. 
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Abstract 

 Application of imputation methods to accurately predict a dense array of SNP 

genotypes in the dog could provide an important supplement to current analyses of array-

based genotyping data. Here, we developed a reference panel of 4,885,283 SNPs in 83 dogs 

across 15 breeds using whole genome sequencing. We used this panel to predict the 

genotypes of 268 dogs across 3 breeds with 84,193 SNP array-derived genotypes as inputs. 

We then (1) performed breed clustering of the actual and imputed data; (2) evaluated several 

reference panel breed combinations to determine an optimal reference panel composition; 

and (3) compared the accuracy of two commonly used software algorithms (Beagle and 

IMPUTE2). Breed clustering was well preserved in the imputation process across 

eigenvalues representing 75% of the variation in the imputed data. Using Beagle with a target 

panel from a single breed, genotype concordance was highest using a multi-breed reference 

panel (92.4%) compared to a breed-specific reference panel (87.0%) or a reference panel 

containing no breeds overlapping with the target panel (74.9%). This finding was confirmed 

using target panels derived from two other breeds. Additionally, using the multi-breed 

reference panel, genotype concordance was slightly higher with IMPUTE2 (94.1%) 

compared to Beagle; Pearson correlation coefficients were slightly higher for both software 

packages (0.946 for Beagle, 0.961 for IMPUTE2). Our findings demonstrate that genotype 

imputation from SNP array-derived data to whole genome-level genotypes is both feasible 

and accurate in the dog with appropriate breed overlap between the target and reference 

panels. 
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Introduction 

 Identifying disease-associated genetic polymorphisms in the dog often relies on 

genotyping affected and unaffected animals using a SNP genotyping array such as the 

CanineHD BeadChip (Illumina, San Diego, CA) or the Canine SNP Genotyping Array 

(Affymetrix, Santa Clara, CA). These arrays contain 173,662 and 49,663 markers, 

respectively. Both of these arrays offer a relatively cost-effective method of genotyping 

hundreds of animals for tag SNPs dispersed throughout the genome. Use of these arrays has 

helped lead to the discovery of many disease-associated mutations and morphology-

associated traits in the dog (Bannasch et al. 2010; Wilbe et al. 2010; Meurs et al. 2010; 

Ahonen et al. 2013). However, these arrays capture only a portion of the known canine 

genetic variation (Axelsson et al. 2013), and capturing additional variation could be helpful 

in both genome-wide association studies and genomic prediction models. In contrast, whole 

genome sequencing captures nearly all of the variation within a subject, but despite 

precipitous declines in costs over the past several years, remains significantly more 

expensive than array-based genotyping (Check Hayden 2014). 

 Over the past decade, highly accurate methods of genotype imputation have been 

developed which allow for the prediction of large numbers of genetic variants from a much 

smaller subset of known genotypes (Li et al. 2009). Genotype imputation is a computational 

method for predicting these larger number of variants. Performing imputation on a whole 

genome-level requires a high-density, high-quality, species-specific reference panel, and has 

been performed successfully in humans, cows, and horses (Howie et al. 2012; Frischknecht et 

al. 2014; Brøndum et al. 2014; Daetwyler et al. 2014). Whole genome-level SNP imputation 
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has also recently become more common in the analysis of both human and bovine GWAS 

data as a result of comprehensive reference panels provided by the 1000 Genomes and 1000 

Bull Genomes consortia (Marchini and Howie 2010; Abecasis et al. 2010; Howie et al. 2012; 

Daetwyler et al. 2014) 

 SNP imputation has been reported in the dog as part of a genomic breeding value 

study in which SNPs from the Illumina array were imputed using genotypes derived from the 

smaller Affymetrix array (Guo et al. 2011); similar studies have been performed in pigs, 

sheep, and chickens (Huang et al. 2012; Heidaritabar et al. 2015; Bolormaa et al. 2015). 

However, to the best of our knowledge, whole genome-level SNP imputation has never 

before been reported in the dog, and no study has been performed examining the accuracy of 

SNP imputation in this species. 

 Here, we developed a reference panel of 83 canine whole genome sequences across 

15 dog breeds and used this data to predict the genotypes of 268 dogs in three dog breeds at a 

whole genome level. Our objectives were to demonstrate the feasibility of sequence-level 

genotype imputation in the dog and evaluate its accuracy using commonly referenced linkage 

disequilibrium-based software algorithms. 

 

Materials and methods 

Samples 

 We analyzed DNA samples from 180 Standard Poodles, 68 Boxers, 54 Great Danes, 

6 Scottish Terriers, 5 Scottish Deerhounds, 4 Collies, 4 Doberman Pinschers, 4 West 

Highland White Terriers, 3 Irish Setters, 3 Rhodesian Ridgebacks, 3 Yorkshire Terriers, 2 
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Golden Retrievers, 1 Cavalier King Charles Spaniel, 1 German Shepherd, and 1 Shetland 

Sheepdog. Samples were collected as part of ongoing research in our laboratory. All DNA 

was collected from EDTA blood and was extracted using the standard protocol of the 

DNeasy Blood and Tissue Kit (Qiagen). 

Whole genome sequencing 

 Whole genome sequencing was performed on 20 Standard Poodles, 20 Boxers, 6 

Great Danes, 6 Scottish Terriers, 5 Scottish Deerhounds, 4 Collies, 4 Doberman Pinschers, 4 

West Highland White Terriers, 3 Irish Setters, 3 Rhodesian Ridgebacks, 3 Yorkshire Terriers, 

2 Golden Retrievers, 1 Cavalier King Charles Spaniel, 1 German Shepherd, and 1 Shetland 

Sheepdog for a total of 83 dogs. These samples included two Standard Poodle trios, one 

Rhodesian Ridgeback trio, and two Standard Poodle duos. Genotypes derived from this 

population of dogs comprised the reference panel for SNP imputation. 

 Approximately 3 µg of DNA was submitted for library preparation and whole 

genome sequencing at the University of North Carolina at Chapel Hill High Throughput 

Sequencing Facility (51), the Medical University of South Carolina Proteogenomics Facility 

(13), the University of Washington High Throughput Genomics Center (8), the University of 

Missouri DNA Core (6), or the Genomic Sciences Laboratory at North Carolina State 

University (5) (numbers in parenthesis represent the number of dogs sequenced at each 

institution). All sequencing experiments were designed as 100 or 125 bp paired-end reads 

and each sample was run on either 1 or 2 lanes of an Illumina HiSeq 2000 or 2500 high-

throughput sequencing system. 
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 Analysis of next-generation sequencing data was performed using a standardized 

bioinformatics pipeline. Sequence reads were trimmed using Trimmomatic 0.32 (Bolger et al. 

2014) to a minimum phred-scaled base quality score of 30 at the start and end of each read 

with a minimum read length of 70 bp, and aligned to the canFam3 reference sequence 

(Lindblad-Toh et al. 2005) using BWA 0.7.10 (Li and Durbin 2009). Aligned reads were 

prepared for analysis using GATK 3.4-46 (McKenna et al. 2010) following the best practices 

for base quality score recalibration and indel realignment specified by the Broad Institute, 

Cambridge, MA (DePristo et al. 2011; Van der Auwera et al. 2013). Variant calls were made 

using GATK’s HaplotypeCaller walker, and variant quality score recalibration (VQSR) was 

performed using sites from dbSNP 139 and the Illumina CanineHD BeadChip as training 

resources. 

Reference panel development 

 In order to select only the highest quality variants for our reference panel, we selected 

a VQSR tranche sensitivity cutoff of 90% to eliminate the top 10% most likely false positive 

sites. Using both GATK and VCFtools (Danecek et al. 2011), we then set any genotype call 

with a phred-scaled quality score < 20 to missing, and further filtered the variant sites to 

include only bi-allelic SNPs with a minimum call rate across all samples of 95%, minimum 

minor allele frequency (MAF) of 0.05, and Hardy-Weinberg equilibrium (HWE) p-value > 1 

× 10-7. For certain downstream analyses, reference panels were divided into breed or sample 

subsets using VCFtools or GATK’s SelectVariants walker. 
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SNP genotyping 

 SNP genotyping was performed on 180 Standard Poodles, 48 Boxers, and 48 Great 

Danes. Genotypes derived from this population of 276 dogs were used to create the target 

panel for SNP imputation. Approximately 0.4 µg of DNA was submitted to 

Neogen/GeneSeek (Lincoln, NE) for processing and genotyping using the Illumina Canine 

HD BeadChip. Genotyping and variant calling were carried out per manufacturer 

recommendations. 

Target panel development 

 SNP genotypes were filtered for per-sample call rate > 95%, per-SNP call rate > 90%, 

MAF > 0.05, and HWE p-value > 1 × 10-7. Prior to imputation, the target panel was 

compared to the reference panel using conform-gt (Browning and Browning 2007) to exclude 

target records without a corresponding reference panel record and to adjust target records to 

match the allele order and chromosome strand in the reference panel. 

Genotype imputation 

 Genotype imputation was performed with both Beagle 4.0 (Browning and Browning 

2007) and IMPUTE2 2.3.2 (Marchini et al. 2007; Howie et al. 2009). Beagle was used for all 

analyses; IMPUTE2 was used secondarily to compare against the Beagle output. 

Prior to imputation, the reference panel was pre-phased. For imputation with Beagle, the 

reference panel was split by chromosome and phased using Beagle 4.0 with available 

pedigree data. For imputation with IMPUTE2, the reference panel was split by chromosome 

and phased using SHAPEIT 2.2 (Delaneau et al. 2012) with an effective population size of 
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200 and a window size of 0.5 Mb. Publicly available canine genetic maps (Wong et al. 2010) 

were converted from canFam2 to canFam3 coordinates using LiftOver (Kent et al. 2002) for 

phasing with SHAPEIT. 

 For genotype imputation using Beagle, data was imputed on a per-chromosome basis 

using mostly default settings; however, the overlap setting was decreased to 2,000 markers 

and the window setting was decreased to 25,000 markers given the density of our reference 

panel. All available pedigree information from the target panel samples was incorporated into 

the input parameters using the “ped” option. 

 For genotype imputation using IMPUTE2, the target panel was pre-phased using 

SHAPEIT 2.2 with an effective population size of 200 and a window size of 0.5 Mb. 

Imputation was then performed using phased target and reference panels with an effective 

population size of 200 and the “allow_large_regions” flag to enable imputation on a per 

chromosome basis. We used a low effective population size given the very small number of 

founders within dog breeds, as well as estimates of Ne that have been made in other breeds 

(Calboli et al. 2008). For imputation on the X chromosome, the “chrX” flag was used and the 

sample genders were added to the appropriate input files. IMPUTE2 genotype probabilities 

were converted into VCF files with no minimum genotype likelihood for called genotypes, 

thereby disallowing unknown genotype calls. This was done in order to allow a direct 

comparison between Beagle and IMPUTE2 outputs. 
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Analysis of imputed genotypes 

 We performed analyses of the imputed data to evaluate breed clustering before and 

after imputation, determine an optimal reference panel, and compare the imputation accuracy 

of Beagle vs. IMPUTE2. 

 Breed clustering. Breed clustering was performed using principal components 

analysis to compare the actual vs. imputed genotype calls for all dogs in the target panel (175 

Standard Poodles, 46 Boxers, 47 Great Danes). Actual genotypes were determined from the 

Illumina Canine HD BeadChip as described above. Imputed genotypes were determined 

using Beagle with all 83 dogs included in the reference panel. Principal components were 

calculated using PLINK 1.9 (Chang et al. 2015) and visually compared along the top four 

eigenvalues. 

 Reference panel development. An optimal reference panel was determined in three 

experiments by evaluating imputation accuracy using data from 18 Standard Poodles with 

genotype data in both the reference and target panels (two Standard Poodles in the reference 

panel were not genotyped on the SNP array). The first experiment was designed to evaluate 

imputation accuracy using the entire multi-breed reference panel. Five unrelated Standard 

Poodles that had no other relatives in the reference panel were randomly chosen and masked 

from the reference panel one-at-a-time. The remaining 82 dogs were then used as a reference 

panel to impute each masked dog’s genotypes, leaving only one dog was in the target panel 

at a time. The second experiment was designed to evaluate the imputation accuracy of a 

breed-specific reference panel. All non-Poodles were removed from the reference panel, and 

the same five Standard Poodles were masked one at a time from the remaining 20 dogs, 
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leaving 19 Standard Poodles as the reference panel and one dog as the target panel for each 

imputation trial. The third experiment was designed to evaluate the imputation accuracy of a 

reference panel with no breed overlap with the target panel. All Standard Poodles were 

removed from the reference panel (leaving 63 dogs) and the genotypes of all 18 Standard 

Poodles with WGS data were imputed. For this experiment, all 18 Standard Poodles 

comprised the target panel. In the experiments described above, imputed genotypes were 

compared to actual genotypes using GATK’s GenotypeConcordance walker using actual 

genotypes as the truth set; known genotypes from the HD array were masked when 

calculating genotype concordance. 

 We validated our findings in Standard Poodles by evaluating similar reference panels 

in both Boxers and Great Danes. As none of the Boxers or Great Danes overlapped in the 

original target and reference panels, we created a target panel by selecting the SNPs on the 

Illumina Canine HD array from 5 unrelated Boxers and 5 unrelated Great Danes in the 

reference panel. We then masked these dogs from the reference panel one-at-a-time and 

imputed each dog’s genotypes using either (1) the 82-dog reference panel or (2) a breed-

specific reference panel (19 dogs for the Boxer-only panel, and 5 dogs for the Great Dane-

only reference panel). Imputation was performed using Beagle and imputed genotypes were 

compared to the actual genotypes using GATK’s GenotypeConcordance walker as described 

above.  

 Comparison of imputation software. The imputation accuracy of Beagle vs. 

IMPUTE2 was compared using the same five Standard Poodles from the previous analysis. 

Each dog was masked one-at-a-time from the complete multi-breed reference panel, 
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imputation was performed using each software algorithm, and imputed and actual genotypes 

were compared using GATK’s GenotypeConcordance walker. We subdivided the genotype 

concordance results into deciles based upon either Beagle’s allelic R2 parameter or 

IMPUTE2’s Info parameter (Browning and Browning 2007; Marchini and Howie 2010); 

these parameters are calculated differently, but are provided by the software developers in 

order to evaluate the certainty of the imputed genotypes (Marchini and Howie 2010). Within 

each R2 or Info group, we examined the concordance of heterozygous and homozygous calls 

separately.  

 As part of this analysis, we also compared the actual to the imputed genotypes 

derived from both Beagle and IMPUTE2 by calculating the Pearson correlation coefficient. 

Actual genotypes were converted to genotype dosages using the “--recode A” option in 

PLINK 1.9 (Chang et al. 2015), and the correlation was calculated using the genotype 

probabilities determined by both Beagle and IMPUTE2 (also converted to dosages). 

Correlation analysis was performed using custom scripting in R version 3.2.3 (Team 2015) 

using the “cor” function and “method = ‘pearson’” option. 

 

Results 

Reference and target panel development 

 Average coverage for whole genome sequences ranged from 18-51×. After variant 

calling and filtration of the reference panel, 4,885,283 high-quality SNPs remained, 

representing one SNP every 476 bases on average. The distribution of SNPs by chromosome 

in the reference panel is provided in Supplemental Table 1. 
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 After filtering the target panel samples, 175 Standard Poodles, 46 Boxers, and 47 

Great Danes remained. Among these dogs, 18 Standard Poodles but none of the Boxers or 

Great Danes, were contained in the reference panel. The target panel contained 124,595 

SNPs after filtering for call rate, MAF, and HWE p-value; this number was reduced to 

84,193 after application of conform-gt. Imputation of the target panel from the reference 

panel therefore represented a 58-fold increase in SNP count. 

Breed clustering 

 We used principal components analysis to visualize breed clustering in the actual 

(SNP array-derived) and imputed genotypes for all dogs in the target panel. A scree plot of 

both the actual and imputed genotypes (Figure S1) shows that nearly all of the variation is 

contained in the first four principal components, with the vast majority of the variation 

present in the first two principal components (actual genotypes: EV1 = 45.2%, EV2 = 27.6%; 

imputed genotypes: EV1 = 46.3%, EV2 = 29.7%). 

 A comparison of the first two principal components between the reference and 

imputed genotypes shows that the breed clustering in the imputed genotypes is highly 

consistent with the actual genotypes (Figure 1). This suggests that the major breed-specific 

haplotypes were correctly identified in the imputation process. In contrast, breed clustering 

was slightly less accurate for the third and fourth principal components (Figure S2, panels B-

F), however these represent a much smaller portion of the variation in the imputed genotypes. 
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Reference panel optimization 

 Using data from the 18 Standard Poodles with genotypes in both the target and 

reference panels, we used Beagle to evaluate which of three reference panel subsets (a multi-

breed panel of 82 dogs including 19 Standard Poodles, a single-breed panel containing 19 

Standard Poodles only, or a multi-breed panel of 63 dogs containing no Standard Poodles) 

would allow imputation with the highest degree of genotype concordance (Figure 2). On 

average across all chromosomes, concordance was highest using the multi-breed reference 

panel at 92.4%; with 19 Standard Poodles only as the reference panel, the average imputation 

accuracy was 87.0% and with 63 non-Poodles the imputation accuracy was 74.9%. There 

was also variability observed in imputation accuracy by chromosome. Using the multi-breed 

reference panel, for example, the highest concordance was observed on chromosome 20 

(95.3%) and the lowest on the X chromosome (87%). 

 Our findings were directionally similar using the multi-breed or breed-specific 

reference panels in Boxers and Great Danes, with a higher genotype concordance using the 

multi-breed vs. the breed-specific reference panels. On average across all chromosomes, for 

Boxers the average genotype concordance was 97.8% using the entire multi-breed reference 

panel and 94.9% for the Boxer-specific reference panel; for Great Danes, the concordance 

was 86.8% using the entire multi-breed reference panel and 62.8% for the Great Dane-

specific reference panel. The overall genotype concordance was much lower for the Great 

Danes compared to either the Boxers or the Standard Poodles, regardless of the reference 

panel used. This observation is likely a result of the much smaller number of Great Danes in 

the reference panel compared to either the Boxers or the Standard Poodles. Genotype 
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concordance data on a per chromosome basis for each breed is shown in Supplemental Figure 

3 panels A (Boxers) and B (Great Danes). 

Comparison of imputation software 

 We used the multi-breed reference panel of 83 dogs to compare the accuracy of two 

imputation software packages: Beagle 4.0 and IMPUTE2 2.3.2. Imputed sites were grouped 

into deciles using either Beagle’s allelic R2 or IMPUTE2’s Info metric, and genotype 

concordance was determined within each decile for five Standard Poodles with both imputed 

and reference genotypes (Figure 3, top panels). None of the sites were filtered by genotype 

likelihood prior to evaluating genotype concordance. The average genotype concordance was 

92.4% using Beagle and 94.1% using IMPUTE2; data for each individual dog is shown in 

Supplemental Table 2. For both software algorithms, genotype concordance was higher for 

homozygous imputation calls compared to heterozygous calls across most of the genotype 

certainty bins. We also determined the fraction of imputed calls within each decile (Figure 3, 

bottom panels). The distribution of genotype calls by certainty metric was significantly more 

left-skewed with IMPUTE2 vs. Beagle (skewness -3.1 vs. -0.87). 

 IMPUTE2 also performs an internal cross-validation step, calculating concordance 

metrics by masking one variant at a time and comparing the actual and imputed genotype for 

that variant for all samples contained in both the target and reference panels. In calculating 

the genotype concordance using this method, the algorithm only considers variant calls with 

a genotype likelihood of ≥ 0.9. Across all chromosomes, the average genotype concordance 

determined in this manner was 95.1%, with a range of 91.7% on the X chromosome to 96.6% 

on chromosome 13. 
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 We also compared the imputation accuracy of Beagle vs. IMPUTE2 using Pearson’s 

correlation coefficient between the actual and imputed genotype dosages. The average 

correlation across all chromosomes was 0.946 for Beagle and 0.961 for IMPUTE2, which is 

slightly higher than the respective genotype concordance values. Further detail on the 

genotype correlation data broken out by dog is shown in Supplemental Table 2, and by 

chromosome in Supplemental Table 3. 

 

Discussion 

 In this study, we describe the feasibility of genotype imputation in the dog using 

genotypes derived from the Illumina CanineHD BeadChip to nearly 5 million SNPs derived 

from whole genome sequencing. SNP array-derived data was available from 175 Standard 

Poodles, 46 Boxers, and 47 Great Danes, and whole genome data was available from 83 dogs 

in 15 breeds. Genotypes from 18 Standard Poodles were present in both data sets, and a 

subset of these dogs was used to compare the genotype concordance between actual and 

imputed genotypes with three different reference panel breed combinations and two linkage 

disequilibrium-based imputation software packages. We also validated these findings in both 

Boxers and Great Danes using a target panel derived from the whole genome sequencing 

data. 

 As has been demonstrated in other species, we showed that direct imputation from 

SNP array-derived data to whole genome-derived data is both accurate and feasible. Our 

imputation represents a 58-fold increase in the number of available SNPs. We suspect that 

the high level of accuracy achievable here with a relatively small reference panel is largely 
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due to the extensive linkage disequilibrium (Sutter et al. 2004; Stern et al. 2013), high degree 

of within-breed relatedness, and low effective population size in the dog (Calboli et al. 2008). 

 In terms of reference panel design, we showed the benefits of a multi-breed reference 

panel compared to a breed-specific reference panel in three dog breeds, and demonstrated the 

importance of breed overlap between the target and reference panels. The added benefit of 

multiple breeds has been shown in cows and horses as well (Frischknecht et al. 2014; 

Daetwyler et al. 2014; Bouwman and Veerkamp 2014). Here, it is likely that some variants 

with a low minor allele frequency in one breed have a higher minor allele frequency (MAF) 

in other breeds, which could aid imputation accuracy given the difficulty of accurate 

imputation at sites with low MAF (Li et al. 2011; Kreiner-Moller et al. 2015). Furthermore, 

studies in cows have shown that the addition of multiple breeds to a reference panel is 

particularly beneficial when the reference population of a particular breed is small (Larmer et 

al. 2014), as is the case in this study where the greatest number of dogs in any one breed was 

20. We also demonstrated that even for a highly inbred species like dogs, having a relatively 

small number breed-matched animals in a reference panel is likely to yield poor imputation 

quality given the low genotype concordance we observed in imputing Great Dane genotypes 

(up to 86.8%) with only 5 breed-matched dogs. 

 In our analysis of the optimal reference panel design, we noted small differences in 

imputation accuracy across each chromosome (Figure 2). While we did not evaluate the 

reasons for these differences, we would suspect that those chromosomes or regions of the 

genome with low imputation accuracy may correlate with regions of high heterozygosity or 

shorter stretches of linkage disequilibrium, as both of these factors can present challenges in 
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reconstructing haplotypes. Further investigation into the cause of these differences across the 

genome may also also yield information regarding potential errors in misplaced SNPs on the 

Canine SNP array or in the assembly of the reference genome, as has been demonstrated in 

other species (Pausch et al. 2013; Daetwyler et al. 2014). 

 We also found that both the genotype concordance and correlation between the 

reference and target panels was slightly higher using IMPUTE2 compared to Beagle. This is 

consistent with findings in other species (Frischknecht et al. 2014; Daetwyler et al. 2014). 

Both Beagle and IMPUTE2 use a hidden Markov model to calculate missing genotypes, 

however Beagle reconstructs haplotypes present in the reference population only and 

IMPUTE2 reconstructs haplotypes present in both the reference and test populations. This 

may improve imputation accuracy with small reference populations. Others have suggested 

that differences in software performance may be due to differences in the methods of 

haplotype reconstruction or the ability of each software algorithm to define haplotypes over 

long distances (Frischknecht et al. 2014). Interestingly, the difference in imputation accuracy 

between the two software algorithms was lower in our study than has been reported in the 

studies cited above; this may be due to the extensive linkage disequilibrium in the dog, which 

could allow for improved prediction over greater distances or the better performance of 

imputation algorithms broadly when imputing genotypes within a single breed.  

 When comparing the genotyped to the imputed data, we found that the correlation 

values were generally higher than the concordance values for both Beagle and IMPUTE2 

(although still on average higher in IMPUTE2 compared to Beagle). The higher correlation 

values are likely the result of the underlying methodology: on a per SNP basis, concordance 
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yields in a binary measure (matches/does not match) whereas correlation accounts for the 

imputed genotype probabilities and genotype dosages on a continuous scale. Additionally, 

some authors have also suggested that correlation is a better method of assessing imputation 

accuracy as this method better accounts for the correct imputation of a rare alleles (Calus et 

al. 2014). 

 In our comparison of Beagle and IMPUTE2, we also evaluated the accuracy and 

distribution of imputed genotype calls by allelic R2 (Beagle) or Info (IMPUTE2) parameters. 

As expected, the overall genotype concordance is higher as each parameter approaches its 

maximum value of one. Our data shows that heterozygous genotypes are much less likely 

than homozygous genotypes to be called accurately at lower R2 or Info values, which is 

consistent with the way in which these parameters are calculated (Marchini and Howie 

2010). Post-imputation filtering by genotype likelihood might have eliminated many of these 

inaccurately called heterozygous genotypes, and this type of post-imputation filtering could 

certainly be considered prior to using imputed genotype calls for association studies or 

genomic prediction analyses. 

 Our data also demonstrated a marked left skewness of the distribution of genotype 

calls by IMPUTE2’s Info metric compared to Beagle’s allelic R2 metric. This left skew was 

also noted in imputed human genotype calls using IMPUTE2 (Verma et al. 2014). Because 

these parameters are generally used as quality metrics to establish a cutoff for downstream 

analysis of imputed genotypes, our findings suggest that examining the distribution of 

genotype calls by quality metric may be useful prior to setting a specific cutoff value for any 

particular experiment. Additionally, because the distribution of the quality metrics differs for 
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the software packages we evaluated (likely due to differences in the underlying calculation 

methods), using a different cutoff value for each package may be indicated when 

incorporating imputed genotypes into downstream analyses. 

 One major limitation of this study is the small number of animals contained within 

both the reference and target panels that could be used for comparing the accuracy of 

genotype calls. All of these dogs were also Standard Poodles, and as a result the per-animal 

genotype concordance could only be calculated for this breed. We attempted to mitigate this 

limitation by developing a target panel in both Boxers and Great Danes using reference panel 

data, however this method cannot account for differences in genotyping accuracy between 

SNP arrays and next-generation whole genome sequencing. Future studies with a greater 

overlap between target and reference panels could improve our ability to evaluate genotype 

concordance more broadly in the dog. Additionally, the number of dogs in our reference 

panel (83) was relatively small to what is commonly used in both human and bovine studies. 

We expect that increasing the number of animals (particularly within a breed) would increase 

the imputation accuracy that we achieved in this study, in particular for low MAF sites that 

are difficult to impute with confidence. 

 In summary, our findings demonstrate that genotype imputation from SNP array-

derived data to whole genome-level genotypes is both feasible and accurate in the dog with 

appropriate breed overlap between the target and reference panels. Using only 83 dogs as a 

reference panel, we achieved >92% genotype concordance using Beagle and >94% genotype 

concordance using IMPUTE2 in Standard Poodles, with even higher values observed in 

Boxers. The IMPUTE2 concordance was further increased to 95.1% considering only those 
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sites with a genotype likelihood above 0.9. Genome-wide genotype correlations were 

similarly high at 0.946 for Beagle and 0.961 for IMPUTE2. Further studies are warranted 

aimed at evaluating the usefulness of imputed genotypes in downstream analyses such as 

genome-wide association studies or the development of genomic prediction models. 
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Figures 

 

 

Figure 1. Principal components (PC) plots comparing the first and second eigenvalues 

for the actual (A) vs. the imputed (B) genotypes of 175 Standard Poodles, 46 Boxers, 

and 47 Great Danes. 

Panel A shows PC data derived from actual genotype calls at 124,595 sites using the Illumina 

Canine HD BeadChip. Panel B shows PC data derived from imputed genotype calls at 

4,885,283 sites using a reference panel of SNPs obtained from whole genome sequencing of 

83 dogs across 15 different breeds. Imputation of the data in Panel B was performed using 

Beagle as described in the manuscript text. Scree plots and additional eigenvalue 

comparisons are shown in Figures S1 and S2, respectively. 
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Figure 2. Genotype concordance by chromosome for imputed vs. actual genotypes using 

three different reference panels. 

Boxes are demarcated by the first and third quartiles for each dataset, and whiskers represent 

1.5 × IQR, with outliers represented as dots above or below the whiskers; lines within each 

box represent median values. The dotted line colored by reference panel represents the 

overall genotype concordance for that reference panel. 
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Figure 3. Genotype concordance results using Beagle (A) and IMPUTE2 (B). 

In (A), the top panel shows the concordance grouped by allelic R2 and the type of actual 

genotype call; the dashed line represents the overall genotype concordance. The bottom panel 

shows a histogram of the percentage of imputed calls within each allelic R2 bin. In (B), the 

data are similarly represented but concordance is grouped by the IMPUTE2 Info parameter 

instead. 
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Abstract 

 Identifying regions of artificial selection within dog breeds may provide insights into 

genetic variation that underlies breed-specific traits or diseases – particularly if these traits or 

disease predispositions are fixed within a breed. In this study, we searched for runs of 

homozygosity (ROH) and calculated the di statistic (which is based upon FST) to identify 

regions of artificial selection in Standard Poodles using high-coverage, whole genome 

sequencing data of 15 Standard Poodles and 49 dogs across seven other breeds. We identified 

consensus ROH regions ≥ 1 Mb in length and common to at least 10 Standard Poodles 

covering 0.6% of the genome, and di regions that most distinguish Standard Poodles from 

other breeds covering 3.7% of the genome. Within these regions, we identified enriched gene 

pathways related to olfaction, digestion, and taste, as well as pathways related to adrenal 

hormone biosynthesis, T cell function, and protein ubiquitination that could contribute to the 

pathogenesis of some Poodle-prevalent autoimmune diseases. We also validated variants 

related to hair coat and skull morphology that have previously been identified as being under 

selective pressure in Poodles, and flagged additional polymorphisms in genes such as 

ITGA2B, CBX4, and TNXB that may represent strong candidates for other common Poodle 

disorders. 
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Introduction 

 Recent population bottlenecks and selective breeding have largely been responsible 

for the development of modern dog breeds (Boyko 2011; Marsden et al. 2015). Within a dog 

breed, genetic diversity is severely reduced relative to ancestral canine populations and 

modern mixed-breed dogs (Karlsson and Lindblad-Toh 2008). Selective breeding has led to 

the development of breed-specific traits and characteristics such as size and coat color, many 

of which have been well described in the literature (Sutter et al. 2007; Cadieu et al. 2009; 

Boyko et al. 2010). In addition to these morphologic traits, many dog breeds have a relatively 

high prevalence of certain diseases, ranging from dilated cardiomyopathy in the Doberman 

Pinscher to atopic dermatitis in West Highland White Terriers (Sousa and Marsella 2001; 

Wess et al. 2010). Over the past 10 years, significant progress has been made in identifying 

disease-causing genetic polymorphisms that distinguish affected from unaffected dogs within 

a breed, primarily through genome-wide association studies (GWAS) followed by fine-

mapping and/or additional sequencing (Parker et al. 2009; Goldstein et al. 2010; Meurs et al. 

2010; Seppälä et al. 2011; Kyöstilä et al. 2012). 

 For some canine diseases, however, causative genetic polymorphisms may be fixed 

within a breed, making case/control GWAS impossible. Myxomatous mitral valve 

degeneration in Cavalier King Charles Spaniels could represent such a disease, as most dogs 

within the breed develop the characteristic nodular endocardial valvular lesions (Häggström 

et al. 1992; Egenvall et al. 2006). Additionally, for diseases that require an environmental 

trigger prior to the development of clinical signs (such as autoimmune disorders), some 

predisposing genetic variants may be at high frequency within a breed, which could make 
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implementing an adequately powered GWAS challenging. For these reasons, identifying 

signatures of artificial selection could be helpful in identifying disease-causing or disease-

predisposing genes for some disorders that tend to cluster within a particular breed.  

 Several studies have been performed in dogs aimed at identifying such signatures of 

artificial selection. Akey et. al. used data from an array of 21,000+ single nucleotide 

polymorphisms (SNPs) to identify regions of artificial selection in 10 phenotypically diverse 

dog breeds using the FST-based metric di (Akey et al. 2010). Vaysse et. al. applied this metric 

to data generated from the Illumina 174,000+ SNP array in 46 dog breeds (Vaysse et al. 

2011). Studies in dogs, cows, and horses have also used of runs of homozygosity (ROH) as a 

method of detecting signatures of artificial selection within specific breeds (Freedman et al. 

2014; Kim et al. 2015; Metzger et al. 2015). 

 Here, we used these methods (ROH, di) to identify regions of artificial selection with 

a much denser set of SNPs derived from whole genome sequencing (WGS) of 64 dogs across 

eight distinct breeds. We chose these two metrics in order to identify those regions of the 

genome that are mostly fixed within a single breed (ROH) as well as those regions of the 

genome that most substantially contribute to cross-breed divergence (di). We focused 

specifically on the Standard Poodle as this breed has a relatively high prevalence of several 

autoimmune diseases (Tevell et al. 2008; Pedersen et al. 2015; Hanson et al. 2015) and also 

represents one of the most common breeds in our dataset of whole genome sequences. 

Additionally, because our data was derived from whole genome sequencing rather than SNP 

arrays, we used our findings to pinpoint specific polymorphisms within regions of artificial 

selection that may be responsible for some Poodle-specific traits. 
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 Our findings suggest that searching for signatures of artificial selection within a breed 

using WGS data is both feasible and accurate, and could help identify additional genetic 

variation that contributes to normal canine morphologic characteristics. Additionally, these 

methods may complement existing GWAS approaches by identifying some variants that 

contribute to the development of diseases that are at high frequency within a particular breed. 

 

Materials and methods 

Samples 

 We selected 20 Boxers, 15 Standard Poodles, 6 Great Danes, 6 Scottish Terriers, 5 

Scottish Deerhounds, 4 Collies, 4 Doberman Pinschers, and 4 West Highland White Terriers 

for inclusion in this study. Samples were collected as part of ongoing disease-related research 

in our laboratory. Based upon available pedigree data, there were no known familial 

relationships among any of the included dogs going back at least three generations. DNA was 

extracted from EDTA blood samples obtained from each dog using the standard protocol of 

the DNeasy Blood and Tissue Kit (Qiagen). 

Next-generation sequencing 

 Approximately 3 µg of DNA was submitted for library preparation and whole 

genome sequencing at the University of North Carolina Chapel Hill High Throughput 

Sequencing Facility (46), the Medical University of South Carolina Proteogenomics Facility 

(8), the University of Missouri DNA Core (6), or the Genomics Sciences Laboratory at North 

Carolina State University (4) (numbers in parenthesis represent the numbers of samples 
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sequenced at each institution). All sequencing experiments were designed as 100- or 125-bp 

paired-end reads and each sample was run on either 1 or 2 lanes of an Illumina HiSeq 2000 

or 2500 high-throughput sequencing system. 

 Analysis of next-generation sequencing data was performed using standardized 

bioinformatics pipeline for all samples as described previously (Friedenberg and Meurs 

2016). Briefly, sequence reads were trimmed using Trimmomatic 0.32 (Bolger et al. 2014) to 

a minimum phred-scaled base quality score of 30 at the start and end of each read with a 

minimum read length of 70 bp, and aligned to the canFam3 reference sequence (Lindblad-

Toh et al. 2005) using BWA 0.7.10 (Li and Durbin 2009). Aligned reads were prepared for 

analysis using Picard Tools 1.115 (http://broadinstitute.github.io/picard) and GATK 3.4 

(McKenna et al. 2010) following best practices for base quality score recalibration and indel 

realignment specified by the Broad Institute, Cambridge, MA (DePristo et al. 2011; Van der 

Auwera et al. 2013). Variant calls were made using GATK’s HaplotyeCaller walker, and 

variant quality score recalibration (VQSR) was performed using sites from dbSNP 139 and 

the Illumina CanineHD BeadChip as training resources. 

Variant filtering 

 In order to select variants for downstream analysis, we first applied a VQSR tranche 

sensitivity cutoff of 99.9% to SNPs and 99% to indels. Using both GATK and VCFtools 

(Danecek et al. 2011), we then set any genotype call with a phred-scaled quality score < 20 to 

missing, and further filtered variant sites to include only biallelic SNPs with a minimum call 

rate across all samples of 95%, minimum minor allele frequency (MAF) of 0.02, and Hardy-

Weinberg equilibrium (HWE) p-value ≥ 1 × 10-7. The resulting set of SNPs was used to 
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determine ROH and di. A similarly filtered set of variants including both SNPs and indels 

was used to evaluate the variant effects within the ROH and di regions. 

Runs of homozygosity 

 The filtered SNPs were subset to include only Standard Poodles, and autosomal runs 

of homozygosity ≥ 1 Mb in length and common to at least 10/15 dogs (to account for 

genotyping errors) were identified using PLINK 1.9 (Chang et al. 2015). Parameters were 

similar to those described elsewhere (Marsden et al. 2015), but with modifications to identify 

consensus regions in at least 10 of the dogs. Input flags were as follows: --chr 1-38 --

homozyg-snp 200 --homozyg-kb 1000 --homozyg-window-missing 100 

--homozyg-window-het 1 --allow-no-sex --dog --homozyg-match 

0.95 --homozyg group --pool-size 10. The consensus regions were converted 

to a BED file using custom scripting in R 3.2.3 (Team 2015), and the combined SNP/indel 

file was subset using GATK to include only those variants within the consensus regions. In 

R, we converted GATK-calculated alternate allele frequencies into minor allele frequencies 

(relative to Standard Poodles) for downstream analyses. The effects of the resulting variants 

were evaluated using Variant Effect Predictor (VEP) 83 (McLaren et al. 2010) with both 

gene ontology and GERP++ plugins (Davydov et al. 2010); variant filtering was performed 

in R. 

Calculation of di 

 Using the SNP dataset described above, we calculated the pairwise Weir and 

Cockerham FST (Weir and Cockerham 1984) for each SNP between Standard Poodles and 

each of the other 7 breeds in our dataset using VCFtools. We then imported this data into R, 
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and using custom scripting, calculated the di statistic (Akey et al. 2010) across all autosomal 

SNPs using the formula 

 

!" = 	
%&'"( − * %&'"(

+! %&'"((,"
 

 

where E[FST
ij] is the expected value and sd[FST

ij] is the standard deviation of the FST between 

Standard Poodles (i) and each other breed (j). To visualize trends across the genome, we used 

locally weighted scatterplot smoothing (LOESS) of the resulting di values for each 

chromosome with a very low α (0.02) in order to maximize peak resolution. Following 

methods published elsewhere (Akey et al. 2010; Vaysse et al. 2011), we identified peaks 

crossing the top 1% threshold of LOESS-smoothed values, and using the zoo package in R 

(Zeileis and Grothendieck 2005) identified local minima surrounding these peaks. Each peak 

– from local minimum to local maximum (crossing the 1% threshold) to local minimum – 

was identified as a genomic region under selection for downstream analyses. These regions 

were converted to a BED file, and Standard Poodle SNPs and indels within these regions 

were selected and evaluated using GATK and R. Variant effects were determined using VEP 

83 as described above. 

Pathway analysis 

 We evaluated genes in both the ROH and di regions using Enrichr (Chen et al. 2013). 

Gene symbols were mapped to the human Entrez Gene database using biomaRt (Smedley et 

al. 2015) in order to permit recognition by pathway analysis software, and genes were 
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grouped into ontologies/pathways using databases from Gene Ontology (GO) 2015 and 

KEGG 2016 (Kanehisa and Goto 2000; Ashburner et al. 2000; Kanehisa et al. 2013). 

Pathways were scored for enrichment using Fisher’s exact test. We analyzed the resulting 

data to (1) identify gene clusters within the ROH and di regions and (2) identify 

overrepresented genes on a genome-wide level. For the first analysis, we filtered for 

pathways with a p-value ≤ 0.05 containing at least 5 genes per pathway; for the second 

analysis, we filtered for pathways with Benjamini-Hochberg corrected p-value ≤ 0.05 using 

the set of known human protein-coding genes as a reference. 

 

Results 

Variant callset 

 Average coverage for whole genome sequences ranged from 19-37 ×. After variant 

calling and filtering, 7,450,704 biallelic SNPs and 987,062 biallelic indels remained across 

all eight breeds evaluated. 

ROH analysis 

 We identified a total of 2,164 individual ROH > 1 Mb in all 15 Standard Poodles 

(Table 1); these ROH are located on all 38 autosomes. We identified only 17 consensus ROH 

regions with overlapping segments in at least 10/15 Standard Poodles (Supplemental Table 

1); these consensus regions are located on 5 chromosomes and span 13.6 Mb (approximately 

0.6% of the canine genome). 
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 Within the ROH consensus regions, we found 42,665 variants in 117 genes 

(Supplemental Table 2). Using the impact classification scheme defined by VEP 

(http://useast.ensembl.org/info/genome/variation/predicted_data.html#consequences), the 

vast majority of these variants (42,518 or 99.7%) are predicted to have a modifier effect on 

protein function, and well over half of these variants (23,861 or 55.9%) are predicted to be 

located in intergenic regions. A total of 1,072 variants have a GERP++ conservation score of 

4 or greater (highly evolutionarily constrained), and an additional 1,636 variants have a 

GERP++ conservation score between 2-4 (moderately evolutionarily constrained) (Goode et 

al. 2010; Marsden et al. 2015). 

 Of the 42,665 variants in the ROH consensus regions, 19,833 (46%) had a MAF ≤ 

0.05, indicating a high level of fixation in our population of Standard Poodles. These variants 

are located in 115/117 of the previously described genes (all except ENSCAFG00000003812 

and ENSCAFG00000029696). A similar percentage of these variants (99.6%) are predicted 

by VEP to have modifier effects on gene function and are located in intergenic regions 

(54%). Only 624 of these relatively fixed variants were predicted to have a strong effect on 

gene function, including 569 with a conservation score ≥ 4, 12 with a “high” VEP 

consequence, and 46 with a “moderate” VEP consequence. These variants are located in 60 

genes, which are flagged as “Contains fixed strong effect variants” in Supplemental Table 2. 

di analysis 

 Using the di statistic, we identified a total of 52 regions that most strongly contribute 

to differentiation between Standard Poodles and the other breeds in our study (Supplemental 

Table 3); these regions are located on 24 chromosomes and span 90.1 Mb (approximately 
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3.7% of the canine genome). A plot of di values across the genome in Standard Poodles, with 

overlaid ROH consensus regions, is shown in Figure 1 (with a more expanded version 

Supplemental Figure 1). 

 We validated our calculation of the di statistic by testing whether genes known to be 

associated with coat features in Standard Poodles (and hence highly likely to be under 

positive selection) are present in the di regions of the genome we identified. We found three 

genes associated with coat style (RSPO2, KRT71, and FGF5 (Cadieu et al. 2009)) and two 

genes associated with coat color (TYRP1, CBD103 (Schmutz et al. 2002; Candille et al. 

2007)) overlapping genomic regions in the 99th percentile of our calculated di values (Figure 

2). Additionally, we identified two genes (BMP3 and IGFBP4) known to contribute to canine 

skull morphology (Jones et al. 2008; Schoenebeck et al. 2012) within the peak di regions. 

 Within the di regions, we found 344,389 variants in a total of 951 genes 

(Supplemental Table 4). Similar to the ROH consensus regions, the vast majority of these 

variants (342,608) are predicted to have a modifier effect on gene function and just over 60% 

(210,121) are predicted to be located in intergenic regions. A total of 8,502 variants have a 

GERP++ conservation score ≥ 4 and 13,684 variants have a score between 2-4. 

 Of the 344,389 variants in the di regions, 108,980 (32%) had a MAF ≤ 0.05, which as 

might be expected, is lower than those in the ROH consensus regions. These variants are 

located in 907/951 of the previously described genes. A similar percentage of these variants 

(99.4%) are predicted by VEP to have modifier effects on gene function and are located in 

intergenic regions (62.9%). Only 3,146 of these fixed variants were predicted to have a 

strong effect on gene function, including 2,667 with a conservation score ≥ 4, 111 with a 
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“high” VEP consequence, and 422 with a “moderate” VEP consequence. These variants are 

located in 521 genes, which are similarly flagged as “Contains fixed strong effect variants” in 

Supplemental Table 4 

Pathway analysis 

 Of the 117 genes in the ROH consensus regions, 108 map to the human Entrez Gene 

database and were recognized by Enrichr (all unmapped genes are pseudogenes not in the 

Entrez gene database). Ten pathways (five GO Biological Process, four GO Molecular 

Function, one KEGG) have clusters with ≥ five genes (Figure 3a). Five of these pathways are 

related to olfaction, three are related to digestion, and two are related to cell cycle regulation. 

 We also noted that eight genes in the ROH consensus regions are located in the T-cell 

receptor (TCR) β chain locus of the canine genome (chromosome 16, ~6.8-7.0 Mb). These 

genes include TRBV30, TRBV3-1, TRBV15, TRBV16, ENSCAFG00000003811, 

ENSCAFG00000003812, ENSCAFG00000014478, and ENSCAFG00000024810). 

However, these genes are very broadly defined in by GO as “protein binding” (and are not 

annotated by KEGG) and therefore did not meet our initial criteria for enrichment. 

 Of the 951 genes in the di regions, 830 map to the human Entrez Gene database and 

were recognized by Enrichr (57 genes have no human ortholog and 64 genes are not in the 

Entrez Gene database as they are mostly RNA genes or pseudogenes). Nineteen pathways 

(12 GO Biological Process, two GO Cellular Component, five GO Molecular Function) have 

clusters with ≥ 5 genes (Figure 3b). Overrepresented pathways include those related to taste, 

digestion, keratin proteins, ubiquitination, gene expression (DNA methylation, DNA 

binding), and hormone biosynthesis.  
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 Within the di regions, we noted two apparent groupings of genes that were not 

identified using Enrichr: the eight genes in the TCR β chain locus described previously, as 

well as 33 zinc finger proteins located throughout the genome. Like the TCR genes, some of 

these zinc finger genes are not consistently annotated and hence did not meet our criteria for 

enrichment. 

 We also evaluated whether any pathways are significantly enriched for genes on a 

genome-wide level in either the ROH consensus regions or di regions. Only two pathways 

met this criterion (Table 2): one for taste and smell perception containing 14 genes in the 

ROH consensus regions (B-H p = 0.036), and one for protein ubiquitination containing 21 

genes across the di regions (B-H p = 0.021). 

Variant analysis 

 We subset the fixed, strong-effect variants within the ROH and di regions to identify 

specific polymorphisms more common in Standard Poodles than other breeds and whose 

consequences might be readily interpretable. We first filtered for variants with a MAF ≥ 0.2 

in the other seven breeds combined (345 remaining within the ROH consensus regions; 1,076 

remaining within the di regions). We then filtered to include only those variants with a “high” 

or “moderate” VEP impact (10 in ROH regions, 77 in di regions), followed by an additional 

filter to include only those variants with a GERP++ conservation score ≥ 2, or a SIFT 

(Kumar et al. 2009) prediction of deleterious, deleterious low confidence, or tolerated low 

confidence. After filtering, one variant remained in the ROH consensus regions and 33 

variants remained in the di regions (Supplemental Table 5); the one variant in the ROH 

consensus regions was also present in the di regions. 



 

61 

 This list of variants includes polymorphisms in FGF5 and KRT71 that have been 

previously reported (Cadieu et al. 2009), as well as polymorphisms in CBX4 and TNXB 

which contribute to skin morphology and development (Mao et al. 2002; Mardaryev et al. 

2016). Many of the other variants have no specifically identifiable role at present, but are 

broadly responsible for gene (SETX (Skourti-Stathaki et al. 2011), ZNF658 (Ogo et al. 

2015), RPL34 (Kenmochi et al. 1998), ENSCAFG00000005986 (Ben Yehuda et al. 1998), 

ENSCAFG00000003493 (Mao et al. 2016)) and protein (TRAPPC12 (Scrivens et al. 2011), 

LRRC3C (Kobe and Kajava 2001) regulation. 

 

Discussion 

 In this study, we used SNP data derived from WGS to identify regions of selection in 

Standard Poodles using both runs of homozygosity and the di statistic. By grouping genes 

within these regions and examining sequence-level data, we identified specific pathways and 

polymorphisms under selection in this breed. While our study focused specifically on 

Standard Poodles, the methods we have documented here should be easily applicable to any 

dog breed or within other species. 

 Runs of homozygosity identify regions of reduced genomic diversity and have been 

shown to develop as a result of strong selective pressures (Ku et al. 2011; Purfield et al. 

2012). Within the ROH consensus regions in Standard Poodles, we identified gene pathways 

that are mostly related to taste, olfaction, and digestion (Figure 3a). Dogs are well known to 

have an exquisite sense of smell, and over 1,000 genes have been identified related to canine 

olfaction (Quignon et al. 2005); hence it is unsurprising that many polymorphisms in these 
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genes have become fixed within the genome and are overrepresented in our analysis. 

Additionally, Axelsson et. al. documented that dog domestication has involved adaptation to 

a starch-rich diet (Axelsson et al. 2013), and along with these adaptations it is also 

unsurprising that other genes related to taste and digestion may be under selective pressure as 

well. 

 The di statistic, which is based upon FST, provides an alternate method of identifying 

genomic regions under selection (Akey et al. 2010). Because FST is primarily a measure of 

population differentiation, di is likely to highlight those regions of the genome that help 

distinguish Standard Poodles from other breeds rather than regions that are fixed across all 

(or most) dogs. Within these di regions, we flagged seven genes that have been shown by 

others to be associated with morphologic characteristics common in Standard Poodles. 

Additionally, we did not find evidence of selection for certain genes associated with 

characteristics that are absent from Standard Poodles, such as inverted hair growth (Karlsson 

et al. 2007) or a corkscrew tails (Jones et al. 2008). 

 Within the di regions, we identified several overrepresented gene pathways in 

Standard Poodles (Figure 3b). For example, genes related to taste and digestion that we 

identified in the ROH regions are also present in the di regions, indicating that certain 

digestive adaptations may be breed-specific. We also identified a pathway related to adrenal 

hormone biosynthesis that includes the genes CYP21A2, CYP19A1, and HSD17B3. 

Autoantibodies against CYP21A2 have been well documented in the pathogenesis of human 

Addison’s disease (Brønstad et al. 2014), and Standard Poodles are the most overrepresented 

dog breed for canine Addison’s disease (Hanson et al. 2015). Additionally, we noted a locus 
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under selection in Standard Poodles on chromosome 16 containing many of the TCR β chain 

genes. The β chain comprises one of the hypervariable regions of the TCR that interacts with 

peptide-loaded MHC molecules, and polymorphisms in these genes have been associated 

with the development of autoimmune disease in humans (Ohashi 2002; Nicholson et al. 

2005; Koehli et al. 2014). Further study of these genes – which are relatively unexplored in 

dogs – could be helpful in explaining the pathogenesis of some autoimmune diseases 

common in Standard Poodles, including Addison’s disease, sebaceous adenitis, and immune-

mediated thrombocytopenia (Grindem et al. 1991; Tevell et al. 2008; Hanson et al. 2015). 

 We also noted several overrepresented pathways containing genes whose specific 

functions are more difficult to discern. These pathways relate to protein ubiquitination, DNA 

methylation, and DNA binding. We might hypothesize that these genes help define some of 

the subtle secretory, transcriptional, and translational processes that that differentiate dog 

breeds, however without further study, any specific consequences of selection within these 

pathways is unknown. Interestingly, genes associated with ubiquitination have been 

associated with autoimmune diseases because of their role in tagging proteins for degradation 

by the proteasome (Bhoj and Chen 2009). Hence, these genes could also be studied further to 

elucidate any role they may play in Standard Poodle autoimmune diseases. 

 In addition to identifying overrepresented gene pathways, we searched for particular 

genetic variants that may contribute to Poodle-specific traits (Supplemental Table 5). Some 

of the polymorphisms we flagged have reasonably well-defined functional roles. For 

example, we identified the missense variants in FGF5 and KRT71 that have been previously 

associated with canine coat phenotypes (Cadieu et al. 2009). Additionally, we identified a 
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missense mutation in the gene ITGA2B which encodes for the platelet glycoprotein αIIb and 

is a recognized component of the human platelet antigen system (Metcalfe et al. 2003). This 

polymorphism has been previously evaluated in a small number of dogs with immune-

mediated thrombocytopenia (Callan et al. 2013), but may be especially relevant in Standard 

Poodles given the high within-breed prevalence of the disease (Grindem et al. 1991). Lastly, 

we identified variants in two genes (CBX4 and TNXB) that are associated with skin 

morphology, and these could represent reasonable candidate genes for further study of 

sebaceous adenitis in the breed. 

 Similar to the pathway analysis, however, many of these individual variants are 

located in genes whose specific role is difficult to characterize at present. For example, we 

identified a highly conserved missense variant in the gene senataxin (SETX) which is 

associated with the development of amyotrophic lateral sclerosis in humans (Hirano et al. 

2011) – a disease not documented in dogs. However, as many genes have different functions 

across (and within) species, further analyses are required to identify how, if at all, these 

particular variants play a role in the development of some Poodle-specific traits. 

 There are several limitations to this study. First, for some dog breeds used in the 

estimation of the di statistic, we had as few as four dogs/breed (because of limited data 

availability), which may not provide a completely accurate representation of allele 

frequencies within those breeds; this may have slightly biased our di calculation. Second, we 

only used two methods to identify regions of artificial selection. Other researchers have used 

measures such as Si, which is based upon relative heterozygosity (Vaysse et al. 2011), 

Tajima’s D, or nucleotide diversity (π) (Schlamp et al. 2016). Application of these techniques 
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may have allowed us to identify other regions of artificial selection in Standard Poodles. 

Third, our pathway analysis was constrained by the current state of gene annotation, as we 

observed several genes (e.g. the TCR β chain genes) that were not automatically clustered 

into relevant pathways or ontologies. We attempted to mitigate improper gene classification 

by converting canine gene names to their human orthologues, however this approach still 

resulted in some incomplete or poorly classified annotations. Finally, our analysis of specific 

polymorphisms within the di and ROH regions was limited by our ability to understand the 

role of a particular variant. We focused solely on VEP high or moderate impact variants that 

are likely to cause changes in the protein-coding portion of the genome. However, it is likely 

that other highly conserved variants (which may be intronic, in UTRs, etc.) also play a role in 

the development of some breed-specific traits. Ongoing work aimed at improving canine 

genomic annotation may help shed light on the role of these particular polymorphisms. 

 In summary, our findings demonstrate that identification of regions under artificial 

selection in dogs using whole-genome sequencing data is both accurate and feasible, and that 

the identified regions can be used to interrogate specific polymorphisms that may be 

responsible for breed-specific traits. These methods may therefore serve as a useful adjunct 

to genome-wide association studies for traits that are relatively fixed within a breed. Given 

the current limitations of genomic annotation, however, the effects of many of the identified 

variants are difficult to immediately decipher. Nevertheless, our findings also suggest some 

key pathways that could be interrogated for their contribution to Standard Poodle-specific 

diseases, and further studies are warranted that evaluate the effects of the genes within these 

pathways. 
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Tables 

Table 1. Summary of all runs of homozygosity (ROH) > 1 Mb in length identified from 

whole genome sequencing of 15 unrelated Standard Poodles. 

 
ROH length (Mb) % genome Number of runs 

per dog 
SNPs per run 

> 1 20.5 144.2 10,820 
> 2 16.9 85.6 14,869 
> 4 11.3 38.5 21,442 
> 8 4.8 10.2 34,199 
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Table 2. Pathways significantly enriched for genes on a genome-wide basis within either the ROH consensus regions 

or the di regions in 15 unrelated Standard Poodles. 

 
Pathway Gene count/ 

Genes in 
pathway 

B-H p-
value 

Genes Analysis 

ubiquitinyl hydrolase 
activity (GO:0036459) 

21/105 0.021 USP36; USP17L15; USP17L18; 
USP17L17; USP17L19; USP33; 
USP17L10; USP17L21; USP17L20; 
USP17L2; USP17L12; USP17L23; 
USP17L3; USP17L11; USP17L22; 
USP17L13; USP17L24; USP17L7; 
USP17L4; USP17L5; USP17L8 

FST 

detection of chemical 
stimulus involved in sensory 
perception (GO:0050907) 

14/465 0.036 OR2A1; OR2F2; OR2F1; TAS2R38; 
OR9A4; OR2A12; OR2A7; OR2A5; 
TAS2R3; OR2A4; OR6B1; TAS2R5; 
OR2A25; OR2A2 

ROH 
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Figures 

 

Figure 1. LOESS-smoothed di values derived from whole-genome sequencing of 15 

Standard Poodles compared to 7 other dog breeds. 

The dashed red line represents the 99th percentile cutoff value for the di statistic. 

Chromosome numbers are labeled at the top of the plot. 
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Figure 2. LOESS-smoothed di values from portions of chromosomes 9, 11, 13, 16, 27, 

and 32 with overlaid positions of 3 genes known to be responsible for canine coat style 

(RSPO2, KRT71, FGF5), 2 genes known to be responsible for canine coat color 

(TYRP1, CBD103), and 2 genes known to contribute to canine skull morphology 

(BMP3, IGFBP4). 

The dashed red line represents the 99th percentile cutoff value for the di statistic; the dashed 

blue rectangles represent the boundaries of the di peaks. di values across the entire genome 

are shown in Supplemental Figure 1. 
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Figure 3. Heat map showing pathways with at least 5 genes per pathway in the (A) 

ROH consensus regions and (B) di regions. 

Heat map colors represent Fisher’s exact p-values for enrichment within each pathway; only 

pathways where p ≤ 0.05 are shown. Within the ROH regions, overrepresented pathways 

include those related to olfaction, digestion, and cell cycle regulation. Within the di regions, 

overrepresented pathways include those related to taste, digestion, keratin proteins, 

ubiquitination, gene expression (DNA methylation, DNA binding), and hormone 

biosynthesis. 
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Abstract 

 Addison’s disease is an autoimmune disorder leading to the destruction of the adrenal 

cortex and subsequent loss of glucocorticoid and mineralocorticoid hormones. The disease is 

prevalent in Standard Poodles and is believed to be highly heritable in the breed. Using 

genotypes derived from the Illumina Canine HD SNP array, we performed a genome-wide 

association study of 133 carefully phenotyped Standard Poodles (61 affected, 72 unaffected) 

and found no markers significantly associated with the disease. We also sequenced the entire 

genomes of 20 Standard Poodles (13 affected, 7 unaffected) and analyzed the data to identify 

(1) common variants (including SNPs, indels, structural variants, and CNVs) across affected 

dogs; (2) variants segregating within a single pedigree of highly affected dogs; and (3) 

variants fixed in Standard Poodles in regions of the genome that are under selection in the 

breed. Through this analysis, we identified several candidate genes that may be fixed in both 

Standard Poodles and a small population of dogs of related breeds. Further studies are 

required to confirm these findings more broadly, as well as additional gene mapping efforts 

aimed at fully understanding the genetic basis of what is likely a complex inherited disorder. 
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Introduction 

 Primary hypoadrenocorticism, or Addison’s disease (AD), is an immune-mediated 

disorder caused by an aberrant T cell response against the outer layers of the adrenal cortex 

where glucocorticoids and mineralocorticoids are produced (Hadlow 1953; Schaer et al. 

1986; Mitchell and Pearce 2012; Frank et al. 2013). The disease is naturally occurring in both 

dogs and humans. Clinical signs are variable and nonspecific, including weakness, lethargy, 

inappetence, weight loss, and waxing and waning gastrointestinal signs (Van Lanen and 

Sande 2014). The treatment of AD involves lifelong hormone replacement with a 

combination of glucocorticoid and mineralocorticoid therapies. These treatments, while 

lifesaving, cannot mimic the fine-tuning of a normally functioning adrenal gland, and 

patients are at risk for lifelong complications ranging from intermittent hypoadrenocortical 

crises to low bone mineral density, impaired lipid metabolism, and shortened lifespan 

(Kintzer and Peterson 1997; Van Lanen and Sande 2014; Johannsson et al. 2015). 

 In humans, Addison’s disease is believed to have a strong genetic component that 

influences disease onset and progression. Specific disease susceptibility alleles have been 

identified in genes including major histocompatibility complex (MHC) type II genes, 

CTLA4, and PTPN22, among others (Mitchell and Pearce 2012). These alleles tend to confer 

moderately elevated odds ratios of developing AD (~1.3-3-fold), and most variants are found 

only in particular human sub-populations (Myhre et al. 2002; Blomhoff et al. 2004; 

Skinningsrud et al. 2008a; Skinningsrud et al. 2008b). This genetic heterogeneity, as well as 

the well-documented incomplete penetrance of the identified polymorphisms, has led to the 

hypothesis that the disease is complex, polygenic disorder with some environmental 
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influences. A complete understanding of the genetics of AD in humans, however, remains 

elusive. 

 In dogs, certain breeds are highly overrepresented with AD, including Standard 

Poodles, Portuguese Water Dogs (PWDs), Bearded Collies, and Nova Scotia Duck Tolling 

Retrievers (NSTDRs) (Hanson et al. 2015), strongly suggesting a genetic link. Pedigree 

studies have estimated a relatively high heritability in these breeds, ranging from 0.49 in 

PWDs to 0.98 in NSDTRs (Famula et al. 2003; Oberbauer et al. 2006; Hughes et al. 2007). 

Attempts to identify specific polymorphisms in dogs with AD have recently been reviewed 

(Boag and Catchpole 2014). Most of these efforts have involved candidate gene studies 

testing association with variants in genes such as DLA, PTPN22, and CTLA4 (Massey et al. 

2013a; Short et al. 2013; Short et al. 2014; Boag and Catchpole 2014). These studies, much 

like their human counterparts, have identified several breed-specific polymorphisms with 

modest disease associations. 

 Because genes may play a major role in the pathogenesis of AD, an understanding of 

the specific genes involved and pathways impacted could have an important role in 

developing new treatment options or in decreasing the prevalence of the disease. Here, we 

describe the first reported genome-wide approach in dogs aimed at identifying genetic 

polymorphisms associated with AD in Standard Poodlesa. We focused on Standard Poodles 

because this breed has a relatively high incidence of the disease at ~8-10%, a high estimated 

heritability of 0.76, and a possible major causative locus with an autosomal recessive 

inheritance pattern (Famula et al. 2003). Based upon this information, while accounting for 

studies in humans suggesting a complex inheritance pattern, we hypothesized that a 
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combination of a genome-wide association study (GWAS) and whole-genome sequencing 

(WGS) would allow us to identify specific causative variants that lead to the development of 

AD in Standard Poodles. 

 

Materials and methods 

Animal selection/phenotyping 

 We collected pedigrees and whole blood samples from 77 Standard Poodles with AD 

and 103 without AD; we also collected blood samples from related breeds with AD including 

Portuguese Water Dogs, Labradoodles, and Goldendoodles. Requirements for a diagnosis of 

AD were: minimum age of 1 year, serum sodum:potassium ratio < 27:1, ACTH stimulation 

test with pre- and post-ACTH cortisol levels < 2 µg/dL, and a supportive clinical history 

(e.g., waxing/waning gastrointestinal upset, anorexia, weakness) (Van Lanen and Sande 

2014). All unaffected dogs had to be at least 10 years of age and have either a baseline 

cortisol ≥ 2 µg/dL or a normal ACTH stimulation test (Lennon et al. 2007). Phenotypes were 

validated by a diplomate of the American College of Veterinary Emergency & Critical Care 

or the American College of Veterinary Internal Medicine. All blood was collected in EDTA 

tubes and DNA was extracted using the standard protocol of the DNeasy Blood and Tissue 

Kit (Qiagen). 

SNP array genotyping 

 Approximately 0.4 µg of DNA from all 180 Standard Poodles was submitted to 

Neogen/GeneSeek (Lincoln, NE) for processing and genotyping using the 174K Canine HD 
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BeadChip array (Illumina). Genotyping and variant calling were carried out using 

GenomeStudio (Illumina) per manufacturer recommendations. 

Genotype imputation 

 Using a reference panel comprising ~4.9 million high-quality SNPs derived from 

whole genome sequencing of 83 dogs across 15 breeds (including 20 Standard Poodles, see 

below), we imputed the genotypes of all dogs evaluated on the SNP array. Target panel pre-

phasing was performed using SHAPEIT 2.2 (Delaneau et al. 2012) and imputation was 

performed using IMPUTE2 2.3.2 (Marchini et al. 2007; Howie et al. 2009). Complete details 

regarding reference and target panel development and imputation methodology are described 

elsewhere (Friedenberg and Meurs 2016). 

Genome-wide association study 

 SNP array-derived genotypes and samples were filtered to exclude those dogs and 

SNPs meeting the following criteria: per-sample call rate < 0.9, inferred gender inconsistency 

based upon chromosome X heterozygosity < 0.05 for known males, per-SNP call rate < 0.9, 

minor allele frequency < 0.05, Hardy-Weinberg equilibrium p-value < 1 × 10-7 for control 

samples, or Mendelian genotype inconsistency based upon available pedigree data. Principal 

components were then calculated, and sample outliers > 1.5× IQR based upon distance from 

the median centroid were removed using multi-dimensional scaling. The remaining SNPs and 

samples were used to calculate a kinship matrix based upon IBS distance and a GWAS was 

performed with EMMAX (Kang et al. 2010) using the kinship matrix as a random effect to 

correct for cryptic population structure. A threshold of P = 5 × 10-7 was used to determine 
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significance. All calculations were performed using Golden Helix SNP & Variation Suite 

8.44 (Golden Helix, Bozeman, MT). 

 GWAS was also performed on genotypes derived from SNP imputation. Imputed 

genotype calls were first filtered to include only those autosomal SNPs with an IMPUTE2 

Info parameter ≥ 0.7 in order to select those genotypes with the highest imputation accuracy. 

Identical filtering methods and GWAS methodology were used to evaluate the imputed 

genotype data. 

Whole-genome sequencing 

 Approximately 3 µg of DNA from 20 Standard Poodles (13 affected, 7 unaffected) 

was submitted for library preparation and whole genome sequencing at the University of 

North Carolina Chapel Hill High-Throughout Sequencing Facility. All sequencing 

experiments were designed as 125 bp paired-end reads and samples were run on either 1 or 2 

lanes of an Illumina HiSeq 2500 high-throughput sequencing system. 

 Variant calling from WGS data was performed using a standardized bioinformatics 

pipeline for all samples as described previously (Friedenberg and Meurs 2016). Briefly, 

sequence reads were trimmed using Trimmomatic 0.32 (Bolger et al. 2014) to a minimum 

phred-scaled base quality score of 30 at the start and end of each read with a minimum read 

length of 70 bp, and aligned to the canFam3 reference sequence (Lindblad-Toh et al. 2005) 

using BWA 0.7.10 (Li and Durbin 2009). Aligned reads were prepared for analysis using 

Picard Tools 1.115 (http://broadinstitute.github.io/picard) and GATK 3.4 (McKenna et al. 

2010) following best practices for base quality score recalibration and indel realignment 

specified by the Broad Institute, Cambridge, MA (DePristo et al. 2011; Van der Auwera et al. 
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2013). Variant calls were made using GATK’s HaplotyeCaller walker, and variant quality 

score recalibration (VQSR) was performed using sites from dbSNP 139 and the Illumina 

174K CanineHD BeadChip as training resources. We applied a VQSR tranche sensitivity 

cutoff of 99.9% to SNPs and 99% to indels for use in downstream analyses; genotype calls 

with a phred-scaled quality score < 20 were flagged but not removed from the variant callset. 

Analysis of whole genome sequences 

 Analyses of whole genome sequences were based upon three broad hypotheses 

regarding the genetic architecture of disease (Singleton and Hardy 2011): (1) the common 

variant hypothesis that a major causative locus for AD arose once within the breed; (2) the 

rare variant hypothesis that there may be multiple major or minor loci responsible for AD; 

and (3) the fixed variant hypothesis that predisposing loci for AD are common across the 

breed and that external triggers (e.g., environmental influences) lead to the onset of disease 

(Figure 1). Specific analyses are detailed below. 

 Biallelic sites. Using GATK, WGS variants were filtered for biallelic SNPs and 

indels, followed by a second filter to include only sites variant (heterozygous or 

homozygous) in at least 11/13 of the affected dogs. We chose this filter to select variants that 

are common among affected dogs (assuming that a major locus contributing to AD arose 

only once in Standard Poodles, but accounting for some genotyping errors) and to allow for 

low disease penetrance in unaffected dogs. The effects of the filtered variants were evaluated 

using Variant Effect Predictor (VEP) 83 (McLaren et al. 2010) with the addition of Gene 

Ontology (Ashburner et al. 2000), GERP++ (Davydov et al. 2010), and Gene Expression 
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Atlas (Petryszak et al. 2016) plugins in order to maximize the amount of information 

available about each variant. 

 Using custom scripting in R, we aggregated data from GATK (e.g., variant sites, 

allele frequencies, per-sample genotypes) and VEP (e.g., variant consequences, gene 

ontology, conservation scores). We also integrated WGS-derived allele frequency data for 

each variant from the 63 non-Poodles contained in our imputation reference panel. Any 

variant that was relatively common among the 63 non-Poodles, using a MAF cutoff ≥ 0.1, 

was removed from further consideration given the low incidence of AD among these 14 

breeds (Hanson et al. 2015). 

 In order to prioritize the remaining variants, each polymorphism was scored in R 

using a three-point system to account for the VEP-derived variant consequence, the GERP++ 

conservation score, and the predicted biologic function; scoring algorithm details are shown 

in Figure 2 (top). Scoring criteria were chosen in order to maximize the likelihood of 

capturing variants with an explainable effect on gene function and/or a possible role in either 

adrenal gland or humoral immune system biology. 

 We initially focused on 3- and 2-point variants. We also examined 1-point variants in 

regions of the genome where Standard Poodles are under maximal artificial selective 

pressure as determined by the di statistic (Akey et al. 2010); these regions have been 

described elsewhere (Chapter 3). Further details regarding follow-up criteria for 3-, 2-, and 1-

point variants are shown in Figure 2 (bottom).   

 All variants flagged for follow-up were sequenced in a population of 6 additional 

dogs with AD including two Standard Poodles (not among those submitted for WGS), two 
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Portuguese Water Dogs, one Labradoodle, and one Goldendoodle. Affected dogs from these 

additional breeds were chosen because they are highly related to Standard Poodles (vonHoldt 

et al. 2010) and we assumed that they therefore might be likely to share AD-predisposing 

polymorphisms under the common variant hypothesis. For variants that were consistent 

across Standard Poodles and some related breeds, as well as 3-point variants that were 

common to affected Standard Poodles only, we sequenced the variant in an additional 36 

dogs across 12 breeds (3 dogs/breed) including: Labrador Retriever, Newfoundland, Norfolk 

Terrier, English Springer Spaniel, Boston Terrier, Cavalier King Charles Spaniel, 

Pomeranian, English Bulldog, Chihuahua, Pug, Miniature Poodle, and mixed-breed dog. 

DNA samples from these dogs were acquired as part of ongoing disease-related research in 

our laboratory. 

 For sequencing, custom primers were generated for each polymorphism using 

Primer3 (Untergasser et al. 2012), and PCR was performed under the following reaction 

conditions: 50 ng genomic DNA, 0.5 µM each primer, 1× AmpliTaq Gold 360 Master Mix 

(Life Technologies, Carlsbad, CA), 40 cycles, Tm 60 °C. PCR products were cleaned using 

ExoSAP-IT (Affymetrix, Santa Clara, CA) and sequenced by Sanger sequencing on an 

Applied Biosystems 3730xl DNA Analyzer (Carlsbad, CA) using standard reaction 

conditions. Analysis of the resulting sequence trace files was performed using Geneious 8.0.5 

(Biomatters Limited, Auckland, NZ). 

 Multiallelic sites. Multiallelic sites were analyzed using similar methods to the 

biallelic sites (e.g., selecting sites variant in at least 11/13 dogs, scoring variants using a 3-

point algorithm). However, polymorphisms were not filtered at a site level (chromosome 



 

83 

number and base-pair position) using a single MAF cutoff from the 63 non-Poodles in the 

imputation reference panel. Instead, we used custom scripting in R to compare the alternate 

alleles in Standard Poodles to the alternate alleles in the 63 non-Poodles at each polymorphic 

site. We selected those sites where no alternate alleles matched between Poodles and non-

Poodles, or where the MAF of a matching allele was ≤ 0.1 in the non-Poodles. This method 

allowed us to account for differences in individual alleles and allele frequencies between the 

two populations at the multiallelic sites. 

 Structural variants. Aligned Poodle BAM files were evaluated for structural variants 

including large deletions, large insertions, inversions, and tandem duplications using Pindel 

(Ye et al. 2009). Output files were converted to VCF format using Pindel2VCF (Ye et al. 

2009) and filtered to include polymorphic sites in a minimum of 11/13 affected dogs. Variant 

effects were evaluated using VEP as described above. Data was imported into R, and sites 

were filtered to include structural variants ≥ 10 bp in length in order to minimize overlap 

with previously called GATK variants. We then selected sites meeting criteria for both 

variant consequence and biological function (Figure 2, top), as GERP++ conservation scores 

are not calculated for large structural variants. These sites were visually inspected for 

differences between Poodles and non-Poodles using BAM and VCF files, as Pindel was not 

run on the non-Poodle samples. 

 We also evaluated aligned BAM files for copy number variants (CNVs) using 

cn.MOPS (Klambauer et al. 2012). Using custom scripting in R, we looped through each 

chromosome to obtain read counts from each BAM file and calculate integer copy numbers. 

We then reduced overlapping CNVs into contiguous ranges and counted CNV gains and 
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losses within each range for each dog using the GenomicRanges package (Lawrence et al. 

2013). Hits were totaled within each range by phenotype, and we selected those ranges in 

which affected Standard Poodles had at least 7 CNV gains or 7 CNV losses.b CNV ranges 

were plotted using ggplot2 (Wickham 2009) to visualize any consistent CNV gains or losses 

among at least 11/13 affected dogs. 

 Pedigree-based analysis. We considered the possibility that multiple variants 

contributing to AD arose at different points in the development of the Standard Poodle breed. 

To investigate this possibility, we explored variants from whole genome sequencing specific 

to a single family of Standard Poodles with a high prevalence of AD across four generations, 

assuming that a causative locus for AD might be specific to this family only. A pedigree for 

this family is shown in Figure 3. WGS was performed on four dogs (D00870, D00871, 

D00868, D00920) and SNP array genotyping and imputation was performed on 11 dogs (all 

except D00950 and D01239; dogs whose IDs begin with a “U” were either unavailable or too 

young to accurately phenotype). 

 Based upon inspection of the pedigree, we assumed an autosomal recessive 

inheritance pattern for at least one AD-predisposing variant within this family. Using GATK, 

we selected imputed sites in which genotype calls for dogs in this pedigree were as follows: 

homozygous variant for all affected dogs, heterozygous for D00136, D00873, D00920, and 

not homozygous variant for D00923. The resulting sites were analyzed using VEP and scored 

using our 3-point algorithm, but were not filtered against any non-Poodle variants. Those 

sites selected for follow-up were sequenced by Sanger sequencing in all 13 pedigree dogs 
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whose DNA was available in order to evaluate fit with an autosomal recessive pattern within 

the family. 

 di region variants. The di statistic is an FST-based metric of population differentiation, 

and has been used to determine regions of artificial selection within dog breeds (Akey et al. 

2010). We used this metric to define such regions in Standard Poodles in an effort to identify 

genes and pathways under selection that might contribute to the pathogenesis of AD (Chapter 

3). Our analysis revealed overrepresented pathways related to steroid hormone biosynthesis, 

protein ubiquitination/de-ubiquitination, and T cell β chain receptors that might be relevant to 

AD. 

 We used GATK and VEP to select variants within these di regions in 31 genes that 

are part of these three pathways (Supplemental Table 1). Using custom scripting in R, we 

filtered these variants to include sites meeting our variant consequence or GERP++ 

conservation score criteria (Figure 2, top), and with a MAF ≤ 0.05 in Standard Poodles and ≥ 

0.2 in non-Poodles. MAF filters were applied in order to select pathway-relevant variants 

within the di regions that are relatively fixed in Standard Poodles, but variable in non-

Poodles. We then sequenced the resulting variants (one variant per gene) in the previously 

described panel of 2 Standard Poodles, 2 Portuguese Water Dogs, 1 Labradoodle, and 1 

Goldendoodle to evaluate whether these variants were fixed across related breeds. Sanger 

sequencing was performed as described previously. 
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Results 

Samples 

 Among the 77 Standard Poodles with AD and 103 Standard Poodles without AD, 44 

(57%) affected dogs were female and 62 (60%) unaffected dogs were female. Blood 

chemistry results used for phenotyping are summarized in Table 1. A subset of 20 of these 

dogs were submitted for whole genome sequencing, including 13 affected dogs (6 females) 

and 7 unaffected dogs (4 females). 

 Several (N = 39) of the dogs included in our study were known to be related. These 

included one family of 16 dogs (1 affected) spanning 4 generations, one family of 13 dogs (6 

affected) spanning 4 generations (Figure 3), one family of 4 dogs (1 affected) spanning 2 

generations, one family of 3 dogs (2 affected) spanning 3 generations, and one family of 3 

dogs (1 affected) spanning 2 generations. All of these dogs were genotyped using the SNP 

array; 4 dogs (3 affected) from the family of 13 dogs and 3 dogs (1 affected) from the family 

of 16 dogs were among those submitted for whole genome sequencing. We removed related 

dogs in certain analyses (e.g., GWAS) but took advantage of known relationships in others 

(e.g., pedigree analysis). 

Genome-wide association study 

 After initial filtering, 175 samples and 137,714 SNPs remained. Four samples (2 

affected, 2 unaffected) had a call rate < 0.9 and 1 sample (affected) was flagged for gender 

inconsistency; among the 35,968 SNPs that were filtered, 32,620 had a MAF < 0.05, 3,496 

had a call rate < 0.9, 3,109 had Mendelian inconsistencies, and 391 had a HWE p-value < 1 × 
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10-7 for control samples. Principal components plots for the first and second eigenvalues 

using filtered SNPs and samples are shown in Supplemental Figure 1. Based upon MDS 

outlier analysis, 42 dogs (13 affected, 29 unaffected, including all dogs known to be related) 

were removed from downstream GWAS analysis (Supplemental Figure 1, Panel A). A case-

control GWAS based upon the remaining 133 samples (61 affected, 72 unaffected) showed 

no SNPs or loci meeting genome-wide significance for association with AD in Standard 

Poodles (Figure 4). A case-control GWAS using 2,641,537 SNPs derived from genotype 

imputation and the same 133 samples also failed to show any loci meeting genome-wide 

significance.  

Whole-genome sequencing 

 Average coverage for whole genome sequences ranged from 21-47×. After variant 

calling and filtering, 11,697,324 variants remained. Of these variants, 8,661,177 were 

biallelic SNPs, 2,468,209 were biallelic indels, 18,805 were multiallelic SNPs, and 463,350 

were multiallelic indels. 

Analysis of whole-genome sequences 

 Biallelic sites. We identified 2,531,187 biallelic sites (SNPs and indels) polymorphic 

in at least 11/13 Standard Poodles with AD. Of these variants, 64,745 had a MAF < 0.1 in 

non-Poodle dogs and 6,177 had a score of at least 1 point (Figure 5). The 19 variants with 3 

points were found in 6 genes: CCR7, NR1D1, RXRA, FLT3, HNRNPA1, and PTPN6. The 

402 variants with 2 points were found in 192 genes. After curating these variants, we selected 

polymorphisms in 26 of these genes for additional sequencing: SKAP1, MED1, CH25H, 
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ZNF385C, CD79B, PSMC1, NR2E1, SRD5A3, DLG1, GIMAP8, CCDC88C, CYP1A2, 

MED24, PSMD3, SEL1L3, UBASH3A, UNC119, RARG, LEXM, RIPK2, ITSN2, THRA, 

CCR7, WDR46, CD69, and PMAIP1. Among the 5,756 1-point variants, 923 variants in 183 

genes were located in the di regions; we selected polymorphisms in STAMBPL1, FOXO3, 

and FADS2 for follow-up sequencing based upon their known biological function. 

 We sequenced 37 variants in these 34 genes using a validation cohort of six dogs (two 

Standard Poodles, two PWDs, one Goldendoodle, one Labradoodle) with AD. None of these 

variants were consistently present across the validation cohort (Supplemental Table 2). 

Polymorphisms in PMAIP1, PSMC1, and STAMBPL1 were present in the Standard Poodles, 

Goldendoodle, and Labradoodle, but not the PWDs. Twenty variants were present in 

Standard Poodles only; four of these had three points using our scoring algorithm (in CCR7 

[2 variants], NR1D1, and RXRA). Fourteen variants were found sporadically across the 

validation cohort. We genotyped the seven variants in PMAIP1, PSMC1, STAMBPL1, 

CCR7, NR1D1, and RXRA in 36 additional non-Poodles (12 breeds), and found all of these 

variants to be relatively uncommon in these breeds. For the variants present in affected 

Standard Poodles, the Goldendoodle, and the Labradoodle, the downstream gene variant in 

PMAIP1 was present only in one Boston Terrier; the 3’-UTR variant in PSMC1 was present 

in one Cavalier King Charles Spaniel, one Pomeranian, and one Pug; and the 3’-UTR variant 

in STAMBPL1 was present only in one Miniature Poodle (Supplemental Table 2). For the 

variants common across affected Standard Poodles in our validation cohort, the 3’-UTR 

variants in CCR7 were present in one Pomeranian; the missense variant in NR1D1 was 
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present in one mixed-breed dog and one English Springer Spaniel; and the 3’-UTR variant in 

RXRA was present in one Chihuahua and one Pug (Supplemental Table 2). 

 Multiallelic sites. We identified 166,615 multiallelic sites (SNPs and indels) 

polymorphic in at least 11/13 Standard Poodles with AD. Of these variants, 1,917 met our 

site-level filtering criteria based upon the absence of common alleles between Poodle and 

non-Poodle dogs. After scoring these variants using VEP, one variant had 3 points, seven 

variants had 2 points, and 80 variants had 1 point. Among the 80 1-point variants, 14 were 

located in di regions. All of these multiallelic sites were located in repetitive regions of the 

genome where next-generation sequencing is challenging and genotype calls are often 

unreliable (Treangen and Salzberg 2012). Because of this, we visually inspected all of the 3- 

and 2-point variants, as well as the 1-point variants in the di regions, and determined that 

none of the multiallelic sites were strong candidates for follow-up Sanger sequencing in our 

validation cohort of non-Poodle dogs as there was no consistency or pattern among the 

genotypes of the affected dogs. 

 Structural variants. We identified 168,706 structural variants common to 11/13 

Standard Poodles using Pindel; 17,093 remained after removing those sites less than 10 bp in 

length (Supplemental Table 3). After further subsetting these polymorphisms to include those 

in biologically relevant genes and meeting our criteria for impact on gene function, 11 

deletions and 4 small insertions remained. We visually inspected these 15 variants and found 

that they had all been called by GATK as bialleleic or multiallelic sites, and were also 

common among our population of 63 non-Poodle dogs. Because of this, we determined that 



 

90 

none of these structural variants were candidates for follow-up Sanger sequencing in our 

validation cohort. 

 Using cn.MOPS, we identified 3,202 CNVs across the genome, with a median length 

of 6 Kb (range 3 Kb to 6.53 Mb) (Supplemental Table 4). The largest CNV represents the 

pseudo-autosomal region at the 5’ end of the X chromosome. Across the genome, 72 regions 

had at least 7 CNVs per region (Supplemental Figure 2, Supplemental Table 4). We plotted 

and inspected these 72 regions, however we did not identify any CNVs that were 

directionally consistent (e.g., gain or loss) in at least 11/13 affected dogs. 

 Pedigree-based analysis. We identified 4,539 variants (SNPs and indels) consistent 

with an autosomal recessive inheritance pattern using imputed genotypes in 11 related dogs 

described in Figure 3. Of these variants, one had a score of 3 points, seven variants in five 

genes had a score of 2 points, and 342 variants in 93 genes had a score of 1 point. After 

curating these variants, we selected two polymorphisms in TNIP3 and one polymorphism in 

IL4R, LAMP1, and PCSK5 for follow-up Sanger sequencing in the entire pedigree. 

However, none of these variants was entirely consistent with an autosomal recessive 

inheritance pattern when all 13 pedigree dogs were sequenced (Supplemental Table 5). 

 di region variants. Within the 31 di region genes described in Supplemental Table 1, 

we identified 612 polymorphisms that were relatively fixed in Standard Poodles but more 

variable among our population of non-Poodle dogs. Of these variants, zero had a score of 3, 

three had a score of 2, and 42 had a score of 1. The 45 variants with a score of 1 or 2 were 

located in 6 ubiquitin pathway-related genes, 2 steroid biosynthesis pathway-related genes, 

and 1 TCR β chain pathway-related gene. We sequenced one variant in each of these 9 genes 
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in our six-dog validation cohort (Supplemental Table 6) and found two that were fixed across 

the population: a C>T transition in the 3’ UTR of STARD3 and a T>C transition in intron 47 

of RNF213. The MAF of these variants in our population of 63 non-Poodle dogs was 0.4 and 

0.33, respectively, indicating that they are relatively common across these other breeds. 

 

Discussion 

 In this study, we used several methods in an attempt to identify genetic 

polymorphisms that cause or contribute to the development of Addison’s disease in Standard 

Poodles. Based upon our analysis, we were unable to pinpoint any specific causative variants. 

However, our findings suggest some possibilities regarding the genetic architecture of the 

disease, as well as important avenues for further investigation. 

 After sample filtering, our GWAS contained 61 affected and 72 unaffected dogs. All 

samples were stringently phenotyped for either the presence or absence of disease. Based 

upon prior case-control studies in dogs (Kyöstilä et al. 2012; Tengvall et al. 2013; Safra et al. 

2013; Jagannathan et al. 2013; Wolf et al. 2014; Drögemüller et al. 2014), as well as power 

analyses using the Illumina 174K HD SNP array (Lequarré et al. 2011), this sample size 

should have been able to detect a large-effect locus that distinguishes affected from 

unaffected dogs within the breed. Our findings, as well as the unpublished reports of othersa, 

suggests that such a locus is unlikely to exist and that additional strategies are required to 

explain the genetic underpinnings and high prevalence of the disease within Standard 

Poodles. 
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 One recent study examining the effects of genetic bottlenecks within the breed is 

consistent with our GWAS findings (Pedersen et al. 2015). By genotyping 33 highly 

discriminatory microsatellite markers in samples acquired across North America and Europe, 

the study authors determined that Standard Poodle dogs with AD tend to be highly inbred. 

Furthermore, based upon their analysis of internal relatedness and heterozygosity among 

these inbred dogs, the authors suggest that the loci responsible for AD may be fixed in a 

majority of both affected and unaffected Standard Poodles. This conclusion would support 

our inability to detect a single causative locus for AD in Standard Poodles using a GWAS of 

only 133 dogs. 

 Based upon our negative GWAS, we analyzed WGS from 13 affected and 7 

unaffected dogs using the methods summarized in Figure 1. Our primary focus was on the 

common variant hypothesis, in which we looked for disease-relevant polymorphisms, 

structural variants, and CNVs that were shared among most of the affected dogs. In these 

analyses, we ignored the unaffected dog population given our GWAS findings which failed 

to show any markers that distinguish these populations, as well as the hypothesis that 

autoimmune diseases may have strong environmental influences leading to incomplete 

disease penetrance (Bogdanos et al. 2013; Colafrancesco et al. 2013). 

 In analyzing our WGS data without the assistance of a statistically significant marker, 

however, we were limited to a priori assumptions regarding the pathogenesis of the disease. 

We searched for variants that could be relevant to either humoral immunity or the adrenal 

gland, coupled with an understanding of transcript structure based upon existing gene 

annotations and GERP++ conservation scores. While we identified some strong candidate 
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polymorphisms in this analysis (Supplemental Table 2), none of the variants we evaluated in 

a larger population of dogs were common across all related breeds in our validation cohort 

nor completely absent in a population of unrelated dog breeds. This might suggest that our 

prioritization of AD-predisposing variants is incorrect and that additional genotyping of 

lower-priority variants in a larger population of affected Standard Poodles and additional 

unrelated breeds is indicated. However, it could equally suggest that our analysis of WGS 

data was limited by our a priori (but unavoidable) assumptions regarding gene function. 

Indeed, many disease-causing mutations in dogs have been identified in genes that might at 

first glance seem to be unlikely candidates (Wiik et al. 2008; Meurs et al. 2010; Downs et al. 

2011), reinforcing the importance of successful association mapping in interpreting genome-

wide data. 

 We proceeded to analyze our WGS data by tracing polymorphisms through a 

pedigree of dogs with a high prevalence of AD (Figure 3). Here too, we identified strong 

candidate genes using imputed genotypes, however upon further sequencing none of these 

variants remained consistent with the autosomal recessive inheritance pattern suggested by 

the pedigree. We prioritized variants for follow-up sequencing using existing gene 

annotations, which again could explain our failure to identify an AD-predisposing locus 

within the family. Another possibility, however, might be that even within this pedigree, AD 

has a complex inheritance pattern that is not easily discernable given multi-locus effects or 

gene-gene interactions. 

 We also analyzed our WGS data to look for AD-predisposing variants in regions of 

the genome where Standard Poodles have been subjected to artificial selection (Chapter 3). 
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Within these regions, we focused on genes in pathways related to protein ubiquitination, T 

cell β-chain receptors, and adrenal hormone biosynthesis as strong candidate pathways 

related to AD. We identified two variants in the genes STARD3 and RNF213 that are 

relatively fixed in Standard Poodles but more common in non-Poodle breeds. These variants 

were also fixed within our validation cohort including two PWDs, one Labradoodle, and one 

Goldendoodle. 

 STARD3 in particular could represent a promising candidate gene for further study 

related to AD. It is part of a family of genes that controls the rate-limiting step in 

steroidogenesis (Christenson and Strauss 2001) and is highly expressed in the adrenal gland 

(Uhlén et al. 2015). RNF213, in contrast, encodes for a ubiquitin ligase gene that has been 

strongly associated with carotid artery stenosis (Moyamoya disease) in humans (Kamada et 

al. 2011), and might therefore represent a weaker candidate gene. We would suggest, 

however, that further analysis of the effects of these polymorphisms be preceded by 

additional genotyping in a significantly larger number of dogs from Poodle-related breeds or 

cross-breeds to confirm that the variants are truly fixed across these populations, especially 

because both of these variants are also present in our population of non-Poodle dogs. Sample 

collection efforts aimed at achieving this goal are presently underway. 

 Beyond the approaches we attempted here, there are several other reasonable gene-

mapping strategies that could help identify causative or predisposing variants for AD in 

Standard Poodles going forward. One important approach could be a cross-breed GWAS 

using a denser array of markers as described recently for several other complex diseases in 

dogs (Hayward et al. 2016). Such an approach could flag associations shared among dogs 
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with AD of different ancestries, but would require a significantly larger sample set (~500-

1,000 cases and controls). Alternatively, whole-genome sequencing of affected cross-breed 

dogs such as Labradoodles or Goldendoodles could help narrow the search for disease-

associated variants and minimize the extent to which WGS relies on existing gene 

annotations. Lastly, gene expression studies of affected adrenocortical tissue could be helpful 

as well, but these are likely to be limited by challenges associated with sample collection.  

 In summary, our analysis of AD in Standard Poodles did not identify a single, major 

locus associated with the disease. This finding suggests that AD may either be a complex 

trait or relatively fixed within the Standard Poodle breed. Further genotyping studies that rely 

on a larger population of dogs or employ a cross-breed approach could be helpful in 

identifying disease-associated loci and/or causative polymorphisms going forward. 
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Footnotes 

a One unpublished report stated that a genome-wide association study of 120 affected and 

120 unaffected Standard Poodles failed to identify any genetic differences between these two 

groups (The Broad Institute). 

 

b One dog could have multiple CNVs within each contiguous region, so 7 CNVs does not 

necessarily equate to 7 dogs. 
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Tables 

Table 1. Phenotyping of Standard Poodles. 

All dogs classified as unaffected with a baseline cortisol less than 2 µg/dL underwent an 

ACTH stimulation test in which the post-ACTH cortisol level was greater than 2 µg/dL. 

Baseline cortisol levels of the unaffected dogs are summarized in the pre-cosyntropin 

column. Ranges are shown in parenthesis. 

 
Phenotype Count Female 

gender 
Pre-
Cosyntropin 
Cortisol 
(µg/dL) 

Post-
Cosyntriopin 
Cortisol 
(µg/dL) 

Sodium 
(mmol/L) 

Potassium 
(mmol/L) 

Affected 77 44 0.54 (0-1.4) 0.57 (0-1.9) 136 (119-
146) 

6.4 (4.8-
9.0) 

Unaffected 103 62 4.2 (1.2-10) 15.6 (7.8-
25.6) 

n/a n/a 
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Figures 

 

Figure 1. Hypotheses used to define specific analyses of WGS data to determine 

causative genetic variants for Addison’s disease in Standard Poodle dogs. 
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Figure 2. Scoring algorithm and follow-up criterial used to evaluate genetic variants for 

Addison’s disease. 

Each variant was allocated one point for meeting criteria in each of three categories: variant 

consequence, GERP++ conservation score, or biological function (top). Scoring was carried 

out using custom scripting/filtering in R. A maximum of 3 points was allocated to each 

variant. After each variant was scored, specific follow-up criteria were applied by manual 

curation (bottom). Variants flagged for follow-up were evaluated in additional population of 

dogs as described in the Methods section of the text. See 

http://useast.ensembl.org/info/genome/variation/predicted_data.html#consequences for a 

complete listing of VEP variant consequences. 
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Figure 3. Pedigree drawing of one family of Standard Poodles with a high prevalence of 

Addison’s disease. 

Dogs shaded red are affected, dogs outlined in blue are unaffected, and dogs outlined in 

black were unavailable (died, not reachable, or too young to phenotype). 
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Figure 4. Summary of GWAS findings. Manhattan plot (A) and and QQ plot (B) of 

case-control genome-wide association test performed using 61 cases and 72 controls of 

Standard Poodles with and without Addison’s disease. 

No SNPs met the genome-wide threshold for significance of P = 5 × 10-7 (dashed red line, 

A). 
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Figure 5. Venn diagram of biallelic SNPs and indels derived from whole genome 

sequencing common to 11/13 Standard Poodles with Addison’s disease. 

Variants were scored as described in Figure 2, and subsequently filtered to remove common 

sites (MAF ≥ 0.1) among a population of 63 non-Poodles across 14 additional dog breeds. 
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EPILOGUE 

 So having reached the end of the dissertation, pushed the ball a bit up the hill, and 

allowed Sisyphus to rest slightly easier in his grave – the question left is this: What next? 

How do we actually arrive at an answer to the question we’d originally hoped to solve – a 

complete explanation for the genetic basis of Addison’s disease in Standard Poodles? 

 Like most things in science, there is no 100% certain path that will lead us to the 

answer, and the answer itself is more complex that we had originally hoped at the outset of 

this dissertation. The original thinking going into this was along the lines of – “clean 

phenotype, single breed, could be a slam dunk” – but my thinking three years down the road 

is just along the lines of “messy.” One could argue that a reasonable next step might be to re-

analyze the whole genome sequencing data. What if we should have been looking for 

variants in 10/13 affected dogs rather than 11/13? Or 9/13? Certainly this is a possibility 

given that the data is already there. Or incremental improvements on our 3-point scoring 

algorithm? Could this yield any insights that we might have missed? This might be another 

opportunity for improvement as well, especially as the annotation of the canine genome 

improves over time or improved methods of analyzing genomic variants become available. 

 However, a stronger approach might rely more heavily on further gene mapping 

efforts to help filter through the plethora of data generated from whole genome sequencing. 

In particular, a cross-breed approach seems promising. This could have two flavors: one 

including Standard Poodles plus related breeds such as Portuguese Water Dogs, 

Labradoodles, and Goldendoodles only. Another approach could be to include all breeds with 

Addison’s disease. Which approach is better really depends on how “ancestral” the causative 
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mutations are likely to be – the more ancestral, the more likely that a breed-agnostic 

approach would work well (and also make collecting the required numbers of samples [500-

1,000 cases/controls, per a recent study] much easier). Undoubtedly, sample collection would 

take time, but the beacon of statistical significance may very well be worth it. 

 Another strong approach could be to follow up on the work done here regarding 

regions of fixation in Standard Poodles. There are several “to dos” here that might be helpful: 

(1) improve the calling of the di peaks by adding additional breeds to our pipeline of dogs in 

order to more effectively define regions under selection in Standard Poodles (this work is 

underway); (2) perform whole genome sequencing in 5-10 Labradoodles and/or 

Goldendoodles and define di regions in those breeds; (3) look for overlap in the di peaks 

between Standard Poodles and related breeds. This should help dramatically in the search for 

candidate variants that are both under selection and common to all of these related breeds. 

 One important consideration regarding these fixed variants, however, is how to take 

them beyond the bioinformatics realm. If variants are fixed in a population of dogs, within-

breed case-control type statistics are unlikely to be helpful. One initial approach could be 

comparing the allele frequencies of these fixed variants to allele frequencies in populations of 

dogs that have a very low prevalence of Addison’s disease (e.g., Boxers). But ultimately 

these high priority variants will need to move to the benchtop – perhaps starting with a cell 

culture knockdown model, but ultimately fly and/or mouse models will likely be required. 

One important step (with plans underway) will be the development of a canine adrenocortical 

cell line, an accomplishment that should hopefully make going from “bioinformatics to 

benchtop” significantly easier. 
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 Beyond these initial next steps, the path toward a complete understanding of canine 

AD is likely to be long and have unexpected twists, but no doubt with significant learnings 

and scientific rewards along the way. 
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Appendix A: Supplemental tables and figures for chapter 2 

Tables 

Table S1. Distribution of SNPs by chromosome in the reference panel. 
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Table S2. Genotype concordance and Pearson correlation coefficients of the actual vs. 

imputed genotypes, with the average value shown for each dog using both Beagle and 

Impute2. Values were calculated a using reference panel of 82 dogs to impute WGS 

genotypes for one dog that was masked from the reference panel at a time. Genome-wide 

coverage from next-generation sequencing is also shown for comparison. 
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Table S3. Pearson correlation coefficients of genotype dosages showing the average, standard deviation, median, minimum, 

and maximum values for each chromosome using both Beagle and Impute2. Values were calculated a using reference panel 

of 82 dogs to impute WGS genotypes for one dog that was masked from the reference panel at a time; this process was 

repeated for 5 Standard Poodles and results across each chromosome are tabulated here. 
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Figures 

 
 

Figure S1. Scree plots of the actual (A) vs. the imputed (B) genotypes for all dogs in the 

target panel. 
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Figure S2. Principal components plots comparing the top four eigenvalues for the actual (left 

column) vs. imputed (right column) genotypes for all dogs in the target panel. (A) EV1 vs. 

EV2, (B) EV1 vs. EV3, (C) EV1 vs. EV4, (D) EV2 vs. EV3, (E) EV2 vs. EV4, (F) EV3 vs. 

EV4. 
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Figure S3. Genotype concordance by chromosome for imputed vs. actual genotypes in 

Boxers (A) and Great Danes (B) using either a breed-specific or the entire multi-breed 

reference panel. Boxes are demarcated by the first and third quartiles for each dataset, and 

whiskers represent 1.5 × IQR, with outliers represented as dots above or below the whiskers; 

lines within each box represent median values. The dotted line colored by reference panel 

represents the average genotype concordance for that reference panel. 
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Appendix B: Supplemental tables and figures for chapter 3 

Tables 

Table S1 
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Table S2 (continued) 

 



 

133 

Table S2 (continued) 
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Table S2 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 

 



 

153 

Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 
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Table S4 (continued) 

 



 

157 

Table S4 (continued) 
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Table S5 
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Figures 

Figure S1. LOESS-smoothed di values derived from whole-genome sequencing of 15 Standard Poodles compared to 7 other 

dog breeds. The dashed red line represents the 99th percentile cutoff value for di and the purple bars represent the 17 

consensus ROH regions in Standard Poodles > 1 Mb in length. 
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Table S1 
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Table S3 

 



 

166 

Table S4 
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Table S5 
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Table S6 
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Figures 

Figure S1. Principal components plots of the first and second eigenvalues for 175 Standard 

Poodles passing initial filtering criteria. Individual dogs are colored to indicate (A) MDS 

outliers, (B) phenotype, and (C) gender. In (A), gray squares represent the 42 dogs that were 

removed from downstream GWAS analysis based upon MDS outlier detection. 
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Figure S2. Copy number variants (CNVs) determined from whole genome sequencing of 13 

Standard Poodles with Addison’s disease and 7 Standard Poodles without Addison’s disease. 

Vertical lines represent CNVs in individual dogs, and are colored by phenotype. Purple 

horizontal lines at the top of the plot highlight regions of the genome with at least 7 

overlapping CNVs (gains or losses) in 13 affected dogs. 


