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ABSTRACT 

 

Aleutian disease (AD) has been a devastating disease in the mink industry, while our 

knowledge about the genetic background of American mink (Neovison vison) response 

against Aleutian mink disease virus (ADMV) is limited. This thesis aimed to identify 

candidate regions and genes involved in the response against AMDV. A total of 85 

American mink genotyped by whole genome sequencing (WGS) assay were grouped in 

three studies based on counter immunoelecterophoresis (CIEP), VP2 ELISA, and AMDV-

G ELISA tests records. Signatures of selection were identified using fixation index (FST), 

nucleotide diversity (θπ), and cross-population extended haplotype homozygosity (XP-

EHH) tests. A total of 342 candidate regions harboring 130 genes were detected. We 

identified genes related to immune response (e.g., RAB32), heart (e.g., CAP2), respiratory 

(e.g., RXFP1), reproduction (e.g., CFAP206), and nervous (e.g., CEP85L) system 

functions and development. Our findings highlight the molecular basis of the selection 

process against AMDV infection in American mink.  
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CHAPTER 1 INTRODUCTION 

1.1  INTRODUCTION 

American mink (Neovison vison) is one of the significant sources of Canada’s fur products 

(Statistics Canada, 2018a). Moreover, the Canadian mink industry contributed over 44 

million dollars to Canada's economy by producing 1,589,000 pelts in 2018 (Statistics 

Canada, 2018b). Two main mink farming areas in Canada are Nova Scotia and Ontario 

provinces, and based on Nova Scotia Mink Breeders Association’s report, mink pelt is one 

of the largest agricultural exports of Nova Scotia, and there are about 79 mink farms 

actively operating in the country (Statistics Canada, 2022). 

Canadian mink production has declined from 2014 to 2018 (Statistics Canada, 2018b); 

however, no information about production level is available after 2018 and during the 

COVID-19 pandemic. The global competition, increased production in other countries, 

decreased international demand, and economic losses due to Aleutian disease (AD) were 

the explanations for production reduction by 2018.  

Since 2020, the mink industry has been influenced by the COVID-19 pandemic (Oreshkova 

et al., 2020). Based on World Organization of Animal Health organization reports, 

COVID-19 has been detected in minks in multiple countries, including Netherlands, 

Denmark, Spain, Greece, Sweden, France, Lithuania, and the United States 

(https://www.oie.int/). In Canada, SARS-CoV-2 has been identified in two mink farms in 

British Columbia (https://news.gov.bc.ca/24483), and mink farming industry in British 

Columbia is under phasing out process (https://news.gov.bc.ca/25672). In contrast, while 

the SARS-CoV-2 virus has not been detected in Atlantic Canada mink farms so far, Nova 

Scotia government planned to boost the mink farming, through paying for COVID-19 

vaccines for minks. With the decreased global mink production due to the COVID-19 

pandemic, there might be a potential for Nova Scotian mink farmers to improve their 

production and compete with global pelt markets. However, attentions must be given to 

the factors impacting the mink industry in the province such as AD. 

Aleutian disease or mink plasmacytosis is a chronic persistent infection in domestic mink 

caused by Aleutian mink disease virus (AMDV) (Bloom et al., 1994a). The AD induces 

many issues in adult animals, including weight loss and lower fertility (Farid & Ferns, 

https://www.oie.int/
https://news.gov.bc.ca/24483
https://news.gov.bc.ca/25672


 

 

2 

 

2011; Reichert & Kostro, 2014a). In kits, depending on the AMDV virulence, the infection 

can result in a more than 90% mortality rate, particularly due to induced acute interstitial 

pneumonia (Alexandersen, 1986). Nearly 80 years after the first AD detection in the United 

States, it is still one of the major problems of the mink industry, but at the global level now 

(Gorham et al., 1965; Li et al., 2012; Themudo et al., 2011). Using a test-and-removal 

strategy, the most common approach applied in the affected countries, the eradication of 

AD, has not been feasible yet except for Iceland (Gunnarsson, 2001). However, even after 

twelve years of disease elimination in Iceland, reinfection from a wild animal happened in 

1996 (Gunnarsson, 2001). The large number of seropositive animals and outbreaks in mink 

producing countries such as Canada, United States, Denmark, China, Russia, and Finland 

suggested that these applied strategies lacked the potency of controlling this disease 

(Kashtanov & Salnikova, 2018; Li et al., 2012). 

Detection of AD is primarily based on detecting antiviral antibodies or viral antigens. The 

diagnostic tools can be classified into: a) specific immunoassays to detect anti-AMDV 

antibodies; e.g., counter immunoelectrophoresis (CIEP) test (Cho & Ingram, 1972); b) 

AMDV molecular detection tests; e.g., polymerase chain reaction (PCR) (Farid et al., 

2015); c) quantitative assessment of anti-AMDV antibody levels, e.g., AMDVG ELISA 

(enzyme-linked immunosorbent assay) and VP2 ELISA tests (Andersson & Wallgren, 

2013; Knuuttila, et al., 2009). The CIEP test is known as the gold standard of AD diagnosis 

due to its high specificity and reasonable sensitivity (Ma et al., 2016). However, nowadays, 

ELISA tests are the most common methods for routine screening of AD as they reduce test 

time, costs, and labor intensity, while maintaining high sensitivity and specificity 

(Knuuttila et al., 2014). 

Despite the attempts to develop an effective protective protein- or DNA-based vaccine, 

experiments have failed, and only partial protections have been achieved (Aasted et al., 

1998; Castelruiz et al., 2005; Liu et al., 2017). There have been few vaccine technologies 

used to generate effective AMDV vaccine, and other vaccine development strategies such 

as viral-vectored, virus-like particles and nanoparticle-based vaccines can be further 

applied (Markarian & Abrahamyan, 2021). Finding an effective treatment for AD has been 

a challenge as the virus’s main strategy is the animal’s immune response impairment (Best 

& Bloom, 2005; Farid et al., 2018). Given the difficulties in eradicating AD and the lack 
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of either effective vaccine or treatment, complementary control measures should be 

considered.  

One approach could be genomic selection of AMDV-tolerant animals, as applied for other 

livestock diseases such as bovine tuberculosis (Bermingham et al., 2014) or salmon 

infectious pancreatic necrosis (Houston et al., 2008). The susceptibility to a specific 

AMDV strain among individuals was characterized (Hadlow et al., 1984), showing the 

genetic variations in response to the virus among animals. Dissecting the genomic 

variations in animals’ genome using high-throughput sequencing technologies is one of the 

main steps toward developing genomic selection programs in the mink industry (Karimi et 

al., 2019). Genomic selection can improve the genetic gains for economically favorable 

traits, e.g. disease tolerance and immune response, through decreasing generation intervals 

and improvement selection accuracy (Meuwissen et al., 2016). 

Various strategies could be used to exploit the genetic variation of a trait of interest, 

including candidate-genes, pedigree-based, and genome-wide association studies, as well 

as signatures of selection analysis. The identification of genomic regions that have been 

under selective pressure as signatures of selection not only provides insight toward 

evolutionary processes affecting the structure of genetic variation within the population but 

can be used to screen the quantitative trait loci (QTL) and candidate genes for traits of 

interest. Finding the QTLs provides the opportunity for marker-assisted/genomic selection 

to improve the population at a fast and accurate pace (Goddard & Hayes, 2007). Recently, 

signatures of selection analysis for response to AMDV infection was conducted using 

genotyping by sequencing data to discover the single nucleotide polymorphisms (SNPs) 

underlying response to AMDV (Karimi, et al., 2021a). In contrast, whole genome 

sequencing (WGS) approach provides a broader coverage of the genome (Sellner et al., 

2007).  

To the best of our knowledge, signatures of selection analysis for AD using WGS data have 

not been conducted in the Canadian mink populations. Using of WGS data and AD 

detection tests records, we can identify DNA markers underlying the adaptive changes for 

response to AD in American mink. In this study, we used three different phenotypic records 

of CIEP, AMDVG ELISA, and VP2 ELISA tests to address genomic regions under 

selection pressure for responding to AD infection in American mink. The overlapped 
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genomic regions detected by all tests could more accurately show involved genomic 

regions in response to AD. 

1.2  OBJECTIVES 

The main goals of this study are: (a) signatures of selection, gene annotation, and gene 

ontology and functional analysis for AD infection based on the CIEP, AMDVG ELISA, 

and VP2 ELISA phenotypic data; and (b) finding the overlapping genomic regions and 

candidate genes among the three studies mentioned above.  
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CHAPTER 2 LITERATURE REVIEW 

2.1  INTRODUCTION 

Aleutian disease or mink plasmacytosis is a chronic persistent infection in American mink 

caused by AMDV, which belongs to the Carnivore amdoparvovirus 1 class within the 

genus Amdoparvovirus (Bloom et al., 1994; Canuti et al., 2015). AMDV capsid contains a 

4.8 kilobase pairs single-stranded DNA (ssDNA) coding two structural proteins, VP1 and 

VP2, and three nonstructural proteins, including NS1, NS2, and NS3 (Bloom et al., 1988; 

Li et al., 2012). VP2 is the major structural protein and the main immunogenic protein of 

the virus, involved in viral tropism, pathogenicity, and host selection (Clemens et al., 

1992). The life cycle of AMDV is briefly described in Figure 2.1.  

When adult mink macrophages are infected with AMDV, the virus interacts with cellular 

Fc receptor recognizing opsonized viral particles (Dworak et al., 1997; Kanno et al., 1993). 

In contrast, alveolar type II cells of the lungs are mostly infected by the virus in kits 

(Alexandersen et al., 1987). The attachment to the host receptor initiates clathrin-mediated 

endocytosis of the virion into the host cell (Parker & Parrish, 2000) (Figure 2.1a). 

Subsequent to virus-receptor interaction, AMDV is internalized into the cells by 

permeabilization of host endosomal membrane (Suikkanen et al., 2003) (Figure 2.1b). 

After several steps of intracellular trafficking in the endosome, parvoviruses are released 

from the endosome through a function of the PLA2 domain in VP1; however, AMDV lacks 

this motif, suggesting a different mechanism of endosomal release from other parvoviruses 

(Zádori et al., 2001) (Figure 2.1c). After entrance to the nucleus, the virion releases the 

ssDNA, which is converted to double stranded DNA (dsDNA) using cellular DNA 

polymerase (DNA Pol) and other DNA replication factors (Qiu et al., 2017) (Figure 2.1d). 

Transcription of dsDNA by RNA polymerase II (RNA pol II) gives rise to viral pre-

mRNAs when the host cell enters S phase (Oleksiewicz & Alexandersen, 1997) (Figure 

2.1e). Six different mRNA will be generated from a single pre-mRNA through alternative 

processing of pre-mRNA (Huang et al., 2014) (Figure 2.1f). AMDV probably uses rolling 

hairpin replication for DNA synthesis, similar to other parvoviruses (Berns, 1990). In this 

process, following synthesis of dsDNA by DNA Pol, NS1 initiates the strand displacement 

replication, including folding and unfolding of DNA molecule repeatedly rearranged into 
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intermediate replication form (Figure 2.1g). Eventually, VP1 binds DNA while folded into 

a secondary intermediate replication form, resulting in segregation and encapsidation of 

ssDNA into empty capsids (Cotmore & Tattersall, 1987; Willwand & Kaaden, 1990) 

(Figure 2.1h). NS1 is a cytotoxic protein that can induce apoptosis which is the hallmark 

of productive AMDV infection (Leimann et al., 2015; Moffatt et al., 1996) (Figure 2.1i). 

Apoptosis releases the matured virion and cell antigens inside the infected cells (Figure 

2.1j). As noted, steps a, b, d, and g are partially hypothetical (Qiu et al., 2017). 

Nearly 80 years after the first observation of AD in the US mink farms, the disease is still 

one of the significant problems of the mink industry, but now at the global level 

(Kowalczyk et al., 2019; Tong et al., 2020; Virtanen et al., 2019). Using a test-and-removal 

strategy, the most common approach applied in AD-affected countries, eradication of AD 

from mink ranches has not been feasible except in Iceland. However, in 1996, after twelve 

years of disease elimination, re-infection occurred in Iceland (Gunnarsson, 2001). A large 

number of seropositive animals and outbreaks in mink-producing countries such as 

Canada, Denmark, China, Russia, and Finland suggested that the applied strategies to 

control AD lack the potency of harnessing the disease (Kashtanov & Salnikova, 2018; 

Knuuttila, et al., 2009; Li et al., 2012).  

Several experimental attempts to develop effective protective protein- or DNA-based 

vaccines have failed, and only partial protections have been achieved (Aasted et al., 1998; 

Castelruiz et al., 2005; Liu et al., 2017). Furthermore, no efficient practical treatment has 

been found for this disease. Given the difficulties in eradicating AD and the lack of either 

vaccine or therapy, an additional or complementary control strategy should be considered. 

One approach could be to utilize the host genetic variation in response to AD, particularly 

tolerant animals; for example similar strategy applied for other livestock diseases such as 

bovine tuberculosis (Raphaka et al., 2018) or salmon infectious pancreatic necrosis (Bishop 

& Woolliams, 2014). Interestingly, different susceptibility to a specific AMDV strain 

among individuals has been characterized (Kashtanov & Salnikova, 2018); proposing 

possible genetic variations among these animals in response to the virus and subsequently 

the potentials for employing genomic tools to identify and select less susceptible animals 

in mink breeding programs. 
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This chapter review the history of AD outbreaks, AMDV pathogenesis, and host-virus-

environment interaction. We also provide information on how tolerant mink could be 

selected to improve AD immune response using available serological and molecular 

diagnostic tests. Besides, the potentials of molecular tools for identifying genetic factors 

and QTLs in AD tolerance will be discussed. We also discuss different signatures of 

selection methods and their applications in the mink breeding. Finally, key challenges and 

future research opportunities for incorporating genomic selection in mink breeding 

programs aiming to enhance the genetic merit of AD tolerance are described. 

2.2  EPIDEMIOLOGIC AND ECONOMIC INVESTIGATION OF OUTBREAKS 

Aleutian disease was first described in the farmed American mink in the US; however, the 

primary source of the virus by which the disease was spread among farmed animals is still 

unknown (Hartsough & Gorham, 1956). The majority of initial studies on AD including 

the discovery of disease, virus isolation, classification of virus as a parvovirus, and 

complete genome sequencing were performed in the US, where the first outbreaks of AD 

occurred in the 1940s (Bloom et al., 1988; Karstad & Pridham, 1962; Porter et al., 1977). 

Figures 2.2 and 2.3 show the timeline of AD outbreaks and the latest status of the disease 

seroprevalence among farmed mink worldwide. The chronological growth in the number 

of Aleutian disease outbreaks and in the count of involved countries could be due to the 

development of intensive mink breeding programs in different countries, the transport of 

farmed animals among nations, the pathogen exchange among farmed mink and feral 

animals, as well as an improvement in the diagnostic tools. 

2.2.1  North America 

The first detection of AD in Canada dates back to the late 1950s (Karstad & Pridham, 

1962). Canada is the country in which the etiology of AD as a viral infection was firstly 

uncovered (Karstad & Pridham, 1962). Several outbreaks of AD have been reported from 

the 1960s and 1990s in Canada and US, centered in Ontario, Washington, and Oregon (Cho 

& Greenfield, 1978; Dodds & Schultz, 1998, 1998; Jackson et al., 1996; Karstad & 

Pridham, 1962). Following the 2000s, despite regular annual AD tests performed on the 
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Canadian mink populations, estimated at 1.6-1.7 million animals, Atlantic Canada has 

experienced several outbreaks, e.g., Nova Scotia in 1999-2002, 2012, 2013, and 

Newfoundland in 2007 (Canuti et al., 2016; Farid et al., 2012; Farid & Hussain, 2020; 

Newman & Reed, 2006). In a national survey conducted in Canada in 2006 to estimate the 

AD prevalence in mink herds, among 5% seropositive ranches, 60% and 27% belonged to 

two provinces, Nova Scotia and Ontario, respectively (Newman & Reed, 2006). In the case 

of Nova Scotia, the high concentration of mink ranches and wild mammals harboring the 

AMDV suggested as the elements that made viral eradication challenging to the present 

(Farid et al., 2010, 2012). 

2.2.2  Europe 

By 2000, AD was reported in several European countries, including Czechoslovakia, 

Iceland, Spain, and the Netherlands, in addition to several AD outbreaks that happened in 

Denmark (Chriel, 1998; Chriél, 2000; Gunnarsson, 2001; Haagsma, 1980; Joergensen & 

Henriksen, 1989; Jørgensen & Bøtner, 1983; Konrád & Nevole, 1971; S. Larsen et al., 

1984). In 2003, the first report of AD in Russia demonstrated the expansion of virus scope 

to Eastern Europe (Kashtanov & Salnikova, 2018). Following the 21st century, among 

European countries, AD outbreaks have been frequently reported in Denmark, Spain, 

Portugal, and France (Hjulsager et al., 2016; Østergaard & Jensen, 2012; Prieto et al., 2020; 

Ryt-Hansen, et al., 2017). Although, the decay in the percentage of AD seropositive in 

Denmark mink farms, from 100% in 1976 to 15% in 2009, and 5% in 2011, points out the 

success of implemented strategies in this country (Aasted et al., 1998; Ryt-Hansen et al., 

2017; Themudo et al., 2011, 2012). In Denmark, special measures have been put in place, 

and a perimeter (eradication zone) was established around the infected regions, then 

movement of animals outside of the eradication zones was restricted by legislation 

(Themudo et al., 2011). In another approach, test-and-removal of animals plus stamping-

out and closure of infected farms decreased the seroprevalence of AD in Spain from 100% 

in 1980 to 25% in 2019 (Prieto et al., 2020).  
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2.2.3  China, New Zealand, and Argentina 

High seroprevalence of AD, up to 70%, mainly in eastern and northern China, was reported 

by 2000 (Gong et al., 2020). The increase in seroprevalence of disease among Chinese 

mink ranches from 48% (before 2010) to 61.4% (after 2010) and the disease epidemy of 

2009 to 2011 among mink farms demonstrated the infection growth over time and 

challenges in the control of AD in this country (Gong et al., 2020; Sang et al., 2012). 

Moreover, an outbreak was detected in New Zealand farmed ferrets’ samples from the 

1980s. Among ranches with clinical signs of AD, 78% were seropositive. Although no 

structured surveys for AD in New Zealand ferrets have been conducted, passive laboratory 

surveillance suggested that infection is likely to be common (Gill et al., 1988). In contrast, 

in Argentina, autopsies of adult mink submitted from 1986 to 1991 showed that AD was 

the most important cause of death and economic loss in their mink industry (Martino et al., 

1991). 

2.3  PATHOGENESIS AND CELL TROPISM 

Subsequent to infection with AMDV, the disease manifests differently depending on the 

strain and dose of the virus and the host genotype and age (Canuti et al., 2015; Farid & 

Hussain, 2020). Moreover, the virus possesses different pathology and cell-tropism in 

fetuses, kits, and adults (Best & Bloom, 2005). Transplacental transmission of AMDV 

occurs from both persistently and acutely infected dams, resulting in abortion, absorption 

of the fetus, or embryonic death. The virus can permissively replicate in various fetal 

tissues, including liver, spleen, connective tissue of the skin, interstitial connective tissue, 

heart muscle, thymus, bone marrow, lung, brain, and placenta (Best & Bloom, 2005).  

The acute form of AD with fatal respiratory distress and fulminant interstitial pneumonia 

mainly occurs in kits which is due to permissive and cytopathic replication of the virus in 

the lung type II pneumocytes and subsequent impaired surfactant production 

(Alexandersen, 1986; Bloom et al., 1994). The pathogenesis of AMDV in kits lung tissue 

is briefly depicted in Figure 2.4, primarily based on the data gathered by Alexandersen et 

al. studies (Alexandersen, 1986; Alexandersen et al., 1987; Alexandersen & Bloom, 1987; 

Alexandersen et al., 1989; Alexandersene al., 1994). Pathologic changes of early stages 
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(blue boxes) consist of (1.4a) collapsed pulmonary alveoli, (1.4b) interstitial edema, (1.4c) 

hyperplasia of type II pneumocytes, (1.4d) intranuclear inclusion bodies in type II 

pneumocytes, and (1.4e) decreased surfactant production. In the later stages (red boxes) 

includes (1.4f) fibrin and cellular debris deposition, (1.4g) accumulation of desquamated 

type II pneumocytes, (1.4h) hyaline membrane formation, (1.4i) overpopulation of alveolar 

macrophages, and (1.4j) diffuse thickening of interalveolar septa. Surviving kits also have 

hypertrophy of bronchus-associated lymphoid tissue and focal subpleural, intraalveolar 

accumulations of large cells with foamy cytoplasm, so-called lipid pneumonia 

(Alexandersen, et al., 1994). 

In adults, a persistent chronic infection caused by the virus results in progressive wasting 

syndrome (Eklund et al., 1968; Hadlow et al., 1984). It has been suggested that the viral-

induced cell cycle arrest makes the infected cells poor targets for cytotoxic T lymphocytes 

(CTLs), which promotes the intracellular persistence of AMDV (Oleksiewicz & 

Alexandersen, 1997). In this form of AD, the virus noncytopathicly replicates in lymphoid 

tissue, specifically macrophages and B cells; however, the replication of the virus is 

restricted with cytotoxic T cells (Alexandersen et al., 1988; Jensen et al., 2000; Kanno et 

al., 1992). The humoral immune response plays a pivotal role in the pathogenesis of the 

virus in adults, as a severe polyclonal hypergammaglobulinemia or plasmacytosis, with 𝛾-

globulin constituting up to half of the total serum proteins, is the hallmark of the 

progressive form of AD (Bloom et al., 1994). The continuing increases in serum 

immunoglobulin (Ig) in AMDV-infected mink results from a specific antiviral response 

and an autoimmune response (Aasted et al., 1984). A large portion of autoimmune antibody 

is due to anti-DNA antibody which is more strongly associated with gamma globulin levels 

than antiviral antibody (Hahn & Hahn, 1983). IgG is the principal immunoglobulin that is 

increased; although, a transient but significant increase in serum IgM levels can be detected 

in the early stages of infection (Porter et al., 1984).  

The antiviral antibody can be neutral, protective, or fatal based on the host’s age. Antiviral 

antibody plays neither protective nor pathogenic role in fetuses (Best & Bloom, 2005). In 

contrast, in kits, the development of severe acute disease is associated with low or absent 

antibody titers paired with high levels of permissive viral replication (Alexandersen et al., 

1989). However, the passive transmission of anti-AMDV antibodies (IgM) can restrict viral 
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replication and transcription, reduces both mortality and severity, and protects kits during 

the period in which these animals are susceptible to acute disease (Alexandersen et al., 

1989). Antibodies against AMDV enhance the entry of the virus into adult mink’s 

macrophages, which is mediated by cellular Fc receptors (FcR), through antibody-

dependent enhancement (ADE) process (Dworak et al., 1997; Kanno et al., 1993). 

Antibodies against the VP2:428-446 residue mediates the ADE and aggregation of virus 

particles into immune complexes (Bloom et al., 2001).  

Figure 2.5 provides a comprehensive view of the interaction of AMDV and host immune 

system in an adult mink with progressive AD. There is a strong linkage between viral 

replication (Figure 2.5i) and hypergammaglobulinemia (Figure 2.5ii) since the antiviral 

antibodies cannot eliminate the virus and, reversely, promote the viral entrance to the host 

cells and boost viral replication (Kanno et al., 1993). In contrast, the more the virus 

replicates, the more antibody would be produced against it. Various mechanisms have been 

suggested for AMDV induced hypergammaglobulinemia. Antibodies enhance the entry of 

the virus into adult mink’s macrophages which is known as ADE process (Figure 2.5a) 

(Kanno et al., 1993). This defective cycle of the immune enhancement, in which binding 

of the virus to the non-neutralizing antibodies enhances its entry into macrophage cells, 

multiplies the final consequence of viral entrance and replication, in this case, antibody 

production (Kanno et al., 1992). The ligation of FcR (Figure 2.5b) resulted in the 

production of interleukin (IL)-10, which provokes antibody production and suppression of 

interferon signaling pathway induced by CTL responses, two restriction essential elements 

of virus persistence and replication (Best & Bloom, 2005). Another explanation is the 

impaired down-regulation of the germinal center reaction by tingible body macrophages 

(Figure 2.5c), resulting in unrestricted expansion of B cell populations and antibody 

production (Jensen et al., 2000). The upregulation of cytokines of IL-4, mainly in CTLs, 

and IL-6 in infected macrophages stimulate differentiation of B cells into plasma cells, 

enhance antibody production, and facilitates the virus replication (Figure 2.5d) (Jensen et 

al., 2003). Upregulation of IL-4 and IL-6 are consistent with the development of 

plasmacytosis (Jensen et al., 2003). The AMDV genome also includes three copies of a 

sequence identical to the consensus sequence for an IL-6- responsive enhancer element, 

which may exacerbate plasmacytosis (Figure 2.5e) (Donkor, 2008). The mononuclear 
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phagocytic system blockade and the consequence of impaired phagocytosis in infected 

mink may be responsible for the pathogenicity of the virus to some extent (Figure 2.5f) 

(Lodmell et al., 1990). The produced antiviral antibodies account for the majority of the 

AD clinical manifestation. Since anti-AMDV antibody could bind to the virus but cannot 

effectively neutralize it, the virus-antibody complexes may deposit in the blood vessels and 

renal glomeruli, leading to arteritis and glomerulonephritis (Figure 2.5iii) (Cheema et al., 

1972). 

2.3.1  Virus strains and mink genotypes 

Regarding the virulence, AMDVs can be divided into three groups: (i) highly pathogenic 

strains, including AMDV-Utah 1, -TR, -United, and -K; (ii) nonpathogenic strain of 

AMDV-G; (iii) other isolates of AMDV exhibiting intermediate pathogenicity (Bloom et 

al., 1998; Gottschalck et al., 1994). Highly virulent isolates can cause severe disease in 

adult and newborn animals, with mortality rates approaching 100% in Aleutian and non-

Aleutian genotypes‒mink of the Aleutian genotype, from which AD derives its name, are 

in Aleutian color (Alexandersen et al., 1994; Oie et al., 1996). In contrast, AMDV-G does 

not induce AD in adult mink and has lesser pathogenicity for kits (Alexandersen et al., 

1994; Bloom et al., 1980, 1990). Pathogenic strains replicate faster, develop earlier 

symptoms, and induce more severe pathologic lesions than more minor pathogenic strains 

that might result from a higher level of antibody production (Aasted et al., 1984; Oie et al., 

1996; Stevenson et al., 2001). The VP2 hypervariable coding region and valine residue at 

codon 352 in the VP2 capsid protein has been suggested as determinants of the virus 

pathogenicity (Oie et al., 1996; Stevenson et al., 2001).  

Aleutian mink are susceptible to almost all AMDV strains, except for nonpathogenic 

AMDV-G strain. In contrast, non-Aleutian mink are variably susceptible to the infection, 

which can be mainly categorized in two general patterns: (i) typical progressive disease 

with hyperglobulinemia and histopathologic lesions; (ii) persistent non-progressive 

infection with slight increases of gamma globulin without lesions (Best & Bloom, 2005). 

There is inconsistency in the presence of another type of response known as “non-

persistent, non-progressive infection with the clearance of the virus”. Old works of 

literature reported this type of immune response in non-Aleutian mink infected by Pastel 
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and Pullman viral strains (Hadlow et al., 1984; Larsen & Porter, 1975), while no recent 

evidence for viral clearance exists. Moreover, Jensen et al. (2014) demonstrated in chronic 

infection of Sapphire mink with a field strain of AMDV, all animals remained seropositive 

throughout the 24 weeks of the study, and no viral clearance identified.  

The persistent non-progressive infection can be generated as a result of (i) higher T helper 

type 1 activity leading to higher production of IFN-producing cells and development of 

high specific cytotoxic T-lymphocyte; (ii) antibody response to the correct antigen or 

antigens of the virus, (iii) restricted viral replication and antibody production at low levels 

in response to the sequestered virus, and (iv) the absence of cross-reactive antigens from 

other proteins which may cause persistent antibody production (Best & Bloom, 2005; 

Jensen et al., 2003). Therefore, animals with well coordination between cellular and 

humoral immune responses are more likely develop less severe hypergammaglobulinemia. 

This disparity implicates different host factors as the primary source of variation in the 

kinetics of antibody production and provides the opportunity to select the well-coordinated 

immune response. 

Studies on different color types of mink showed various responses against AMDV. In a 

study performed by Hadlow et al. (1983) higher rate of mortality post-inoculation was 

detected in sapphire than pastel mink. Moreover, sapphire mink showed higher levels of 

antibody production post-inoculation than pastel genotype (Bloom et al., 1975). Another 

study by Lodmell et al. (1973) demonstrated that sapphire mink are more susceptible than 

pastel to the  Pullman isolate of AMDV since the number of antibody-forming cells and 

hemolysin titers were more markedly depressed in sapphire than in pastel. Regarding the 

fact that most of the studies on the differences in response to AMDV among different mink 

colors performed in the 1970s and 1980s, further investigations on the differences in 

response to AMDV among different mink genotypes could be helpful in mink breeding 

programs. 

2.3.2  Viral dose 

Low doses of the virus cause variable responses among mink, while high doses generally 

can overwhelm the host innate immune defense in almost all animals and result in infection 

(Farid & Hussain, 2020; Hadlow et al., 1983). Differences in viremia and antibody 
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production among individuals can mostly be identified in infections with low doses of the 

virus, which naturally occurs in mink farms (Farid & Hussain, 2020). Interestingly, this 

might enhance the chance of selection for AD tolerance in practice. When the host gets 

exposed to high doses of the virus, a higher probability of the incidence of viremia and 

hypergammaglobulinemia is expected (Farid & Hussain, 2020). 

2.4  CLINICAL MANIFESTATION OF ALEUTIAN DISEASE AND ITS IMPACTS ON ANIMAL’S 

PERFORMANCE 

The majority of clinical signs develop within eight weeks after infection (Jensen et al., 

2015). In kits, an infection with highly virulent strains results in an incidence and mortality 

of more than 90% (Alexandersen, 1986). In contrast, low virulent strains cause a 50-70% 

incidence rate and 30-50% mortality (Alexandersen, 1986). The kits’ respiratory distress 

syndrome is the most frequent reason for death post AD infection (Best & Bloom, 2005). 

However, those kits who survived the acute infection will develop typical lesions of the 

classical adult form of AD, regardless of the virus strain (Alexandersen, 1986). Instead, the 

disease in adults is characterized by weight loss, anorexia, lethargy, roughened coat, hair 

depigmentation, pale mucous membranes, coma, and death (Eklund et al., 1968; Farid & 

Hussain, 2020; Hadlow et al., 1984). Aleutian disease progression can affect the 

reproductive performance of female mink; this means among mink with high levels of anti-

VP2 antibody before mating, the risk of infertility is much more considerable than those 

with low antibody levels (Andersson et al., 2017). If the infection occurs before the mating, 

although the female already has high antibody titers, the virus can cross the 

endotheliochorial placental barrier and increases the incidence of abortion and resorbed 

fetuses (Broll & Alexandersen, 1996). Moreover, smaller litter size, lower litter weight, 

and increased neonatal mortality are expected (Andersson et al., 2017a; Reichert & Kostro, 

2014). The disease also depresses pelt market value through developing white hair known 

as sprinklers (Farid & Ferns, 2011). Therefore, selection for female mink with disease 

tolerance not only help to decrease the risk of having barren females and early kit mortality 

but also can improve litter size, litter weight, and pelt quality.  
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2.5  DIAGNOSIS AND DISEASE PROGRESSION ESTIMATION 

Diagnosis of AD is primarily based on the detection of antiviral antibody or viral antigens. 

The diagnostic tools can be classified into (i) non-specific and specific immunoassays, (ii) 

AMDV molecular detection tests, and (iii) quantitative assessment of total gamma globulin 

or anti-AMDV antibody levels. During the late 1960s and early 1970s, several non-specific 

assays, including serum electrophoresis (Henson et al., 1961), iodine agglutination test or 

IAT (Henson et al., 1962), and glutaraldehyde test (Sandholm & Kangas, 1973) were 

developed to evaluate the levels of serum globulin. Regardless of the source of infection, 

these tests would achieve positive results when high levels of serum globulin are detected, 

representing their low specificity. However, the contemporary AMDV eradication 

strategies are inspired by the application of IAT in the early 1960s. During that time, mink 

with high globulin levels (gamma globulin > 2 grams/10 ml of serum or albumin-to-

globulin ratio > 1) were detected as positive animals and were culled (Farid et al., 2018; 

Gorham et al., 1965).  

2.5.1  Non-specific and specific immunoassays 

In 1972, a CIEP test to detect either AMDV antigen or anti-AMDV antibody was 

established as a rapid, sensitive serologic method (Cho & Ingram, 1972). Principally, the 

test is based on the visual detection of precipitin lines resulting from the immune complex 

formation on an agarose gel after electrophoresis. By the availability of the in vitro grown 

antigen of AMDV-G in the 1980s, the assay carried out with viral antigen extracted from 

tissues such as spleen, liver, and kidney of infected animals (Aasted & Cohn, 1982). The 

CIEP assay has been widely used for the routine diagnosis of AD and for eradication 

programs in Canada and Denmark. Subsequent to CIEP, several immunoelectrophoretic 

assays have been developed to increase the sensitivity and specificity, including modified 

counterelectrophoresis (Crawford et al., 1977), inhibition of precipitation in counter-

current electrophoresis (Aasted & Cohn, 1982), rocket line immunoelectrophoresis 

(Alexandersen & Hau, 1985), counter-current line absorption immunoelectrophoresis 

(CCLAIE) (Aasted et al., 1986), thin‐layer CCLAIE (TL‐CCLAIE) (Alexandersen et al., 

1985), and additive counterimmunoelectrophoresis (Uttenthal, 1992). However, none of 
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the CIEP-improved assays could replace it due to their high costs, time-consuming, or 

laborious processes. The CIEP test is known as the gold standard of AD diagnosis due to 

its high specificity and reasonable sensitivity, although the test is not suitable for high-

throughput screening due to the time-consuming process and dependency on large 

quantities of antigen (Ma et al., 2016). Moreover, CIEP is not recommended for eradication 

programs as seropositive animals may remain in the herd as a result of its relatively low 

sensitivity which subsequently could result in an uncontrollable spread of the disease. 

Additionally, the results of CIEP are subjective, i.e., reading of the test demands 

experience, which leads to higher false-positive/false-negative outcomes (Ma et al., 2016). 

These reasons for the incompetence of CIEP may explain Canada and Denmark AD 

eradication programs failure. However, low biosecurity level (Compo et al., 2017; Prieto 

et al., 2018; Themudo et al., 2012), interchange of virus between wild and farmed animals 

(Gunnarsson, 2001; Oie et al., 1996), and persistence of the virus in the environment 

(Larsen, 2013; Prieto et al., 2014) were proposed as other causal elements of the failures.  

Nowadays, ELISA test is the most common method for routine screening of AD. However, 

the first developed ELISAs using AMDV-G antigen were not promising and showed very 

low sensitivity than CIEP (Andersson & Wallgren, 2013). With the availability of 

recombinant VP2 protein, the opportunity to develop more sensitive ELISA tests was 

provided (Clemens et al., 1992). Table 2.1 shows the specificity and sensitivity among 

different serologic methods. The first ELISA method to detect anti-VP2 antibody was 

developed by Knuuttila et al. (2009b). The test was further improved to an automated high-

throughput ELISA system using blood samples collected by filter paper strips, which 

facilitated blood sampling and reduced test time, costs, and labor intensity, despite 

maintaining high sensitivity and specificity (Knuuttila et al., 2014). Another automated 

ELISA method using AMDV-G antigen was also designed to screen Danish mink farms 

that showed high sensitivity and specificity (Dam-Tuxen et al., 2014). Furthermore, in 

China, two ELISA systems based on VP2332-452 and P1 peptide have been described, both 

with specificity and sensitivity of more than 97% (Chen et al., 2016; Ma et al., 2016). 
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2.5.2  Molecular detection 

The CIEP test cannot detect low levels of antibodies during the early stages of infection. 

In contrast, polymerase chain reaction (PCR) can accurately identify the virus in blood and 

lymphoid organs during the initial stages of infection (Farid et al., 2015). Moreover, the 

sensitivity of CIEP at 20 days post-infection is considerably lower than PCR (Farid & 

Hussain, 2020). Although a single PCR test may not be sufficient to detect AMDV 

accurately and multiple tests are needed to increase the chance of detection (Farid, 2013; 

Farid & Ferns, 2017). The type of sample is a vital factor in molecular detection of AMDV, 

as short-lived viremia in chronically infected animals leads to inaccuracies when blood 

samples are used (Farid & Hussain, 2019, 2020). Other samples such as saliva, stool, and 

urine are not suitable to detect infection due to their low sensitivity, the difficulty of sample 

collection, and the risk of contamination (Farid et al., 2015; Farid & Hussain, 2020; Jensen 

et al., 2014).  

2.5.3  Quantitative analysis of total antibody or anti-AMDV antibody levels 

With the failure of eradication strategies, more attention was given to building up AD 

tolerant herds through selection. Similar strategies have been applied to produce resistant 

lines of chickens to Marek’s disease and avian leukosis (Bacon et al., 2000). Most field 

strains have low pathogenicity leading to a sufficient number of animals with tolerant 

phenotype, which provides the selection opportunity (Henson et al., 1976). Therefore, 

detection of the virus or antiviral antibody is not practical, sensitive, and specific to 

determine tolerant animals (Hadlow et al., 1983). Hence, monitoring the disease 

progression by estimating the level of hypergammaglobulinemia or anti-AMDV antibody 

during the disease is inevitable in selecting for AD tolerance in the mink industry.  

Quantitative tests can be classified into two groups: (i) measuring serum gamma globulin 

levels and (ii) measuring anti-AMDV antibody levels. The first group tests are non-

specific, which means that any factor increasing the animal’s total antibody can confound 

the results. The IAT, the most common among the first group tests, has been used in some 

regions of North America and Europe to select tolerant mink. However, the failure of the 

IAT-based selection strategies could be connected with its low specificity and inability to 
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detect low gamma globulin levels in non-progressive form of AD (Farid et al., 2018). 

Another measurement classified in the first group is the albumin to globulin ratios (A:γG) 

using conventional electrophoresis of serum proteins and matrix-assisted laser 

desorption/ionization-time-of-flight (MALDI-TOF) (Cepica et al., 2012; Henson et al., 

1966). Similarly, A:γG ratio is also non-specific, laborious, time-consuming, expensive, 

and unsuitable for high throughput testing.  

Currently, it is feasible to estimate the anti-AMDV antibody levels quantitative ELISA 

systems, although most of them are primarily designed for screening, not ranking the 

animals (Farid & Rupasinghe, 2016). Quantitative ELISA tests of AD can be classified 

based on the antigen utilized to detect antibody levels: (i) AMDV-G ELISA; and (ii) VP2 

ELISA. However, one study showed that measurements using VP2 antigen have higher 

accuracies than AMDV-G antigen (Farid & Rupasinghe, 2016). Moreover, between VP2 

ELISA and high-throughput automated VP2 ELISA, the latter has been found a promising 

tool for estimation of AD progression (Andersson et al., 2015). Therefore, infected mink 

with low antiviral antibody levels could be of interest to select for AD tolerance (Andersson 

et al., 2016). Figure 2.6 provides the details of the ability of described tests in two different 

types of breeding strategies against AD. 

2.6  CONTROL STRATEGIES FOR ALEUTIAN DISEASE 

Aleutian disease control is important both economically and from the aspect of animal 

welfare. Among the countries that applied eradication strategies, elimination of AD was 

only achieved in Iceland for twelve years (1984-1996) using intensive CIEP testing, 

elimination of reactors, disinfection, and repopulation of farms (Gunnarsson, 2001). Due 

to the failure of the eradication strategies in other regions such as Canada (Nova Scotia) 

due to the dense mink breeding and the transmission of the virus between farm and wild 

animals, in combination with the absence of an effective treatment or completely protective 

vaccine, the significance of biosecurity, control of biologic vectors, and genomic selection 

is doubled. However, special attention must be paid to the role of wild animals, such as 

wild mink, weasels, skunks, raccoons, and otters, in the persistence of the virus, as long as 

breaking the biosecurity barriers and transition of infection from wild to farmed animals 

can occur. Our knowledge of the AD tolerance heritability, its genetic correlation with 
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other traits, particularly with the tolerance of other diseases in the mink industry, and its 

genetic architecture is limited. These types of information could help adopt a proper genetic 

or genomic strategy to select AD tolerant individuals.  

2.7  QTL MAPPING 

To date, thousands of QTLs for a wide range of traits of livestock species, such as 192,925 

QTLs for cattle, 35,384 for pigs, 4,207 for sheep, have been deposited in Animal QTLdb 

Database (https://www.animalgenome.org/cgi-bin/QTLdb/index). Various strategies could 

be used for identifying the QTLs of the trait of interest, including candidate-genes and 

genome-wide association studies (GWASs). GWAS are now considered as a routine 

procedure for QTL detection in diverse panels of agricultural species as they allow to 

identify the tight linkage between marker and QTL (Hayes & Goddard, 2010). These 

studies, in combination with single-disease or immunocompetence (overall immune 

responsiveness) phenotypic data and various sources of genetic information such as 

genome sequence, genotypes, and structural variations, could be employed to identify 

QTLs underlying these traits (Emam et al., 2019).  

Association studies using candidate genes have been widely used to study complex 

diseases. However, the disadvantage of this method are non-replicating results and its 

limits to include all possible causative genes and polymorphisms (Tabor et al., 2002). In 

terms of AD, a candidate genes association study suggested that toll-like receptor (TLR)2, 

TLR4, and TLR7 genes might contribute to AD tolerance (Desai, 2016). TLR2 and TLR4 

are cell-surface pathogen recognition receptors, while TLR7 is intracellular. Cell surface 

TLRs mainly recognize microbial membrane components such as lipids, lipoproteins, and 

proteins, whereas intracellular ones recognize nucleic acids derived from bacteria and 

viruses or self-nucleic acids in disease conditions such as autoimmunity (Kawasaki & 

Kawai, 2014). Therefore, it is probable that in the AD-tolerant individuals, mutations in 

TLR2, TLR4, and TLR7 genes lead to the receptor’s tolerance or some structural 

differences, which eventually subdue the AD chronic inflammation.  

In contrast, GWAS is a powerful tool to identify genetic markers or genomic regions 

associated with traits based on population-wide linkage disequilibrium (LD) (Dekkers, 

2012). The effect of an individual QTL on complex quantitative traits are likely to be 

https://www.animalgenome.org/cgi-bin/QTLdb/index
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minor, and a large number of QTL are necessary to explain genetic variation in these traits; 

therefore, genome-wide association studies would be a suitable approach in livestock and 

humans to address multiple genomic regions underlying the trait of interest (Hayes & 

Goddard, 2010). The main advantages of QTL mapping using GWAS in livestock are 

addressed by Goddard et al. (2016). First, GWAS can improve genomic selection strategies 

by exploiting the genetic architecture of the quantitative trait of interest. Regarding the 

distribution of SNP effects across the genome, different statistical models, such as genomic 

best linear unbiased prediction (GBLUP), ridge regression, or Bayesian methods, could be 

applied in genomic selection to achieve a higher accuracy (Meuwissen et al., 2016). 

Second, GWAS can increase our biological knowledge about trait expression. The function 

of genes identified in GWAS can be used to validate hypotheses about trait synthesis 

(Schmid & Bennewitz, 2017). This ability is of interest for novel traits that might be 

included in the selection programs, e.g., greenhouse gas emission in ruminants or feed 

efficiency (Schmid & Bennewitz, 2017). GWAS has been only applied to American mink 

population in Denmark to determine the QTLs underlying body size and pelt length (Cai 

et al., 2018). However, the genome-wide genetic architecture of AD response has not been 

investigated using GWAS since genomic data of American mink with proper sample size 

and appropriate recorded phenotypes have not been available.  

2.7.1  Signatures of selection 

The presence of genetic diversity is highly important for evolution and breeding since it 

provides the substrate for natural and artificial selection. This genomic variation is 

provided by multiple mechanisms, among which the ultimate source is mutations. 

American mink genomic mutation rate is still unknown; however, in mammalian genome, 

mutations occur rarely (2.2 × 10−9 per base pair per year), and most of them are neutral, or 

they might be removed from the gene pool by “negative selection.” However, in some 

cases, the newly created variant is favored by a “positive selection” event. In this case, as 

first described by Darwin and Wallace in 1858, the carriers of these positively selected 

variants will survive and reproduce more and tend to become more frequent in populations 

over time (Darwin & Wallace, 1858). Therefore, the beneficial alleles and linked variants 

are expected to be present in high frequencies over time. During ancient times, the natural 
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and artificial selection processes caused modifications in genomic regions controlling the 

particular livestock breeds features such as morphology, body conformation, production, 

performance, reproduction, behavior, adaptation to different environments, and resistance 

to diseases. 

The specific pattern or footprint left behind in the genome associated with the natural or 

artificial selection process is called “selection signatures” (Nielsen, 2005). The physical 

extent of such signatures, up and downstream of the functional variant, is a consequence 

of the so-called “selective sweep or hitchhiking effect” (Qanbari & Simianer, 2014). The 

characteristics of these genomic regions are: (a) the allele frequency is shifted towards 

extreme (high or low), (b) there is an excess of homozygous genotypes, (c) extended 

haplotypes exist with high frequency, and (d) local population differentiation is extreme 

(Ma et al., 2015). Some of these footprints of selection reflect the “historical or old 

selection” during domestication. In contrast, some represent selection within the past few 

generations for economically-important traits referred to as “contemporary or recent 

selection” (Decker et al., 2014). Multiple analytical methods have been introduced to 

identify recent and old positive selection signals on a genome-wide scale using genotypic 

data, which are mainly classified into two groups of intra-population and inter-population 

statistics. These signatures of selection statistics can be applied to (a) map QTLs for traits 

under known selection, (b) identify signatures of selection at known QTL for a trait under 

selection, and (c) search for domestication, improvement, or adaptation genes (Walsh, 

2021). Here, we discuss the inter-population signatures of selection statistics in more detail. 

2.7.1.1 Inter-population signatures of selection statistics 

Inter-population signatures of selection statistics are divided into single-site population 

differentiation and haplotype-based differentiation methods. Single-site population 

differentiation methods include θπ ratios (Nei & Li, 1979), fixation index  (FST) (Wright, 

1949) and FLK (Bonhomme et al., 2010). The nucleotide diversity test is used to compare 

the average nucleotide differences in each site between DNA sequences of two populations 

(Nei & Li, 1979). Nei & Li (1979) introduced the nucleotide diversity, known as θπ, which 

is defined as the average number of different nucleotides in each site between two DNA 

sequences in all possible pairs in the sample population. In each subpopulation, the θπ  is 
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calculated per SNP, and then θπ ratios are computed by dividing the θπ of subpopulations 

per marker. This statistic can be applied to a large number of SNPs across the genome 

using VCFtools software (Danecek et al., 2011). Since the selective sweep acts on the 

favored allele and their close variants, to gain higher accuracy, it is better to average θπ 

ratios along the definite genomic length referred to as genomic windows (Qanbari & 

Simianer, 2014). θπ ratios have been successfully applied to livestock species such as cattle 

(Mei et al., 2019), horses (Liu et al., 2019), pigs (Li et al., 2013), and chickens (Li et al., 

2021) to address genomic regions under selection pressure. 

FST measures allele frequency differences between populations which means that this 

statistic can identify loci that are differentially fixed in different subpopulations (Wright, 

1949). FST value can range from 0 (no differentiation) to 1 (the fixed difference between 

populations). Highly different allele frequency between the pairwise populations at any 

given locus indicated by higher FST values close to 1, called as positive selection. In 

contrast, low FST values suggest negative selection (Zhao et al., 2015). Wright’s FST 

assumed infinite population sizes, and therefore, it may lead to the overestimation of FST 

when small sample sizes are used (Willing et al., 2012). Moreover, Bhatia et al. (2013) 

revealed that Nei’s FST is consistently overestimated, and the degree of its overestimation 

depends on the magnitude of the FST values. Disregarding Wright’s original description 

of FST, FST has been conceptually defined in different ways (Hudson et al., 1992; Nei, 

1973; Weir & Cockerham, 1984a; Wright, 1949). In contrast, most published estimates of 

FST are produced using the Weir and Cockerham’s with >19000 citations (Weir and 

Cockerham 1984). This statistic can be applied to large number of SNPs across the genome 

using VCFtools software (Danecek et al., 2011). Qanbari and Simianer (2014) Suggested 

that estimating FST values for genomic windows containing a definite number of SNPs or 

in a particular genomic length is more efficient than analyzing each SNP separately because 

locus FST values are highly variable. Moreover, selective sweeps will cause a series of 

SNPs, not only one, to display a high FST value (Qanbari & Simianer, 2014). FST method 

has been widely used for detecting the impact of selection on the genome of domesticated 

species such as dogs (Boyko et al., 2010; Wang et al., 2014), cattle (Qanbari et al., 2011; 

Ramey et al., 2013), horses (Al Abri et al., 2018; Gurgul et al., 2019), and pigs (Wang et 

al., 2018; Yang et al., 2014). 
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FLK is an extension of the original LK statistic introduced by Lewontin and Krakauer 

(1973), compares observed and expected variances of FST values from data and variance 

ratio test under neutrality. FLK incorporates a hierarchical population structure using the 

population’s kinship (F) matrix, which represents the phylogenetic relationships among 

populations (Bonhomme et al., 2010). FLK test accounts for population structure and 

differences in the effective population size (Ne) by modeling the genetic divergence 

between populations due to drift and population division (Bertolini et al., 2018). FLK test 

was exclusively used in signatures of selection studies of domesticated animals, e.g., cattle 

(Rajawat et al., 2022; Wang et al., 2021) and sheep (Fariello et al., 2014; Rochus et al., 

2018). 

Haplotype-based differentiation methods include two approaches of cross-population 

extended haplotype homozygosity (XP-EHH) (Sabeti et al., 2007) and haplotype-based 

extension of the FLK statistic referred to as hapFLK (Fariello et al., 2013). The XP-EHH 

was first applied in human studies (Sabeti et al., 2007) and then applied to livestock animals 

(Liu et al., 2022; Xia et al., 2021). This test measures the reduction in haplotype diversity 

by computing the probability that two extended haplotypes around a given locus are the 

same, and given that they have the same allele at the locus (Sabeti et al., 2007). Therefore, 

first, integrated haplotype homozygosity (iHH) values are calculated for each population 

A and B separately through integrating the extended haplotype homozygosity (EHH) of 

the entire sample in each population. Then, the iHH profiles between two populations at 

the same SNP are compared (Sabeti et al., 2007). A simulation study conducted by Sabeti 

et al. (2007) showed that this method has almost twice as much statistical power to detect 

complete selective sweeps than intra-population tests of integrated Haplotype Score (iHS) 

and Long Range Haplotype (LRH) (Sabeti et al., 2007). 

Fariello et al. (2013) highlighted that none of the inter-population haplotype differentiation 

tests accounts for the possibility of hierarchically structured populations. They proposed 

the hapFLK method, a haplotype-based extension of the FLK, accounting for varying 

effective population sizes. The estimation of the F matrix is similar to the FLK method; 

however, instead of computing from allele frequencies, this matrix is constructed from 

haplotype frequencies (Fariello et al., 2013). Similar to FLK, the hierarchical population 

structure is accounted for by applying pairwise Reynolds’ genetic distances between 
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populations (Reynolds et al., 1983). In both FLK and hapFLK tests, the Reynolds’ 

distances between populations are calculated for each SNP and then averaged over the 

genome and converted into the Kinship matrix (Bonhomme et al., 2010; Fariello et al., 

2013). 

2.7.1.2 Signatures of selection studies in American mink 

A recent genome-wide selection signatures analysis on Canadian mink response to AMDV 

was performed using FST, θπ ratios, and hapFLK methods (Karimi, et al., 2021a). In their 

study, phenotypic records of CIEP test, PCR test, kidney lesions, virus clearance, and 

viremia along with genotype by sequencing (GBS) data from 225 animals inoculated with 

AMDV in vitro were applied to find genomic regions and candidate genes involved in 

black coloured American mink response against AMDV. candidate genes of SRSF5, 

SLC10A1, and RNF165 were detected to be confidentially under selection for antibody 

level (Karimi, et al., 2021a). SRSF5 is one of the primary regulators of human 

immunodeficiency virus type 1 (HIV-1) mRNA splicing process (Caputi et al., 2004), and 

SLC10A1 encodes Sodium taurocholate co-transporting polypeptide, which is a receptor 

for hepatitis B and D virus in human (Yan et al., 2012). Consequently, these genes might 

be involved in regulation of AMDV replication, or they may act as a receptor for viral 

entrance. Moreover, RNF165 gene involved in CD4+ T cell maturation might cooperate 

with T helper cell regulation and the development of high specific cytotoxic T-lymphocyte 

resulting in effective limitation of AMDV replication (Martino et al., 2012). The findings 

of signatures of selection studies also may provide a foundation for research into the 

genetic mechanism of AD tolerance and provide information for genomic selection for this 

trait in mink industry. 

2.7.2  Genomic selection 

Genome-wide SNPs data, commonly used as the primary source of genomic information, 

provides a great opportunity for estimation of more accurate genomic breeding values 

(GEBV) for individuals compared to traditional approaches (Meuwissen et al., 2016). In 

this approach known as genomic selection, once each SNP effect is found by combining 

animals’ genotype with the estimated breeding values (EBVs), GEBVs are calculated for 
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the selected candidates (Georges et al., 2019). Genomic selection has been found as the 

superior methodology of genetic evaluation in livestock breeding programs, especially for 

disease-linked traits since pedigree recording does not necessarily require, which has been 

essential to the traditional best linear unbiased prediction (BLUP) method; therefore, in 

selection for disease tolerance, superior animals can be determined without exposure to the 

infectious agent (Hayes et al., 2013). Quantitative traits with low-to-moderate heritability, 

such as disease tolerance, are largely affected by environmental effects; therefore, accurate 

prediction of them is very challenging. However, genomic selection has been found more 

effective for these traits since it uses genomic markers information to predict the GEBVs 

in the testing population (Hayes et al., 2013). Using genomic selection, accurate estimates 

of genetic merit can be achieved through exploiting the genotype of the animal in the 

earliest stages of animals’ life without phenotypic information of the disease (Hayes et al., 

2013). Other benefits of genomic selection include increasing rates of genetic gain, 

minimizing inbreeding, and limiting negating potential effects of genotype by environment 

interactions (Hayes et al., 2013). Figure 2.7 schematically depicts the application of 

genomic selection to build tolerant mink herds. 

Several quantitative approaches to investigate the immune response variations among 

individuals and classification of animals based on their immune response have been 

proposed. In the immunocompetence approach, animals are ranked based on the antibody 

and cellular immune responses against non-pathogenic antigens, e.g., vaccines (Hine et al., 

2019; Wagter-Lesperance & Mallard, 2007). In this method, it is possible to classify the 

animals as high, average, or low responders based on their EBVs or GEBVs (Mallard et 

al., 2015). It has been claimed that high responders have the inborn ability to mount 

balanced and effective immune responses compared with average or low responders 

(Mallard et al., 2015). In most infectious diseases, the high immune responders are 

preferably selected for immune traits in breeding programs (Detilleux et al., 1995; 

Thompson-Crispi et al., 2013). However, in the case of AD, exposed mink with higher 

cellular and humoral immune response coordination against the virus are preferred, which 

are characterized by lower anti-AMDV antibody levels in traditional phenotypic selection, 

or more precisely, by lower GEBVs in genomic selection. Therefore, it is feasible to 

classify animals based on GEBVs estimated for anti-AMDV antibody levels into well-
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coordinated immune responders, average immune responders, and non-coordinated 

immune responders (Figure 2.7).  

Selection signatures studies are helpful to assess livestock genetic resources to determine 

the genes responsible for variation in an economically important trait (Cesarani et al., 

2018). These studies provide a tool to detect the beneficial mutations that carry a selective 

advantage in a particular population. Identifying selection signatures is helpful for a deeper 

understanding of population origin and genetic processes influencing phenotypic 

differentiation among populations. It also provides a better insight into the progress of 

artificial selection and allows further genetic improvement in the livestock populations 

(Gurgul et al., 2018). Understanding how natural or artificial selection acts on a particular 

population may help us formulate more effective breeding plans to improve economically 

important traits in those animals, such as AD tolerance in the mink industry.  

The immunocompetence approach provides an opportunity to select animals tolerant to 

different pathogens; although, differences in their pathogenicity may restrict its power to 

select animals for tolerance to multiple pathogens. With the recent discovery of SARS‐

CoV‐2‐infected mink farms in different countries, such as Denmark, the Netherland, Italy, 

Greece, Spain, and USA, breeders may favor an immunocompetence approach to build 

multi-infectious disease-tolerant herds (Hammer et al., 2020; Koopmans, 2021; Opriessnig 

& Huang, 2020; Oreshkova et al., 2020). Hence, more studies are necessary to investigate 

the genetic correlations of the preferred immune response traits against various pathogens. 

Defining the relevant phenotypes as AD tolerance and susceptibility seems to be the main 

challenge of discovering the genetic footprints of AD in the single-disease strategy. 

Tolerant mink to AD can cope with the presence of the virus by maintaining their 

production while experiencing slight hypergammaglobulinemia post-infection. However, 

a single measure of AMDV antibodies titer may not be accurate in identifying the tolerant 

animals due to the differences in time of the infection establishment (Andersson et al., 

2016). Tolerant and susceptible animals could be found in populations using multiple 

ELISA tests, preferably VP2-based ones. However, the CIEP test alone is not specific for 

distinguishing the susceptible from tolerant. 
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2.7.3  Challenges and potentials for the implication of genomic selection for Aleutian 

mink disease tolerance 

The first question that would arise is if AD resistant animals exist, and in case of their 

presence, is selection for AD resistance preferred over its tolerance. There is insufficient 

evidence of existing AD-resistant animals − those that can clear the virus through an 

effective immune response. In these animals, the host-pathogen interactions lead to co-

evolution of antagonistic traits in host and virus, i.e., if a host is selected for resistance to 

a virus, the microorganism will evolve a method to subvert the resistance. Consequently, 

selection for AD-resistant mink might be in concert with a simultaneous selection pressure 

for escaping from resistance mechanisms in the virus. This co-evolutionary relationship 

prevents a resistant trait from becoming fixed within a host population (Schneider & Ayres, 

2008). Considering the fact that parvoviruses such as AMDV has high mutation rate as 

RNA viruses, 10-6 to 10-4 substitutions per nucleotide site per cell infection (Sanjuán et al., 

2010), the evolution process of the virus may occur after few hosts generations; eventually, 

leads to the failure of breeding programs for AD resistance. 

In contrast, tolerance has a neutral or possibly positive effect on the pathogen because 

tolerant animals live longer by alleviating infection severity, thereby enhance the 

prevalence of the disease and potentially alter its spread. Conversely, a tolerance trait will 

eventually become fixed in a host population because it will be positively selected. 

Mechanisms that increase tolerance are not predicted to result in the evolution of highly 

resistant pathogens (Schneider & Ayres, 2008). Moreover, selection for tolerance may 

create a cross-protection against different virus strains or other infectious agents (Ayres & 

Schneider, 2012). Hence, selection for AD tolerance is more advantageous and persistent; 

although it should be taken into account that this selection will maintain the virus in mink 

farms, and attempts should be taken to enforce the biosecurity measures to prevent 

transmission of the virus between captive and wild animals. 

To discover the QTLs of AD tolerance, it is crucial that any investigation of the genetic 

regulation of these traits needs a large sample size (Emam et al., 2019). However, a smaller 

sample size with more controlled environmental effects can be achieved through 

experimental exposure of the infectious agent, especially for animals in mink size. 
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Moreover, case-control studies following natural infection are a feasible approach to study 

the genetic control of health traits of livestock animals during past decades (Bishop et al., 

2012). The precise definition of the phenotype and correctly assignment of the samples to 

each phenotypic class (tolerant and susceptible) is the most critical point of the case-control 

studies. Although the less fatal the disease, the more experimental noise comes from the 

incorrect classifications, such a condition exists in the chronic form of AD in adult mink 

that may results in missing QTLs with small effects or rare alleles.  

An additional challenge could be the lower heritability of disease tolerance traits than 

immune response traits; consequently, the genetic gain will be slower (Emam et al., 2019; 

Xu et al., 2017). In contrast, Bishop and Woolliams’s theory (Bishop & Woolliams, 2010) 

propose that traits describing components of immune responses to infection, e.g., antibody 

production, are often highly heritable. The heritability of antibody response against AMDV 

using the two ELISA platforms of AMDVG and VP2 were previously reported as 

0.39±0.06 and 0.61±0.07  (Hu et al., 2021); therefore ELISA tests, particularly VP2 

ELISA, have the potential to be an indicator for genetic and genomic selection of AD 

tolerant mink. 

Negative genetic correlations of tolerance to other pathogens or significant production or 

reproduction traits could be challenging in breeding programs. It is necessary to define 

breeding program goals by considering the production and reproduction traits of interest 

and epidemiologic data on common pathogens of that location. Therefore, in applying a 

single-disease approach to build AD-tolerant mink farms, genetic correlations with 

immune response traits to other local diseases, production and reproductive traits, and the 

availability of accurate AD tests to exploit tolerant animals should be taken into account in 

establishing breeding goals. High negative correlation (-0.85±0.33) was estimated between 

CIEP and mink pelt size (Hu et al., 2020). Indeed, the positive impacts of AD tolerance 

selection on production traits may guarantee the genomic improvement programs for AD 

tolerance. Although, by the appearance of emerging infectious diseases such as COVID-

19 in mink farms (Enserink, 2020), overall immune responsiveness to increase resistance 

against various infectious diseases may become more logical.  

The quality of response against infectious agents in newborns is mainly under the effect of 

maternal antibodies. However, it is still unknown if AD-tolerant dams can reproduce more 
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tolerant kits through trans-placental antibody transfer and colostrum. No information exists 

regarding the effects of its selection on the quality of immune response to other infectious 

agents and vaccines. Moreover, the cost-effectiveness of genomic selection for AD 

tolerance in mink should be evaluated as it is not well-known to what extent genomic 

selection can help reduce AD seroprevalence in mink populations. Generally, the more we 

know about the host-pathogen-environment interactions of AD, the more accurate genomic 

selection program can be devised; therefore, control programs could achieve better results.  

2.8  CONCLUSION 

Aleutian mink disease is a serious infectious disease with devastating consequences on the 

mink industry. Pieces of evidence suggest that genetic improvement of AD tolerance is 

feasible and may help to harness the infection in epidemic areas to some extent. Choosing 

the best AD progression monitoring tool could be the most challenging part of dissecting 

genetic elements of AD tolerance. Therefore, the accuracy of phenotypic records should 

be evaluated before applying them in genomic selection programs. However, the 

development of new ELISA systems with high sensitivity and specificity and high 

thourghput genomic data provides the opportunity to address genomic regions underlying 

the traits of interest precisely. Deciphering the genetic architecture of AD tolerance as a 

complementary of AD control programs could provide: (i) a better understanding of the 

virus pathogenesis that may help in devising an effective vaccine or treatment; (ii) 

necessary information for genomic selection to build up tolerant mink herds in an accurate 

manner; (iii) a platform for controlling not only AD in mink breeding countries but for 

other infectious diseases in the mink industry. 
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Figure 2.1 AMDV infection of mink cells (viral life cycle). The virus life cycle includes 

attachment (a), internalization (b), intracellular trafficking (c), replication (d), 

transcription (e and f), translation (g), encapsidation (h), apoptosis (i), and release (j). 

The figure was created using BioRender software (https://biorender.com/).  
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Figure 2.2 Timeline of Aleutian disease outbreaks worldwide. The figure was created using 

BioRender software (https://biorender.com/). 

 

 

 

 

 

 

 

 

 

https://biorender.com/


 

 

32 

 

 

Figure 2.3 Geographical distribution of Aleutian disease seroprevalence in farmed mink. The 

figure was created using BioRender software (https://biorender.com/). 
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Figure 2.4 Acute interstitial pneumonia caused by Aleutian mink disease virus in mink kits. The 

figure was created using BioRender software (https://biorender.com/). 

https://biorender.com/
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Figure 2.5 The Aleutian mink disease virus (AMDV) and mink immune system interactions in the 

progressive form of disease. The figure was created using BioRender software 

(https://biorender.com/). 
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Figure 2.6 Application of different Aleutian disease serological assays regarding the applied 

strategy. The red boxes show the desired result of the tests in each approach. Values 

mentioned in sections (a) and (b) are based on Cepica et al. (2012) and Andersson et 

al. (2016) studies, respectively. The figure was created using BioRender software 

(https://biorender.com/). 
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Figure 2.7 Application of genomic selection to build tolerant mink herds. In genomic selection, a 

reference population including individuals with phenotypic records and genotypes is 

used to develop a genomic prediction model. This model will then be used to predict 

the genomic estimated breeding values (GEBVs) of genotyped young animals to select 

superior animals to contribute to the next generations. The figure was created using 

BioRender software (https://biorender.com/). 
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Table 2.1 Sensitivity and specificity of Aleutian disease serological tests applied in 

eradication programs worldwide. 

Method Country Antigen Sensitivity Specificity Reference(s) 

CIEP Canada AMDV-G 72.9-100% 99.8-100% Cho & Ingram, 

1972; Dam-Tuxen 

et al., 2014; 

Knuuttila et al., 

2009 

AMDV-G 

ELISA 

USA AMDV-G 54.3% 93.2% Andersson & 

Wallgren, 2013 

VP2 ELISA Finland Finish wild-

type 

recombinant 

VP2 protein 

99% 97% Knuuttila et al., 

2009 

High-

throughput 

automated VP2 

ELISA 

Finland Finish wild-

type 

recombinant 

VP2 protein 

96.2% 98.4% Knuuttila et al., 

2014 

High-

throughput 

automated 

AMDV-G 

ELISA 

Denmark AMDV-G 72.6-93.1% 98.8–100 % Dam-Tuxen et al., 

2014 

VP2332-452 

peptide ELISA 

China VP2332-452 

recombinant 

peptide 

97.3% 97.9% Chen et al., 2016 

P1 peptide 

ELISA 

China P1 recombinant 

peptide 

98.0% 97.5% Ma et al., 2016 
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CHAPTER 3 MATERIALS AND METHODS 

 

Animal care and use committee approval was not required for conducting this study as the 

phenotypic records and non-quality controlled variant call format files (VCF) were 

obtained from a pre-existing dataset prepared by the Dr. Younes Miar’s research group 

under Dalhousie University Animal Care and Use Committee certification (2018-009).  

3.1  POPULATION AND PHENOTYPES 

Regarding the history of the husbandry condition of the animals included in this study, all 

animals were kept under standard farming conditions at the Canadian Centre for Fur 

Animal Research (CCFAR) at Dalhousie University, Faculty of Agriculture (Truro, 

Canada) from 2006 to 2018. Animals were fed with identical diets at the same production 

period, and the diets were modified based on the animal requirements in each period. All 

animals had ad libitum access to the diet and water. Conventional phenotypic selection 

based on production traits, particularly pelt quality and reproductive performances, was the 

primary selection strategy in the CCFAR herd; however, a persistent breeding program was 

not applied from 2006 to 2018 (Hu, 2021). Moreover, the CCFAR farm has likely 

experienced several outbreaks of AD, most recently in 2012 and 2013 (Farid & Hussain, 

2019). Based on the CIEP test, the seroprevalence of the AD at the time of sampling in 

mid-November 2018 was measured at 86.6%. 

A total of 85 animals from the CCFAR farm (out of 905 animals) were selected for whole-

genome sequencing in mid-November 2018. Animals were selected with respect to their 

color, sex, and the results of CIEP, AMDVG ELISA, and VP2 ELISA tests. Therefore, 

maximum effort was performed to keep the highest level of phenotypic variance among 

the sequenced animals. Table 3.1 presents the demographic data of animals included in this 

study.  
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For AD assessment, blood samples were taken in mid-November 2018 using the toenail 

clipping. Three tests were performed on each animal’s sample: (i) CIEP test at Animal 

Health Laboratory at the University of Guelph (Guelph, Canada), (ii) VP2 ELISA test was 

performed at the Nederlandse Federatie van Edelpelsdierenhouders (Wijchen, 

Netherlands), and (iii) ADMV-G ELISA at Middleton Veterinary Services (Middleton, 

Canada). The CIEP test results were reported as positive or negative, representing the 

presence and absence of anti-AMDV antibodies, respectively. However, for AMDVG 

ELISA, the optical density (OD) results were reported as categories from 0 to 7, whereas 

for VP2 ELISA, the OD results were obtained as categories from 0 to 8. In both VP2 ELISA 

and AMDVG ELISA, lower categories represent a lower amount of anti-AMDV antibody, 

and higher categories represent a higher amount of antibody. Therefore, category 0 in both 

tests is more likely to be AD negative, and category 8 in VP2 ELISA and category 7 in 

AMDVG ELISA are more likely to be AD positive. Table 3.2 presents the descriptive 

statistics of CIEP, VP2 ELISA, and AMDVG ELISA records of the 85 animals included 

in this study. 

3.2  SEQUENCING, ALIGNMENTS, AND VARIANT CALLING 

For this study, through the following processes, two non-quality controlled VCFs 

generated by Genome Analysis Toolkit (GATK) and SAMtools software were provided, 

in which 15,102,221 and 13,468,882 SNPs from 85 American mink were present, 

respectively. Tissue sampling, DNA extraction, sequencing, and trimming of sequences 

were conducted as described by Karimi, et al. (2021b). Mink were euthanized by means of 

carbon dioxide (CO2) asphyxiation, and tongue samples of selected animals were collected 

from euthanized animals in mid-December 2018, and genomic DNA was extracted from 

the tongue tissue using DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) based on 

the kit protocol. DNA samples were then sequenced (100 bp pair-end reads) using the 

BGISEQ-500 platform at Beijing Genomics Institute (Guangdong, China). After 

sequencing, SOAPnuke software (Chen et al., 2018) was used to remove adapters and low-

quality reads. Then, high-quality reads were aligned against the latest American mink 

reference genome (GenBank assembly accession = GCA_020171115.1) using Burrows-

Wheeler Aligner (BWA) 0.7.17 with default options (Li & Durbin, 2009). The aligned files 
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were converted to binary alignment map (BAM) format and sorted using SAMtools 

package version 1.11 (Li et al., 2009). Potential PCR duplicates were removed using the 

MarkDuplicates command tool of Picard (http://broadinstitute.github.io/picard/). The 

BAM files were then indexed by SAMtools software. Variant calling was performed with 

two pipelines of (1) ‘mpileup’ module of SAMtools/BCFtools and (2) GATK 4.1.7.0 

variant calling pipeline (https://gatk.broadinstitute.org/). The GATK 4.1.9.0 

HaplotypeCaller tool was used for variant calling to obtain the high-quality results; 

however, due to the lack of a comprehensive database of known SNPs (reference VCF), 

the recalibration step was not performed.  

3.3  QUALITY CONTROL OF VARIANTS 

To increase the accuracy of SNP calling, the overlapping SNPs between two conducted 

SNP calling pipelines were extracted using a custom-made R software (R Core Team, 

2020) script. Then, using GATK 4.1.7.0, SNPs were filtered applying the phred-scaled 

quality score < 30.0, quality by depth < 2.0, phred scaled p-value using Fisher’s exact test 

to detect strand bias > 60.0, mapping quality < 40.0, strand odds ratio > 4.0, mapping 

quality rank sum test < -12.5 and read position rank sum test < -8.0 options. Remained 

SNPs were further filtered using VCFtools 0.1.16 (Danecek et al., 2011) based on the 

following parameters: minor allele frequency < 0.01, max missing rate (for individuals) > 

0.10, and Hardy-Weinberg p-value < 10-7. Moreover, only biallelic SNPs on autosomal 

chromosomes were kept for further analyses. After quality control, a total number of 

10,770,494 SNPs from 85 animals was remained for further analyses. 

3.3  ANIMALS GROUPING 

Three phenotypic parameters of CIEP, VP2 ELISA, and AMDVG ELISA test results were 

used to divide animals into two subgroups of 1 and 2. Therefore, three studies were 

designed to assess the signatures of selection for response against AMDV as follow:  

1. signatures of selection study based on CIEP test result, 

2. signatures of selection study based on VP2 ELISA test result, 

3. signatures of selection study based on AMDVG ELISA test result. 

http://broadinstitute.github.io/picard/
https://gatk.broadinstitute.org/
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Table 3.3 presents the three pairwise groups along with the number of animals in each 

subgroup and the criteria considered for each grouping. Number of overlapped individuals 

among subgroups 1 and 2 are depicted using Venn diagrams in Figures 3.1 and 3.2, 

respectively. 

3.4  DETECTION OF SELECTION SIGNATURES 

Three tests of FST (Weir & Cockerham, 1984b), nucleotide diversity (Nei & Li, 1979), 

and XP-EHH (Sabeti et al., 2007) were used to detect selection signatures in the genome 

of American mink in each study. FST values were calculated using VCFtools 0.1.16 

(Danecek et al., 2011) for each SNP and averaged along 100 kb windows with a step size 

of 25 kb. The Weir & Cockerham (1984) FST formula was applied as follows: 

𝑭𝑺𝑻 = 𝟏 −
𝟐

𝒏𝟏𝒏𝟐
𝒏𝟏+𝒏𝟐

(
𝟏

𝒏𝟏+𝒏𝟐−𝟐
)[𝒏𝟏𝒑̃𝟏(𝟏−𝒑̃𝟏)+𝒏𝟐𝒑̃𝟐(𝟏−𝒑̃𝟐)]

𝒏𝟏𝒏𝟐
𝒏𝟏+𝒏𝟐

(𝒑̃𝟏−𝒑̃𝟐)𝟐+(𝟐
𝒏𝟏𝒏𝟐

𝒏𝟏+𝒏𝟐
−𝟏)

𝟏

𝒏𝟏+𝒏𝟐−𝟐
[𝒏𝟏𝒑̃𝟏(𝟏−𝒑̃𝟏)+𝒏𝟐𝒑̃𝟐(𝟏−𝒑̃𝟐)]

, 

where 𝑛𝑖 is the sample size, and 𝑝𝑖 is the sample allele frequency in population 𝑖 for 𝑖 ∈

{1, 2}. To normalize the FST values, Z-transformation was performed using scale 

command in R program (R Core Team, 2020), and genomic windows harboring the top 1% 

Z-transformed FST values (Z(FST)) were identified. 

The nucleotide diversity test is used to compare the average nucleotide differences in each 

site between DNA sequences of two populations (Nei & Li, 1979). The nucleotide diversity 

introduced by Nei & Li (1979), known as θπ, is defined as the average number of different 

nucleotide in each site between two DNA sequences in all possible pairs in the sample 

population. In each subgroups, the θπ were calculated using VCFtools 0.1.16 (Danecek et 

al., 2011) for each SNP and averaged along 100 kb windows with a step size of 25 kb, as 

suggested by Karimi, et al. (2021a). The θπ ratios were calculated as follows: 

𝜽𝝅 =  
𝑵

𝑵 − 𝟏
∑ 𝒑𝒊𝒑𝒋𝝅𝒊𝒋

𝒊𝒋

, 

where 𝑁 is the total number of individuals in a population, 𝜋𝑖𝑗  is the number of different 

nucleotides per site between 𝑖th and 𝑗th sequences, and 𝑝𝑖 and 𝑝𝑗 are the allele frequencies 

in ith and jth sequences, respectively. θπ ratios were then computed as θπ-Subgroup1/θπ-
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Subgroup2 for all pairs of groups and then were log2-transformed (log2(θπ ratios)). Then, 

genomic windows harboring the top 1% values were characterized. 

The XP-EHH test measures the reduction in haplotype diversity by computing the 

probability that two extended haplotypes around a given locus are the same, given that they 

have the same allele at the locus. XP-EHH values were calculated for each marker using 

selscan 2.0.0 (Torres et al., 2018) and averaged along 100 kb windows with a step size of 

25 kb. Since selscan software cannot manage missing genotypes, to keep a consistent 

number of markers with FST and nucleotide diversity analyses, missing genotypes were 

imputed, and genotypes were phased prior to XP-EHH test using Beagle software v5.2 

(Browning et al., 2018). The XP-EHH values were calculated as follows: 

𝑿𝑷 − 𝑬𝑯𝑯 =
𝟏

𝒏𝒂𝒔
(𝒏𝒂𝒔

− 𝟏)
∑ 𝒏𝒌(𝒏𝒌 − 𝟏),

𝒌𝒂𝒔,𝒕

𝒌=𝟏

 

where 𝑛𝑎𝑠
 is the number of haplotypes carrying the core allele 𝑎𝑠, 𝑘𝑎𝑠𝑡 is the number of 

extended haplotype harboring 𝑎𝑠 , and 𝑛𝑘 is the number of extended haplotypes. The 

unstandardized XP-EHH scores were transformed into a normal distribution using norm 

software provided in selscan package. Then, absolute normalized XP-EHH values were 

obtained using abs function in R software, and then fitted to a normal distribution applying 

the robust linear model (rlm function) of the MASS R package (Venables & Ripley, 2013) 

and model = rlm (abs(xpehh) ~ 1), where the abs(xpehh) object is a vector containing the 

absolute normalized XP-EHH values. The outputs of the fitted model, including mean and 

standard deviation, were used in pnorm R function to calculate the p-values of the XP-EHH 

statistics (lower.tail= FALSE, log.p=FALSE). Finally, to control multiple testing false 

discovery rate (FDR) among rejected null hypotheses, p-values were transformed to the 

corresponding q-values using qvalue R function and the Benjamini and Hochberg method 

(Benjamini & Hochberg, 1995). Genomic windows with q-value < 0.05 were treated as 

significant regions detected by XP-EHH. 

The overlapped regions among top 1% genomic regions identified in Z(FST) and log2(θπ ratios) 

approaches and genomic regions with q-value < 0.05 in XP-EHH test were considered as 

regions underlying putative selection in each study. Finally, the overlapped genomic 

regions among the three studies were identified. All circos plots and Venn diagrams were 
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also created using the R package CMplot 3.6.2 (Yin et al., 2021)  and VennPainter 1.2.0 

software (Lin et al., 2016), respectively. 

3.5  GENE ONTOLOGY AND FUNCTIONAL ANALYSIS 

The most recent American mink genome assembly 

(https://www.ncbi.nlm.nih.gov/assembly/GCF_020171115.1/) and BEDTools 2.30.0 

software (Quinlan & Hall, 2010) were used for gene annotation. Based on the approach 

introduced by Karimi et al. (2021a), gene ontology enrichment analysis was conducted 

based on the whole-genome reference list of domestic dog (Canis lupus familiaris), the 

closest species to American mink whose genome has been widely annotated (Cai et al., 

2017). PANTHER 16.0 (http://www.pantherdb.org/), DAVID 6.8 (Huang, et al. 2009), and 

g:GOSt tool from g:Profiler (https://biit.cs.ut.ee/gprofiler/gost) were applied to determine 

Gene Ontology (GO) terms and biological pathways in Kyoto Encyclopedia of Genes and 

Genomes (KEGG) in which candidate genes were statistically over-represented. 

Overrepresented annotated genes were identified by Fisher’s exact test and adjusted by the 

FDR correction. FDR-adjusted p-value < 0.05 was considered as the threshold for 

identifying the overrepresented terms. An extensive review of the literature was also 

performed to annotate the functions of the identified genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/assembly/GCF_020171115.1/
http://www.pantherdb.org/
https://biit.cs.ut.ee/gprofiler/gost
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Figure 3.1 Venn diagram of overlaps among subgroups 1 of the three signatures of 

selection studies. 
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Figure 3.2 Venn diagram of overlaps among subgroups 2 of the three signatures of 

selection studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

46 

 

 

 

 

 Table 3.1 Demographic information of American mink included in this study. 

 Color Total 

Dark Demi Mahogany Pastel Stardust 

Sex Female 7 

(8.2%) 

22 

(25.9%) 

13 

(15.3%) 

5 

(5.9%) 

3 

(3.5%) 

50 

(58.8%) 

Male 9 

(10.6%) 

10 

(11.8%) 

7 

(8.2%) 

5 

(5.9%) 

4 

(4.7%) 

35 

(41.2%) 

Total 16 

(18.8%) 

32 

(37.7%) 

20 

(23.5%) 

10 

(11.8%) 

7 

(8.2%) 

85 

(100.0%) 
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Table 3.2 Descriptive statistics for CIEP, VP2 ELISA, and AMDVG ELISA records in 

sequenced American mink.  

Test N1 Mean1 SD1 Min1 Max1 CV (%)1 

CIEP 79 0.61 0.49 0 1 80.33 

VP2 ELISA 85 3.82 2.78 0 8 72.77 

AMDVG ELISA 85 2.79 3.40 0 7 121.86 

1N: number of records, mean: arithmetic mean, SD: standard deviation, Min: minimum, 

Max: maximum, CV (%): coefficient of variation percentage. 
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Table 3.3 The phenotypic traits used to classify individuals in three pairwise groups based 

on the response to AMDV infection. 

Study Subgroup 1 Subgroup 2 

Number of 

animals 

Description Number of 

animals 

Description 

1 31 Negative CIEP test 48 Positive CIEP test 

2 31 OD category of 0 in 

VP2 ELISA 

18 OD category of 8 in 

VP2 ELISA 

3  35 OD category of 0 in 

AMDVG ELISA 

10 OD category of 7 in 

AMDVG ELISA 
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CHAPTER 4 RESULTS AND DISCUSSION 

4.1  RESULTS 

After quality control steps, a total of 10,770,494 high-quality SNPs from 85 animals 

remained for further analysis. The average number of SNPs per 100 kb window was 

423.5±1.6.  

4.1.1  Signatures of selection study based on CIEP test (study 1) 

4.1.1.1 Genetic differentiation statistics 

A total of 92,791 genomic windows with step sizes of 25 kb was scanned along the recent 

American mink genome to calculate FST and θπ ratio values. These two statistics were 

calculated in 100 kb windows between opposing pairs of CIEP positive and negative 

subgroups using VCFtools software. Appendix 1 and figure 4.1 present the distribution of 

Z(FST) and log2(θπ ratios) values along the mink genome showing the potential signatures of 

selection signals based on the CIEP test results. Genomic windows harboring the top 1% 

Z(FST) (n = 928) and log2(θπ ratios) (n = 928) were identified. The top 1% Z(FST) values ranged 

from 3.21 to 12.16, and the top 1% log2(θπ ratios) ranged from 0.48 to 1.87. A total of 170 

genomic regions were overlapped between the top 1% Z(FST) and top 1% log2(θπ ratios) regions 

(Figure 4.2). Gene annotation analysis of these regions identified a total number of 60 

candidate genes potentially subjected to selection for response to AMDV infection (Table 

4.1).  

4.1.1.2 XP-EHH statistics 

We used the XP-EHH statistics to validate the signatures of selection detected by FST and 

θπ ratio methods. Appendix 1 and figure 4.1 present the genomic distribution of -log10(p-

value) of XP-EHH statistics based on CIEP test records. XP-EHH test found 411 genomic 

windows with q-values < 0.05 (2.76 ≤ XP-EHH value ≤ 4.46); however, only 14 and 1 

regions overlapped with Z(FST) and log2(θπ ratios) results, respectively, and no overlapped 
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region with both tests were detected (Figure 4.2). Gene annotation of the overlapped 

regions with Z(FST) and log2(θπ ratios) identified six candidate genes potentially under intensive 

selection pressure for response to AMDV infection (Table 4.1). Out of six, five candidate 

genes were located within a segment on chromosome 2 (2:31.1-31.3 Mb). Among the 

identified genes, ZMPSTE24 plays a significant role in human response to viral infections. 

4.1.1.3 Gene ontology and functional analysis 

All 66 candidate genes detected by signatures of selection tests were applied to gene 

classification and ontology enrichment analysis. Identified candidate genes in this study 

were mostly involved in binding activity (41%). Figure 4.3 presents a pie chart of the 

molecular function classification of the candidate genes under selection based on CIEP 

records. Gene functional enrichment analyses using PANTHER and g:GOSt tools detected 

140 and 34 significantly overrepresented terms, respectively (Table 4.2). Applying 

PANTHER, the most significant terms in which candidate genes were overrepresented 

were protein binding molecular function (GO term = GO:0005515; FDR adjusted p-value 

=0.000). While using g:GOSt, the most significant terms in which candidate genes were 

overrepresented were related to collagen protein, including FACIT collagen trimer cellular 

compartment (GO term = GO:0005593; FDR adjusted p-value =0.004) and Collagen type 

IX trimer (GO term = GO:0005594; FDR adjusted p-value =0.004). 

4.1.2  Signatures of selection study based on VP2 ELISA test (study 2) 

4.1.2.1 Genetic differentiation statistics 

A total of 92,791 genomic windows with step sizes of 25 kb was scanned along the 

American mink genome to calculate FST and θπ ratio values. These two statistics were 

calculated in 100 kb windows between opposing pairs of VP2 ELISA OD category of 0 

(the lowest value) and OD category of 8 (the highest value) subgroups applying VCFtools 

software. Appendix 2 and figure 4.4 depict the distribution of Z(FST) and log2(θπ ratios) values 

along the mink genome showing the potential signatures of selection signals based on the 

VP2 ELISA test results. Genomic windows harboring the top 1% Z(FST) (n = 928) and 

log2(θπ ratios) (n = 928) were identified. The top 1% of Z(FST) values ranged from 3.26 to 8.80, 

and the top 1% log2(θπ ratios) ranged from 0.77 to 2.71. A total of 93 genomic regions were 
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overlapped between the top 1% Z(FST) and top 1% log2(θπ ratios) regions (Figures 4.5). Gene 

annotation analysis of these regions identified a total number of 44 candidate genes 

potentially subjected to selection for response to AMDV infection. A complete list of 

candidate regions and their positions is provided in Table 4.2.  

4.1.2.2 XP-EHH statistics 

XP-EHH test was applied to validate the signatures of selection detected by Z(FST) and 

log2(θπ ratios) methods. Appendix 2 and figure 4.4 depict the genomic distribution of-log10(p-

value) of XP-EHH statistics based on VP2 ELISA test records. XP-EHH test identified 381 

genomic windows with q-values < 0.05 (2.76 ≤ XP-EHH value ≤ 4.05); however, only 16 

and 1 regions overlapped with Z(FST) and log2(θπ ratios) results, respectively, and no 

overlapped region with both tests were detected (Figure 4.5). Gene annotation of the 

overlapped regions with Z(FST) and log2(θπ ratios) resulted in four candidate genes potentially 

subjected to selection for response to AMDV infection (Table 4.2). Out of four, two genes 

were located on chromosome 2 (2:237.8-237.9 Mb), and two were on chromosome 9 

(9:97.7-97.8 Mb). The significant role of BICD2 in viral virulence and human response to 

viral infection has been already documented. 

4.1.2.3 Gene ontology and functional analysis 

All 48 candidate genes detected by signatures of selection tests were applied to gene 

classification and ontology enrichment analysis. Identified candidate genes in this study 

were primarily involved in the binding activity (53%). Figure 4.6 presents a pie chart of 

the molecular function classification of the candidate genes underlying selection based on 

VP2 ELISA records. Gene functional enrichment analyses using PANTHER detected 11 

significantly overrepresented terms, respectively (Table 4.4). The most significant GO 

term in which identified candidate genes were overrepresented was protein binding 

molecular function (GO term = GO:0005515; FDR adjusted p-value =0.000). 
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4.1.3  Signatures of selection study based on AMDVG ELISA test (study 3) 

4.1.3.1 Genetic differentiation statistics 

A total of 92,791 genomic windows with step sizes of 25 kb was scanned along the recent 

American mink genome to calculate FST and θπ ratio values. These two statistics were 

calculated in 100 kb windows between opposing pairs of AMDVG ELISA OD category of 

0 (the lowest value) and OD category of 7 (the highest value) subgroups. Appendix 3 and 

figure 4.7 present the distribution of Z(FST) and log2(θπ ratios) values along the mink genome 

showing the potential signatures of selection signals based on the AMDVG ELISA test 

results. Genomic windows harboring the top 1% Z(FST) (n = 928) and log2(θπ ratios) (n = 

928) were identified. The top 1% Z(FST) values ranged from 3.08 to 10.77, and the top 1% 

log2(θπ ratios) ranged from 0.98 to 4.40. A total of 48 genomic regions were overlapped 

between the top 1% Z(FST) and top 1% log2(θπ ratios) regions (Figure 4.8). Gene annotation 

analysis of these regions identified a total number of 23 candidate genes potentially 

subjected to selection for response to AMDV infection (Table 4.3).  

4.1.3.2 XP-EHH statistics 

We used the XP-EHH statistics to validate the signatures of selection detected by FST and 

nucleotide diversity methods. Appendix 3 and figure 4.7 present the genomic distribution 

of -log10(p-value) of XP-EHH statistics based on AMDVG ELISA test records. XP-EHH test 

found 690 genomic windows with q-value < 0.05 (2.61 ≤ XP-EHH value ≤ 4.06); however, 

14 and 24 regions overlapped with Z(FST) and log2(θπ ratios) results, respectively, and no 

overlapped region with both tests were detected (Figure 4.8). Gene annotation of the 

overlapped regions with Z(FST) and log2(θπ ratios) identified 16 candidate genes potentially 

under selection pressure for response to AMDV infection (Table 4.3). Out of 16, eight 

candidate genes were located on a segment chromosome 9 (9:97.4-97.7 Mb). Among the 

candidate genes located within this region, the significant role of ZNF484, IARS1, OGN, 

and ECM2 in human responses to viral infections has been documented. 

4.1.3.3 Gene ontology and functional analysis 

All 39 candidate genes detected by the signatures of selection tests were applied to gene 

classification and ontology enrichment analysis. Identified candidate genes in this study 
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were mostly involved in the binding activity (52%). Figure 4.9 presents a pie chart of the 

molecular function classification of the candidate genes underlying selection based on VP2 

ELISA records. Gene functional enrichment analyses using PANTHER detected 11 

significantly overrepresented terms, respectively (Table 4.6). The most significant GO 

term in which identified candidate genes were overrepresented was protein binding 

molecular function (GO term = GO:0005515; FDR adjusted p-value =0.000). Moreover, 

we found the cellular compartment term of major histocompatibility complex (MHC) class 

I peptide loading complex significantly overrepresented (GO term = GO:0042824; FDR 

adjusted p-value = 0.010). 

4.1.4  Overlaps among signatures of selection studies 1-3 

4.1.4.1 Overlapped regions and genes 

A total number of identified candidate regions was 342 and varied from 86 for AMDVG 

ELISA to 189 for the CIEP group (Table 4.4). A total of 342 genomic regions and 130 

candidate genes were detected by applying signatures of selection tests based on 

phenotypic records of AMDV serologic tests. Figure 4.10 presents the overlaps among the 

genomic windows and candidate genes identified in studies 1-3.  

4.1.4.2 Gene ontology and functional analysis 

All 130 candidate genes detected by studies 1-3 were applied to gene classification and 

ontology enrichment analysis. Identified candidate genes in this study were mainly 

involved in the binding activity (46%). Figure 4.11 presents a pie chart of the molecular 

function classification of the candidate genes underlying selection for response against 

AMDV. Gene functional enrichment analysis using g:GOSt and PANTHER tools detected 

34 and one significantly overrepresented terms, respectively (Table 4.8). The most 

significant identified terms were protein binding molecular function (GO term = 

GO:0005515; FDR adjusted p-value = 0.000) and FACIT collagen trimer cellular 

compartment (GO term = GO:0005593; FDR adjusted p-value = 0.019). 
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4.2  DISCUSSION 

In this thesis, we used sequence data obtained by WGS technology to identify genomic 

regions that potentially have been under selection pressure for response to AMDV 

infection. A large number of SNPs (n = 10,770,494) from 85 American mink remained 

after quality control steps, and high number of markers per each 100 Kb window (mean ± 

standard error = 423.5 ± 1.6) demonstrated the high quality of data in this thesis. In the 

study conducted by Cai et al. (2018), a total number of 34,816 SNPs across 945 scaffolds 

from 2,451 individuals were reported in American mink using the GBS technique. 

Moreover, in the recent study conducted by Karimi et al. (2021a), 29,914 SNPs were called 

by the same technique across 134 scaffolds from  225 animals to detect selection signatures 

in response to AMDV infection in American mink. The mean ± standard deviation of 

markers per 100 Kb window was also reported at 4.6 ± 7.3 (Karimi, et al., 2021a), 

indicating lower marker density along the genome and genomic windows than in this study. 

In another study, on the same dataset applied to this thesis, 8,150,569 SNPs were called 

using SAMTOOLS software; however only scaffolds with size >10 Mb were used (Karimi 

et al., 2021b). Next-generation sequencing methods provide reliable large-scale WGS data. 

In these methods, whole genome of animals, are randomly digested into short reads that 

then get sequenced and are aligned to a reference genome. Having aligned the fragments 

of one or more individuals to a reference genome, during SNP calling process variable sites 

can be identified (Nielsen et al., 2011). To reduce uncertain SNP calling target regions are 

deeply (at >20× coverage) sequenced (Nielsen et al., 2011). In contrast, GBS relies on 

using restriction enzymes to reduce genome complexity and barcode adapters that allow 

sequencing of pooled samples. GBS allows the identification and genotyping of a large 

number of SNPs. However, large proportion of missing data points due to low coverage of 

sequencing, and inability to detect SNPs at the restriction sites are the disadvantages of this 

method (Bhatia et al., 2013). In the current thesis, we applied WGS data with an average 

of 40× per sample (Karimi et al., 2021b). 

Gusnanto et al. (2014) showed that sliding window analysis using low coverage genotypic 

data might result in overestimation or underestimation of calculated statistics as the number 

of SNPs inside the windows may not be consistent across the genome. Consequently, high-
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density markers used in this study could more accurately identify regions under selection 

pressure in American mink. WGS data has already been used to detect selection signals in 

other domesticated animals, such as Berkshire pigs (Jeong et al., 2015) and sheep (Chen et 

al., 2021). Here, we used the whole-genome sequence data at chromosome-scale for the 

first time using the new reference genome of American mink (GenBank assembly 

accession = GCA_020171115.1), improving the efficiency of genome-wide studies in 

American mink. 

We used the phenotypic variation within the 85 American mink from the AD-infected farm 

to classify the animals into two extreme subpopulations. The inter-population selection 

signatures tests were already used to study the response to AMDV infection in American 

mink (Karimi, et al., 2021b). Moreover, this approach was applied to other traits in 

livestock animals, such as fat deposition in sheep (Mastrangelo et al., 2019), feather 

pecking in chickens (Iffland et al., 2020), climate adaptation in cattle (Shen et al., 2020), 

and parasite resistance in goats (Estrada-Reyes et al., 2019). Our study detected several 

loci under potential selection pressure using the records of three different serological tests 

of CIEP, VP2 ELISA, and AMDVG ELISA applied for AD diagnosis (Tables 3.3 and 4.4). 

Three selection signatures tests of Z(FST), log2(θπ ratios), and XP-EHH were applied in studies 

1-3 based on the aforementioned tests (Table 3.2). Finally, the overlapped genomic regions 

among the three conducted studies were identified. The domesticated animals’ evolution 

includes a series of unknown demographic events, comprising population bottlenecks, 

admixtures of populations, migrations, inbreeding, and genetic drifts, which causes 

detecting the selection signatures challenging (Andersson & Georges, 2004). Combining 

multiple selection tests used in this study can improve the resolution of selection signatures 

detection (Grossman et al., 2010). 

4.2.1  Signatures of selection study based on CIEP test (study 1) 

In total, 170 genomic windows were overlapped between the top 1% Z(FST) and top 1% 

log2(θπ ratios) regions. Gene annotation analysis of these regions identified 60 candidate genes 

potentially subjected to selection for response to AMDV infection. XP-EHH test detects 

selected regions with unusually long haplotypes, whereas differential methods are more 

sensitive to detect shorter candidate regions (Yurchenko et al., 2018). A total of 411 
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genomic windows were identified by the XP-EHH test, out of which 14 and 1 regions 

overlapped with Z(FST) and log2(θπ ratios) results, respectively. Gene annotation of validated 

regions by XP-EHH test resulted in six candidate genes. The identified candidate genes, 

their functions, and their possible contributions to the animal’s response to AMDV 

infection were classified and discussed in the categories of immunity and cellular response 

to pathogens, reproductive performances, heart, nervous system, and respiratory system 

functions, and more importantly, genes validated by XP-EHH test.  

4.2.1.1 Immunity and cellular responses to pathogens 

Among the 60 candidate genes identified by Z(FST) and log2(θπ ratios), we found several genes 

involved in immunity and cellular responses to pathogens, including SLC35A1, RAB32, 

SERINC1, TNFRSF21, DST, ERAP2, AKAP9, and RAP2B. SLC35A1 is a member of the 

solute carriers family, which are the gatekeepers of energy supply and metabolism in cells, 

controlling the uptake and release of small molecules and metabolites (César-Razquin et 

al., 2015). Moskovskich et al. (2019) revealed that SLC35A1 played a crucial role in 

inducing apoptosis upon viral infection, which also occurred in AMDV infection (Best et 

al., 2003). RAB32 is an A-kinase anchoring protein and is involved in mitochondrial 

dynamics (Alto et al., 2002). It has been recently found that RAB32 promotes the 

proliferation of effector CD8+ T cells in response to the challenges with cellular antigens 

in-vivo (Tandon, 2020). With regards to AD, CTLs (CD8+) functions and its IFN signaling 

pathway play critical roles in the restriction of AMDV persistence and replication 

(Alexandersen et al., 1988; Jensen et al., 2000). SERINC1 encodes Serine Incorporator 1, 

which facilitates the synthesis of serine-derived lipids (Inuzuka et al., 2005). Disruption of 

SERINC1 can lead to the failure of macrophage function alteration and lymphocyte 

proliferation (Chu et al., 2017). Concerning AD, unrestricted B cell proliferation and 

antibody production (Aasted & Leslie, 1991) and malfunction of macrophages in the 

antibody-dependent enhancement process (Kanno et al., 1993) are the main features of the 

progressive form of the disease.  

Another candidate gene was TNFRSF21, a TNF/TNFR family member playing a critical 

role in immune response and inflammation (Locksley et al., 2001). TNFRSF21 is involved 

in nuclear factor kappa B (NF-Κb) signaling pathway, which is a significant pathway in 
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identifying exogenous viruses and inducing T-cell mediated immune responses (Klíma et 

al., 2011). Yang et al. (2019) indicated that TNFRSF21 is involved in bovine mastitis 

susceptibility using GWAS and post-transcriptional analysis. Regarding AMDV infection, 

the replication of the virus is restricted through cytotoxic T cells function (Jensen et al., 

2000); therefore, more analyses on the role of TNFRSF21 in the immune response against 

AMDV could be of importance. DST encodes dystonin, a member of the plakin protein 

family of adhesion junction plaque proteins. Dystonin is involved in the transport of herpes 

simplex virus 1 capsids toward the centrosome and then to the nucleus (McElwee et al., 

2013). Regarding AMDV, the intracellular trafficking of the capsid in the endosome of 

infected cells is not well-studied. Here, we suggested the possible role of dystonin in the 

intracellular transport of AMDV capsid in infected cells.  

ERAP2 is a member of the endoplasmic reticulum aminopeptidases family. This enzyme 

plays a significant role in forming the human leukocyte antigen (HLA) class I peptidome 

by cutting peptides into the optimal sizes. MHC-class I mediates antigen presentation and 

educating the immune system to distinguish between self-derived and foreign antigens 

(Saric et al., 2002). Since the antigen presentation system plays a critical role in the 

interaction between pathogens and host resistance, ERAP2 gene may be a potential target 

and modulator of infectious diseases (Yao et al., 2019). ERAP2 confers susceptibility to 

various infectious diseases in humans, including human immunodeficiency virus-1 or HIV-

1 (Cagliani et al., 2010) and toxoplasmosis (Tan et al., 2010). More studies are necessary 

to investigate the role of ERAP2 in AD susceptibility in American mink. AKAP is a member 

of A-kinase anchor proteins (AKAPs) family that function to bind to protein kinase A and 

restrict the holoenzyme to discrete locations within the cell (Hu et al., 2016). A recent study 

on patients infected with SARS-CoV-2 revealed that this gene might contribute to the virus 

replication (Ma et al., 2021). More studies are necessary to confirm the role of this gene in 

AMDV replication. RAP2B is a member of a GTP-binding family involved in a range of 

biological functions in cells, such as signal transduction, proliferation, and migration (Di 

et al., 2015). Zona et al. (2013) demonstrated that Ras-related protein RAP2B in hepatocyte 

membranes is a co-factor for viral entry. Since there is no information in literature on the 

involvement of RAP2B in AMDV entry to hepatocytes, further investigation is required. 
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4.2.1.2 Reproductive performances 

The CFAP206, HSF2, PEG10, and ATR genes were identified by Z(FST) and log2(θπ ratios) that 

were involved in reproductive system functions. CFAP206 encodes Cilia And Flagella 

Associated Protein 206 localized to the basal body and the motile cilia axoneme. This 

protein is required for sperm motility and mucociliary clearance of the airways (Beckers et 

al., 2020). Recent studies showed that the impaired CFAP206 might result in male 

infertility and dysfunction of mucociliary clearance of the airways (Beckers et al., 2020; 

Shen et al., 2021). It is noteworthy that AMDV in kits and adults can lead to acute 

interstitial pneumonia and infertility, respectively (Alexandersen et al., 1994; Broll & 

Alexandersen, 1996); therefore, CFAP206 may play a key role in the determination of 

multiple phenotypes of response to AMDV such as infertility of dams and pneumonia in 

kits. HSF2 is a member of heat shock transcription factors family that are significant 

transactivators of heat shock protein genes in response to stress, and they are involved in 

embryonic development and spermatogenesis (Wu, 1995). In a study by Wang et al. (2003), 

it has been shown that HSF2 has a significant function in controlling the expression of 

genes essential for embryonic development. It is noteworthy that the risk of reproductive 

failure, including conception rate, size, weight of litter at birth, and neonatal mortality is 

much higher than normal ones in AD positive dams  (Reichert & Kostro, 2014b). PEG10 

is thought to have been derived from the Ty3/gypsy long terminal repeat retrotransposons 

(Poulter & Butler, 1998). Ono et al. (2006) revealed early embryonic lethality in the PEG10 

knockout mice, owing to defects in the placenta. ATR encodes a serine/threonine kinase 

and DNA damage sensor, activating cell cycle checkpoint signaling upon DNA stress. It is 

suggested that a disruption in this gene also leads to early embryonic lethality (de Klein et 

al., 2000). Therefore, some variations in this gene likely contribute to the susceptibility to 

AMDV infection in dams and subsequent AMDV-induced embryonic death and stillbirth.  

4.2.1.3 Heart functions 

We found that two candidate genes of PLN and CAMK2D were related to the heart 

functions. PLN gene encodes phospholamban protein which functions as a stimulator of 

the cardiac sarcoplasmic reticulum Ca2+-ATPase (SERCA2) enzyme. CAMK2D belongs 

to the serine/threonine protein kinase family and to the Ca(2+)/calmodulin-dependent 



 

 

59 

 

protein kinase subfamily. CAMK2D is involved in oxidative stress response in 

cardiomyocytes (Phan et al., 2020), and it plays a significant role in myocardial 

hypertrophy and heart failure in pathological states (Yao et al., 2010). ANK2 encodes 

Ankyrin 2, which is an adapter protein that links integral membrane proteins to the 

actin/spectrin-based cytoskeleton in excitable and non-excitable cells (Cunha & Mohler, 

2006). Several studies revealed that ANK2 variants as modulators of human arrhythmias 

and hypertrophy (Cunha et al., 2008; Ichikawa et al., 2016; Lopes et al., 2015). In parallel, 

Farid & Ferns (2017) reported the enlarged heart in adult mink infected with AMDV; 

therefore, the aforementioned genes might contribute to the AD phenotypes associated with 

heart macroscopic changes.  

4.2.1.4 Nervous system functions 

We identified three candidate genes of CEP85L, EFHC1, and CPNE8 involved in nervous 

system functions. CEP85L is localized to the centrosome and is essential for neuronal cell 

migration (Kodani et al., 2020). Autosomal dominant variants in CEP85L can cause 

posterior predominant lissencephaly or “smooth brain” in humans (Tsai et al., 2020). 

Moreover, EFHC1 encodes an EF-hand-containing calcium-binding protein that plays a 

significant role in calcium homeostasis in nervous system (Suzuki et al., 2004). Mutations 

in EFHC1 can cause neurodevelopmental disease in humans (de Nijs et al., 2013). AMDV 

can cause lesions in nervous system as a series of nonsuppurative meningoencephalitis 

cases was reported in an infected ranch mink (Dyer et al., 2000). CPNE8, encoding a 

calcium-dependent membrane-binding protein, was also identified as a candidate gene 

involved in response to AMDV infection. Lloyd et al. (2010) introduced this gene as a 

candidate gene for prion disease incubation time in mouse. It is probable that this gene 

contributes to the onset of neurologic symptoms in AD. 

4.2.1.5 Respiratory system functions 

RXFP1 was the only identified candidate gene involved in respiratory system functions 

and developments. RXFP1, whose natural ligand is relaxin 2, is the relaxin receptor 

expressed in the lung tissue (Bathgate et al., 2013). It has been shown that decreased 

RXFP1 gene expression, which occurs during lung fibrosis, can inhibit the protective 

antifibrotic activities of the relaxin signaling (Tan et al., 2016). In a study performed by 
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Farid & Ferns (2017), the lungs of the CIEP positive mink showed a significantly higher 

degree of severity of AD lesions than the other organs. ADMV can result in chronic 

residual lesions and fibrosis in the lungs (Alexandersen et al., 1989). However, the role of 

RXFP1 in this process is still unknown.  

4.2.1.6 Candidate genes confirmed by XP-EHH test 

Six candidate genes were confirmed to be under selection pressure using XP-EHH test, 

among which the critical role of ZMPSTE24 in response to viral infections has been well-

documented. ZMPSTE24 encodes a transmembrane metalloprotease whose catalytic 

activity is essential for processing lamin A on the inner nuclear membrane and clearing 

clogged translocons on the endoplasmic reticulum. ZMPSTE24 is a component of a 

common antiviral pathway that is associated with interferon-induced transmembrane 

proteins (Li et al., 2017). In a study conducted by Fu et al. (2017), ZMPSTE24 was reported 

as a virus-specific effector that restricts multiple RNA and DNA viruses, including 

influenza A, Zika, Ebola, Sindbis, vesicular stomatitis, cowpox, and vaccinia. ZMPSTE24 

can combine with the interferon-induced transmembrane protein (IFITM) family, which 

eventually impede viral entry (Fu et al., 2017). Further studies on this gene and its role in 

the restriction of AMDV are suggested. 

4.2.1.7 Genes classification and enrichment analysis 

Gene classification indicated that most of the identified genes (41%) were involved in 

binding activity. Gene enrichment analysis of candidate genes under selection also 

identified several significantly overrepresented terms related to protein binding, 

extracellular organelle, intracellular organelle, extracellular vesicle, and intracellular 

anatomical structure. In AMDV infection, the steps of virus attachments to the cell, viral 

entry, intracellular trafficking, replication, transcription, encapsidation, apoptosis, and 

release of the virus includes several interactions of virus particles with host cells’ 

extracellular and intracellular components (Dworak et al., 1997; Parker & Parrish, 2000). 

Moreover, the host immune response against the virus includes a wide range of receptor 

bindings such as attachment of AMDV to Fc receptors through ADE process or to IgM and 

IgG in immune-complexes (Bloom et al., 2001; Kanno et al., 1993). Therefore, host 

response against AMDV might be mediated with genes controlling binding activity. Gene 
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enrichment analysis found several overrepresented terms associated with heart functions, 

including cardiac conduction, regulation of cardiac muscle cell action potential, regulation 

of cardiac muscle cell contraction, regulation of heart rate, and regulation of cardiac muscle 

contraction by regulation of the release of sequestered calcium ion. Enlarged hearts with 

microscopic lesions and widespread plasma cell infiltration were previously reported in 

AMDV infected mink (Farid & Ferns, 2017; Farid & Hussain, 2019). Therefore, the 

adaptive response of heart cells to the stress induced by AMDV might be controlled by 

genes involved in heart functions. 

4.2.2  Signatures of selection study based on VP2 ELISA test (study 2) 

In total, 93 genomic windows were overlapped between the top 1% Z(FST) and the top 1% 

log2(θπ ratios) regions. Gene annotation analysis of these regions identified 44 candidate genes 

potentially subjected to selection for response to AMDV infection. A total of 381 genomic 

windows were identified by the XP-EHH test, out of which 16 and 1 regions overlapped 

with Z(FST) and log2(θπ ratios) results, respectively. Gene annotation of these genomic regions 

showed four candidate genes that might be subjected to selection for response to AMDV 

infection. The identified candidate genes, and their functions and possible contributions to 

the animal’s response to AMDV infection were classified and discussed in the following 

subsections of immunity and cellular response to pathogens, respiratory system functions, 

and, more importantly, genes validated by the XP-EHH test.  

4.2.2.1 Immunity and cellular responses to pathogens 

Among the 44 candidate genes identified by Z(FST) and log2(θπ ratios), several genes were 

involved in immunity and cellular responses to pathogens, including BAK1, ZBTB9, DAXX, 

LOXL4, LRRC15, and USP38. BAK1 belongs to the BCL2 family, which acts as anti- or 

pro-apoptotic regulators (Luo & Rubinsztein, 2013). Apoptosis induction is a critical host 

defense mechanism to control viral infections. Handke et al. (2013) showed that inhibiting 

BAK1 function by murine cytomegalovirus proteins was necessary for optimal viral 

dissemination in vivo. Moreover, variants located within the ZBTB9-BAK1 intergenic 

region were associated with susceptibility to immune-mediated diseases of systemic 

sclerosis and Crohn’s disease in humans (González-Serna et al., 2020). Therefore, the 
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genomic regions of BAK1 and ZBTB9 might be important in regulating immune response 

and AMDV virulence. DAXX encodes a signaling protein whose overexpression enhances 

Fas-mediated apoptosis and activates the Jun N-terminal kinase (JNK) pathway (Yang et 

al., 1997). It has been reported that in immediate-early viral gene expression of herpes 

simplex virus 1 (HSV-1), human cytomegalovirus (HCMV), human Epstein-Barr virus 

(EBV), and Kaposi’s sarcoma-associated herpesvirus (KSHV), several virion proteins may 

counteract intrinsic immune mechanisms mediated by the PML nuclear body-associated 

cellular factors such as DAXX (Schreiner & Wodrich, 2013). More targeted studies are 

necessary to confirm the role of DAXX in AMDV pathogenesis.  

Another candidate gene was RPS18 which encodes a protein belonging to the ribosomal 

family. Ribosomal proteins are involved in a broad range of physiological and pathological 

processes, some acting as antimicrobial proteins in the anti-infection responses (Chen et 

al., 2021). It has been revealed that the levels of ribosomal protein of RPS18 in human 

monocyte-derived macrophages are modulated after infection by influenza viruses, 

suggesting that the virus might gain an advantage in replication by using the cell protein 

synthesis machinery early in the infection (Cheung et al., 2012). We also identified two 

candidate genes of LOXL4 and LRRC15, and their roles in macrophages activation and 

infiltration in breast cancer (Yin et al., 2020) and hepatic cancers (Tan et al., 2021), as well 

as glioblastoma (Tang et al., 2021) are documented. The significant role of macrophages 

activation in AMDV through the Fc receptor and their presence in multiple infected tissues 

including lung, kidney, liver, and brain, during AD have been documented (Dworak et al., 

1997; Jensen et al., 2015). SP38 was also among the identified candidate genes involved 

in immune response. The protein encodes by this gene manipulates the crosstalk of histone 

ubiquitination and methylation via KDM5B to resolve inflammation (Zhao et al., 2020). 

However, Wang et al. (2021) revealed that the deubiquitinase activity of USP38 was 

essential to inhibit Zika virus infection. There is no evidence of the role of deubiquitinase 

activity in AMDV infection and its involvement in the restriction of AMDV infection must 

be further investigated. 
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4.2.2.2 Respiratory system functions 

We detected two candidate genes of SPEF2 and R3HCC1L contributing to the respiratory 

system functions using VP2 ELISA records. SPEF2 has been postulated to play an essential 

role in cilia assembly (Sironen et al., 2011). AD with fatal respiratory distress and 

fulminant interstitial pneumonia mainly occurs in American mink due to permissive and 

cytopathic replication of the virus in the lung type II pneumocytes and subsequent impaired 

surfactant production (Alexandersen, 1986; Bloom et al., 1994).  Clearance by ciliary 

motility is an essential response to respiratory pathogens, and defects in ciliary motility can 

result in a severe response to pulmonary infection (McKenzie et al., 2013). It is feasible 

that SPEF2 alleles contribute to some motility defects in American mink leading to more 

susceptibility to AMDV-induced pulmonary lesions. R3HCC1L encodes a coiled-coil 

domain-containing protein. Recently, variants in its region have been associated with 

susceptibility to infectious pneumonia in humans (Chen et al., 2021). However, the 

molecular function of these gens is still unclear, and more studies are necessary to clarify 

R3HCC1L role in the pathogenesis of pneumonia. 

4.2.2.3 Candidate genes confirmed by XP-EHH test 

Four candidate genes were confirmed to be under selection pressure using XP-EHH test, 

among which the critical role of BICD2 in viral virulence has been well-documented. 

BICD2 is a multifunctional adaptor protein interacting with the heavy chain of kinesin 1 

and may coordinate the activity of microtubules (Grigoriev et al., 2007). BICD2 binds HIV-

1capsid and mediates the post-entry trafficking of the virus in humans (Abdel-Rahim, 

2018). Viral translocation is disrupted in BICD2-knockout cells, resulting in an elevated 

immune response impairing productive HIV-1 infection (Abdel-Rahim, 2018). Therefore, 

the interactions between BICD2 and AMDV capsid and the role of this protein in the 

regulation of immune response against AMDV must be of importance. 

4.2.2.4 Genes classification and enrichment analysis 

In parallel to the study 1 findings, gene classification indicated that most of the identified 

genes (53%) were involved in the binding activity. Moreover, gene enrichment analysis of 

candidate genes under selection also identified several significant overrepresented terms 
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related to protein binding, extracellular organelle, extracellular vesicle, and intracellular 

structures. As formerly discussed in study 1, the AMDV pathogenicity and the host 

immune response against the virus include a wide range of binding activities (Dworak et 

al., 1997; Parker & Parrish, 2000). Therefore, host response against AMDV might be 

mediated with genes controlling binding activities.  

4.2.3  Signatures of selection study based on AMDVG ELISA test (study 3) 

A total of 48 genomic windows were overlapped between the top 1% Z(FST) and the top 1% 

log2(θπ ratios) regions. Gene annotation analysis of these regions identified 23 candidate genes 

potentially subjected to selection for response to AMDV infection. XP-EHH test identified 

690 genomic windows, out of which 14 and 24 regions overlapped with Z(FST) and log2(θπ 

ratios) results, respectively. Gene annotation of these overlapped regions resulted in 16 

candidate genes. The identified candidate genes, their functions, and their possible 

contributions to the animal’s response to AMDV infection were classified and discussed 

in four categories: immunity and cellular response to pathogens, heart and nervous system 

development and functions, and more importantly, genes validated by XP-EHH test.  

4.2.3.1 Immunity and cellular responses to pathogens 

Among the 23 candidate genes identified by Z(FST) and log2(θπ ratios), several were involved 

in immunity and cellular responses to pathogens, including TAP2 and CADM2. TAP2 is an 

MHC gene whose products construct a transporter molecule contributed to the endogenous 

antigen processing (Monaco et al., 1990). The role of this gene in the innate immune 

response to several viral infections in cattle (Saravanan et al., 2021) and humans (Zhang & 

Pagano, 2001) has been reported. Saravanan et al. (2021) revealed that TAP2 plays a critical 

role in cattle's robust innate immune response against foot-and-mouth disease virus 

infection. In humans, the induction of TAP2 has an important implication for the immune 

response to Epstein-Barr (Zhang & Pagano, 2001) and hepatitis C virus (Kuzushita et al., 

1999). Moreover, the polymorphism of this gene is associated with antibody response to 

live measles vaccine virus (Hayney et al., 1997) and with its function’s inhibition by viral 

immune evasion proteins (Praest et al., 2018). Therefore, TAP2 may be involved in the 

antigen processing of AMDV, the intensity of antibody response, and the pathogenicity of 
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the virus through interruption of TAP2 function by AMDV proteins. CADM2 belongs to 

an immunoglobulin superfamily, the members of which express three extracellular 

immunoglobulin-like loops, a transmembrane region, and an intracellular domain 

(Murakami, 2005). Recently, Shirogane et al. (2021) demonstrated that CADM2 could 

promote neuropathogenic measles virus-mediated membrane fusion by interacting with the 

viral hemagglutinin. Therefore, the interactions between CADM2 and AMDV proteins 

might contribute to neuropathogenicity of the virus in American mink.  

4.2.3.2 Heart development and functions 

We identified the candidate gene of CAP2 encoding a cytoskeletal protein that regulates 

actin dynamics. This gene is involved in cardiac conduction (Field et al., 2015) and 

development of dilated cardiomyopathy (Peche et al., 2013). Another identified candidate 

gene was FHOD3 which is involved in cardiogenesis through organizing 

myofibrillogenesis (Kan-o et al., 2012), and its variation is associated with the development 

of hypertrophic (Ochoa et al., 2020) and dilated cardiomyopathy (Arimura et al., 2013). 

Therefore, CAP2 and FHOD3 might contribute to the macroscopic and microscopic lesions 

observed in AD-infected mink.  

4.2.3.3 Nervous system development and functions 

We identified three candidate genes of MFSD14A, C1QL2, and KCNQ5, which are 

contributed to the nervous system functions. MFSD14A encodes a membrane-bound 

transporter protein that plays an essential role in cell survival. The encoded protein is an 

intracellular neuronal membrane-bound protein, expressed in the Golgi and Endoplasmic 

reticulum (Lekholm et al., 2017). C1QL2 belongs to the C1q-like subfamily of C1q 

proteins, mainly expressed in the central nervous system. The protein encoded by this gene 

regulates synapse organization and modulation of hippocampus neurons (Matsuda, 2017). 

KCNQ5 forms a heteromeric potassium channel expressed in broad regions of the brain 

(Schroeder et al., 2000). It has been shown that KCNQ5 mutations are associated with 

increased excitability and decreased repolarization reserve (Schroeder et al., 2000; Lehman 

et al., 2017). While the functions of the aforementioned genes are not comprehensively 

understood, their proteins might be the target of AMDV in the nervous system and may 

contribute to the nervous system malfunction induced by AMDV pathogenesis. 
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4.2.3.4 Candidate genes confirmed by XP-EHH test 

A total of 16 candidate genes were confirmed by the XP-EHH test, among which FOXD2, 

ITGB3, ZNF484, and OGN contribute to the host cellular and immune response. FOXD2 

regulates the sensitivity to cAMP in T Lymphocytes through the regulation of cAMP-

dependent Protein Kinase Riα (Johansson et al., 2003). This protein sets the threshold for 

cAMP-mediated negative modulation of T cell activation (Johansson et al., 2003). 

Therefore, this gene may contribute to the regulation of T cell responses against AMDV. 

ITGB3 encodes GPIIIa and represents a typical platelet antigen polymorphism (PIA1/A2) 

that can influence platelet activation and aggregation. ITGB3 mutations can lead to platelet 

dysfunction and thrombocytopenia (Bury et al., 2016). Chronic and disseminated 

intravascular coagulation with platelet aggregation has been reported in AD-positive mink 

(Karstad & Budd, 1967; McKay et al., 1967). Therefore, ITGB3 might play a critical role 

in disrupting the coagulation system and developing intravascular thrombosis during the 

infection by AMDV. ZNF484 belongs to zinc-finger proteins which have a wide range of 

molecular functions, such as DNA recognition, RNA packaging, transcriptional activation, 

modulation of apoptosis, and protein folding and assembly (Laity et al., 2001). Recently, 

Dong et al. (2021) revealed that malfunction of this gene could lead to apoptosis of HIV-

infected macrophages. Therefore, this gene may be involved in the apoptosis of 

macrophages infected by AMDV. OGN was another confirmed candidate gene by XP-

EHH test that can regulate tissue inflammation and immune response via 

microenvironment immune cells infiltration (Rienks et al., 2017). OGN expression is 

positively associated with CD8+ T cell density in colorectal cancer tissue (Hu et al., 2018), 

with the development and progression of osteoarthritis (Cao et al., 2021), and with M2 

macrophage and CD8+ T cell infiltration in gastric cancer (Yu et al., 2021). Infiltrations of 

mononuclear cells in the liver, kidney, and brain has been reported in chronic AD (Jensen 

et al., 2015). Therefore, we suggested further assessment of OGN role in CD8+ T cell 

infiltration in tissues infected by AMDV liver, kidney, and brain 

Among the candidate genes obtained by XP-EHH test, NCKAP1 and OMD were involved 

in nervous system functions and development, and heart functions, respectively. NCKAP1 

modulates neuronal cytoskeletal dynamics and plays an essential role in neuronal 

differentiation and brain development (Guo et al., 2020).  The disruption of the function of 
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this gene by AMDV may contribute to the clinical signs of AD associated with nervous 

system such as tremor and ataxia (Dyer et al., 2000). OMD is a class II keratan sulfate 

SLRP expressed in mineralized tissues, mainly bones (Sommarin et al., 1998). Recently, 

Guo et al. (2021) revealed that OMD is mainly expressed in the later stages of cardiac 

fibroblasts and proposed that OMD may participate in the pathogenesis of hypertrophic 

cardiomyopathy through its effects on fibroblasts. Therefore, this gene may contribute to 

the enlarged heart size previously reported in AD-infected mink (Farid & Ferns, 2017).  

4.2.3.5 Genes classification and enrichment analysis 

In agreement with the studies 1 and 2 findings, gene classification indicated that most of 

the identified genes (52%) were involved in binding activity. Moreover, gene enrichment 

analysis of candidate genes under selection identified several significantly overrepresented 

terms related to protein binding, extracellular organelle, and extracellular vesicle. As 

formerly discussed in studies 1 and 2, the AMDV pathogenicity and the host immune 

response against the virus include a wide range of binding activities (Dworak et al., 1997; 

Parker & Parrish, 2000). Therefore, host response against AMDV might be mediated with 

genes controlling binding activities.  

In gene enrichment analysis, the term of MHC class I peptide loading complex was also 

significantly overrepresented by candidate genes identified using AMDVG ELISA records 

(GO term = GO:0042824; FDR-adjusted p-value=0.01). An optimal peptide ligand by 

MHC class I molecules is essential for generating and maintaining CD8+ T cell responses 

to the infected cells with viruses (Purcell & Elliott, 2008). Peptide loading complex, located 

in the endoplasmic reticulum, collaborates to ensure that peptide ligand loading into the 

antigen-binding cleft of class I molecules is optimal (Purcell & Elliott, 2008). Viral proteins 

can interfere with MHC class I antigen presentation to skew or inhibit an effective immune 

response against the virus (Røder et al., 2008). For example, murine gamma-2 herpesvirus 

68 produces a viral protein degrading peptide-loading complex-incorporated MHC class I 

(Stevenson et al., 2002). Therefore, these machine molecules might be targeted by some 

AMDV proteins to restrict the host immune response.  
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4.2.4  Overlaps among signatures of selection studies 1-3 

Among the three conducted studies, 39 genomic regions were overlapped between two 

studies (Figure 4.10A). A portion of the overlapped genomic windows between studies 1 

and 2 (N = 12) were located within a segment on chromosome 1 (chr1:118.95-119.80 Mb). 

This segment is overlapped with the location of homologous human (HLA) and rabbit 

(RLA) leukocyte antigen genes (chr1:119.35-119.71 Mb) in the recent American mink 

genome assembly (GenBank assembly accession = GCA_020171115.1). These 

homologous genes include LOC122911007, LOC122911034, LOC122911086, 

LOC122911160, LOC122911197, LOC122911212, LOC122911237 encoding 

homologous proteins to DP beta 1 chain (DPB1)-like of HLA class II, DP beta 1 chain 

(DPB1)-like of RLA class II, DO alpha chain (DOA) of HLA class II, DM alpha chain 

(DMA) of HLA class II, DM beta chain (DMB) of HLA class II, DO beta chain (DOB) of 

HLA class II, DQ beta 1 (DQB1) chain of HLA class II, DQ alpha 2 chain (DQA2)-like, 

respectively. MHC Class II molecules are typically found only on antigen-presenting cells 

(APCs) such as dendritic cells, mononuclear phagocytes, some endothelial cells, thymic 

epithelial cells, and B cells (Jones et al., 2006). APCs display a range of peptides for 

recognition by the T-cell receptors of CD4+ T helper cells using MHC class II molecules 

(Roche & Furuta, 2015). Therefore, MHC class II molecules are necessary for effective 

adaptive immune responses against viral infections. MHC class II molecules consist of two 

homogenous peptides of alfa and beta chains, and the sub-designation of alpha 1, alpha 2, 

beta 1, and beta 2 refers to the separate domains within the leukocyte antigen gene 

(Cresswell, 1996). Typically, the chains' alpha 1 and beta 1 regions merge to form a 

peptide-binding domain, whereas the alpha 2 and beta 2 regions construct an 

immunoglobulin-like domain together (Rock et al., 2016). Two effective strategies of 

viruses to escape detection by CD4+ T cells is: (a) inhibiting the MHC class II antigen 

presentation pathway by affecting the stability or intracellular sorting of class II proteins; 

(b) inhibiting the expression of MHC class II genes by blocking interferon-γ signal 

transduction and expression of the MHC class II transactivator (Hegde et al., 2003). To the 

best of our knowledge, the MHC class II genes in American mink has not been studied yet; 

however, the significant role of the MHC class II in the immune response against human 
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parvovirus B19, the closest parvovirus to AMDV in humans, have been recognized (von 

Poblotzki et al., 1996; Kerr et al., 2002; Attard et al., 2015). Therefore, more attention must 

be given to the role of MHC class II genes cluster in the quality of immune response against 

AMDV in American mink. 

It is noteworthy that none of the genes detected in this thesis was found in the previous 

study by Karimi et al. (2021a) study. Our explanation for this inconsistency are: (a) here, 

we used phenotypic records of animals naturally infected by AMDV in a farm 

environment, while in Karimi et al. (2021a) study phenotypic records of animal inoculated 

by the virus in vitro were used which is much more accurate since the environmental factors 

were under control; (b) phenotypic records used for grouping the animals were different in 

the two studies except for the CIEP test; (c) different sample sizes were applied to the 

studies which can contributes to different allele/haplotype frequencies and the test results; 

(d) we used WGS data for investigation of signatures of selection whereas GBS data was 

used in the Karimi et al. (2021a) study.  

Gene annotation analysis of the overlapped regions identified 23 candidate genes more 

likely involved in response to AMDV infection (Figure 4.10B). These candidate genes, and 

their functions and possible contributions to the animal’s response to AMDV infection 

were classified and discussed in the categories of immunity and cellular response to 

pathogens, heart functions, liver and kidney development and functions, and nervous 

system functions. 

4.2.4.1 Immunity and cellular responses to pathogens 

Among the overlapped candidate genes, we identified five genes of ITPR3, VPS52, 

MYCBP2, BICD2, and CADM2 involved in immune and cellular responses to pathogens. 

ITPR3 is a receptor for inositol 1,4,5-trisphosphate (IP3), a second messenger that mediates 

intracellular calcium release. IP3 can be phosphorylated by inositol 1,4,5-trisphosphate 3-

kinase C and downregulate T cell signaling pathway by regulating Ca+/nuclear factors 

(Huang et al., 2010). In addition, the ITPR3 gene is involved in activating T lymphocyte 

apoptosis (Blackshaw et al., 2000). T cells play a significant role in restricting AMDV 

infection in mink (Best & Bloom, 2005). Another identified gene in this study was VPS52, 

a GARP complex gene subunit. It has been demonstrated that VPS52 is required for 
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extracellular monkeypox (Realegeno et al., 2017) and vaccinia (Harrison et al., 2016) virus 

formation. Recently, this gene was also identified as a candidate gene affecting resistance 

to Tilapia lake virus in farmed Nile tilapia (Barría et al., 2021).  

We also detected the candidate gene of GAB1, which plays a central role in cellular growth 

response, transformation, and apoptosis (Takahashi-Tezuka et al., 1998). Zheng et al. 

(2010) revealed that GAB1 is essential for activation of TLR3/4- and retinoic acid-

inducible gene (RIG)-I–triggered innate responses by promoting activation of PI3K/Akt, 

mitogen-activated protein kinases (MAPKs), and NF-κB pathways. In terms of AD, an 

association study suggested that TLR4 may contribute to AD tolerance (Desai, 2016). 

Therefore, some host GAB1 alleles might contribute to more effective innate immune 

response against AMDV with their interactions with pattern recognition receptors of TLR4. 

MYCBP2 is an E3-ubiquitin-ligase that regulates neuronal growth, synaptogenesis, and 

synaptic plasticity through the p38 MAPK signaling cascade (Nakata et al., 2005). 

MYCBP2 is also suggested as a new regulator of macrophage polarization (Pierre et al., 

2018). This enzyme seems to limit the IL-4 signaling pathway by inhibiting cAMP-

signaling (Pierre et al., 2018). During AD, the upregulation of cytokine of IL-4, mainly in 

CTLs, was consistent with the development of plasmacytosis, enhanced antibody 

production, and facilitation of the virus replication (Jensen et al., 2003). The two candidate 

genes of BICD2 and CADM2 were already discussed in sections 4.2.2.3 and 4.2.3.1, 

respectively. 

4.2.4.2 Heart functions 

RBM24 encodes an RNA binding protein enriched in human embryonic stem cells-derived 

cardiomyocytes, suggesting it is more likely involved in cardiogenesis (Xu et al., 2009). 

Moreover, this gene contributes to regulating cardiac gene expression, sarcomeric 

assembly, and cardiac contractility (Poon et al., 2012). Another identified candidate gene 

was RGL2, a member of the Ral-guanine nucleotide dissociation stimulator (GDS) family 

(Peterson et al., 1996). In a study conducted by Scotland et al. (2013), increased expression 

and function of RGL2 in cardiomyocytes resulted in activation of the PI3-kinase signaling 

cascade and could protect cardiomyocytes from death and heart from pathologic fibrosis. 
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Therefore, these genes might contribute to the heart cells responses to AMDV infection 

and protection of cardiomyocytes from fibrosis induced by chronic AD. 

4.2.4.3 Kidney and Liver functions 

We detected the candidate gene of PKHD1 associated with the development and function 

of kidney and liver. PKHD1 encodes a large and complex protein with only a few 

recognizable motifs and a single predicted transmembrane domain (Onuchic et al., 2002). 

Congenital polycystic kidney and liver disease in humans (Bergmann et al., 2004) and cats 

(Drögemüller et al., 2014) are caused by mutations in the PKHD1. Polycystic kidney 

disease has also been reported in mink (Henriksen, 1988). Some alleles involved in the 

congenital polycystic kidney of American mink might contribute to higher susceptibility 

to AMDV infection.  

4.2.4.4 Nervous system functions 

Regarding genes involved in nervous system development and function, SYNGAP1 is a 

negative regulator of Ras, Rap, and AMPA receptor trafficking to the postsynaptic 

membrane, thereby regulating synaptic plasticity, neuronal homeostasis, development of 

cognition, and proper synapse function. It also plays a central role in regulating 

fundamental molecular changes in dendritic spine synaptic morphological and functional 

modifications (Jeyabalan & Clement, 2016). Further investigation of the role of this gene 

in CNS cells response to AMDV infection is suggested. 

4.2.4.5 Genes classification and enrichment analysis 

In parallel to the studies 1 to 3 results, gene classification indicated that most of the 

identified genes (46%) were involved in the binding activity. Moreover, gene enrichment 

analysis of candidate genes under selection identified several significantly overrepresented 

terms related to protein binding. AMDV pathogenicity and host immune response against 

the virus include a wide range of binding activities (Dworak et al., 1997; Parker & Parrish, 

2000). Therefore, host response against AMDV might be mediated with genes controlling 

binding activities. Gene enrichment analysis also found several overrepresented terms 

associated with heart functions, including regulation of ventricular cardiac muscle cell 

membrane repolarization, cardiac conduction, regulation of cardiac muscle cell 
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contraction, regulation of cardiac muscle cell membrane repolarization, and ventricular 

cardiac muscle cell membrane repolarization. Macroscopic enlarged hearts with 

microscopic lesions and widespread plasma cell infiltration were previously reported in 

AMDV infected mink (Farid & Ferns, 2017; Farid & Hussain, 2019). Therefore, the 

adaptive response of heart cells to the stress induced by AMDV infection might be 

controlled by genes involved in heart functions. 
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Figure 4.1 Manhattan plots A, B, and C depict the distribution of Z-transformed FST 

(Z(FST)), log2(θπ ratios), and -log10(p-value) of XP-EHH values, respectively. These 

values were calculated using a sliding window approach based on CIEP test 

records. The dashed red line in plots A and B represents the significant 

threshold level set at the top 1% of the Z(FST) (Z(FST) = 3.21) and log2(θπ ratios) 

(log2(θπ ratios) = 0.48) values distribution, and in plot C represent the significant 

threshold level at the FDR adjusted p-value (q-value) < 0.05 (p-value < 0.0002). 
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Figure 4.2 Venn diagram of overlapped genomic windows among top 1% regions obtained 

from Z-transformed FST (Z(FST)) and log2(θπ ratios) tests and the significant regions 

(q-value < 0.05) identified by XP-EHH test based on CIEP test records. 
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Figure 4.3 Pie chart of functional classification of candidate genes under selection pressure 

based on CIEP records. 
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Figure 4.4 Manhattan plots A, B, and C depict the distribution of Z-transformed FST 

(Z(FST)), log2(θπ ratios), and -log10(p-value) of XP-EHH values, respectively. Using a 

sliding window approach, these values were calculated based on VP2 ELISA 

test records. The dashed red line in plots A and B represents the significant 

threshold level set at the top 1% of the Z(FST) (Z(FST) = 3.26) and log2(θπ ratios) 

(log2(θπ ratios) = 0.77) values distribution, and in plot C represent the significant 

threshold level at the FDR adjusted p-value (q-value) < 0.05 (p-value < 0.0002). 
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Figure 4.5 Venn diagram of overlapped genomic windows among top 1% regions obtained 

from Z(FST) and log2(θπ ratios) tests and the significant regions (q-value < 0.05) 

identified by XP-EHH test based on VP2 ELISA test records. 
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Figure 4.6 Pie chart of functional classification of candidate genes under selection pressure 

based on VP2 ELISA records. 
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Figure 4.7 Manhattan plots A, B, and C depict the distribution of Z-transformed FST 

(Z(FST)), log2(θπ ratios), and -log10(p-value) of XP-EHH values, respectively. These 

values were calculated using a sliding window approach based on AMDVG 

ELISA test records. The dashed red line in plots A and B represents the 

significant threshold level set at the top 1% of the Z(FST) (Z(FST) = 3.08) and 

log2(θπ ratios) (log2(θπ ratios) = 0.98) values distribution, and in plot C represent the 

significant threshold level at the FDR adjusted p-value (q-value) < 0.05 (p-

value < 0.0003). 



 

 

80 

 

 

 

Figure 4.8 Venn diagram of overlapped genomic windows among top 1% regions 

obtained from Z(FST) and log2(θπ ratios) tests and the significant regions (q-value 

< 0.05) identified by XP-EHH test based on AMDVG ELISA test records. 
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Figure 4.9 Pie chart of functional classification of candidate genes under selection 

pressure based on AMDVG ELISA records. 
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Figure 4.10 Venn diagram of overlapped genomic regions (A) and candidate genes (B) 

among all signatures of selection studies based on CIEP, VP2 ELISA, and 

AMDVG ELISA phenotypic records. 
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Figure 4.11 Pie chart of functional classification of candidate genes under selection 

identified in studies 1-3. 
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Table 4.1 Identified candidate genes located in the putatively selected regions using Z-

transformed FST (Z(FST)), log2(θπ ratios), and XP-EHH tests based on CIEP test 

records.  

Chra Start position 

(bpb) 

End position 

(bp) 

Gene ID Z(FST

) 

log2(θ

π ratios)
 

XP-

EH

H 

1 42,780,766 42,780,882 SLC35A1 ×c × -d 

1 42,805,825 42,805,945 CFAP206 × × - 

1 42,876,517 42,876,520 C1H6orf163 × × - 

1 42,935,706 42,935,784 GJB7 × × - 

1 56,358,568 56,359,807 RAB32 × × - 

1 77,787,843 77,788,115 SMPDL3A × × - 

1 77,835,945 77,836,122 PKIB × × - 

1 78,038,300 78,038,462 SERINC1 × × - 

1 78,066,214 78,066,268 HSF2 × × - 

1 81,473,535 81,475,976 PLN × × - 

1 81,559,148 81,559,301 CEP85L × × - 

1 90,019,449 90,019,538 ABCC10 × × - 

1 90,905,231 90,905,450 CDC5L × × - 

1 92,766,634 92,766,861 RCAN2 × × - 

1 92,947,770 92,948,067 SLC25A27 × × - 

1 93,529,775 93,530,424 TNFRSF21 × × - 

1 94,179,259 94,179,740 PTCHD4 × × - 

1 98,118,919 98,119,070 PKHD1 × × - 

1 98,525,757 98,530,078 PAQR8 × × - 

1 98,538,716 98,538,828 EFHC1 × × - 

1 98,614,327 98,614,491 TRAM2 × × - 

1 99,481,152 99,482,753 GCLC × × - 

1 102,779,820 102,780,046 DST × × - 

1 102,802,239 102,802,275 BEND6 × × - 

1 102,881,612 102,881,708 ZNF451 × × - 

1 107,253,345 107,253,352 EYS × × - 

1 111,928,462 111,928,546 COL9A1 × × - 

1 118,954,274 118,954,396 ITPR3 × × - 

1 119,127,653 119,127,775 SYNGAP1 × × - 

1 119,144,388 119,144,391 PHF1 × × - 

1 119,158,254 119,158,392 KIFC1 × × - 

1 119,225,003 119,225,128 RGL2 × × - 

1 119,234,729 119,235,108 WDR46 × × - 

1 119,252,886 119,252,921 VPS52 × × - 

1 130,529,335 130,529,500 RREB1 × × - 

1 130,579,625 130,579,719 SSR1 × × - 
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Chra Start position 

(bpb) 

End position 

(bp) 

Gene ID Z(FST

) 

log2(θ

π ratios) 

XP-

EH

H 

1 130,608,553 130,608,622 CAGE1 × × - 

1 130,676,956 130,677,076 RIOK1 × × - 

1 139,672,471 139,672,658 RBM24 × × - 

1 196,448,445 196,448,527 ERAP2 × × - 

1 204,344,645 204,344,810 TMEM161B × × - 

2 31,178,313 31,178,498 ZMPSTE24 × - × 

2 31,211,270 31,211,324 COL9A2 × - × 

2 31,245,661 31,246,120 SMAP2 × - × 

2 31,311,405 31,323,759 ZFP69B × - × 

2 31,331,709 31,332,290 ZFP69 × - × 

2 83,766,840 83,766,923 DPYD × × - 

4 159,411,287 159,412,535 MTERF1 × × - 

4 159,456,852 159,456,933 AKAP9 × × - 

4 162,026,212 162,026,229 SGCE × × - 

4 162,042,320 162,042,563 PEG10 × × - 

4 162,189,533 162,189,601 PPP1R9A × × - 

6 69,002,775 69,003,008 XRN1 × × - 

6 69,022,855 69,023,006 ATR × × - 

6 69,164,633 69,164,791 PLS1 × × - 

6 78,902,793 78,903,342 RAP2B × × - 

6 80,721,245 80,721,344 STRIT1 × × - 

6 89,832,897 89,833,049 SI × × - 

6 89,946,668 89,946,671 SLITRK3 × × - 

6 102,085,062 102,085,464 KCNMB2 × × - 

11 96,153,124 96,153,190 CAMK2D × × - 

11 96,349,272 96,351,537 ANK2 × × - 

11 128,758,411 128,758,634 RXFP1 × × - 

12 75,925,689 75,925,730 CPNE8 × × - 

13 53,450,919 53,451,818 KLHL28 × × - 

13 111,456,194 111,456,342 UNC13C × - × 
aChromosome number 

bBase pair 

cDetected by the test 

dNot detected by the test 
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Table 4.2 Identified candidate genes located in the putatively selected regions using Z(FST), 

log2(θπ ratios), and XP-EHH tests based on VP2 ELISA test records.  

Chra Start 

position 

(bpb) 

End 

position 

(bp) 

Gene ID Z(FST) log2(θπ ratios) XP-

EHH 

1 75,950,001 76,050,000 NKAIN2 ×c × -d 

1 92,807,342 92,807,355 RCAN2 × × - 

1 94,179,259 94,179,740 PTCHD4 × × - 

1 98,138,297 98,138,493 PKHD1 × × - 

1 106,469,867 106,469,967 EYS × × - 

1 118,954,274 118,954,396 ITPR3 × × - 

1 118,998,560 119,012,034 BAK1 × × - 

1 119,104,803 119,107,733 ZBTB9 × × - 

1 119,110,437 119,110,521 SYNGAP1 × × - 

1 119,142,352 119,143,935 CUTA × × - 

1 119,144,388 119,144,391 PHF1 × × - 

1 119,158,254 119,158,392 KIFC1 × × - 

1 119,199,257 119,199,500 SMIM40 × × - 

1 119,204,991 119,209,483 DAXX × × - 

1 119,210,176 119,213,508 ZBTB22 × × - 

1 119,225,003 119,22,5128 RGL2 × × - 

1 119,233,336 11,923,4649 PFDN6 × × - 

1 119,234,729 11,923,5108 WDR46 × × - 

1 119,243,651 119,245,334 B3GALT4 × × - 

1 119,246,061 119,252,735 RPS18 × × - 

1 119,252,886 119,252,921 VPS52 × × - 

1 119,293,421 119,297,406 RING1 × × - 

1 119,299,015 119,300,000 HSD17B8 × × - 

1 289,259,674 289,259,797 SPEF2 × × - 

2 83,766,840 83,766,923 DPYD × × - 

2 210,517,419 210,517,528 R3HCC1L × × - 

2 210,599,619 210,599,735 LOXL4 × × - 

2 237,842,517 237,842,625 C2H10orf143 × - × 

2 237,884,269 237,884,390 GLRX3 × - × 

5 136,543,004 136,543,214 MYCBP2 × × - 

6 38,050,001 38,150,000 CADM2 × × - 

6 40,554,250 40,558,056 CGGBP1 × × - 

6 40,558,280 40,558,518 ZNF654 × × - 

6 40,644,229 40,644,700 C6H3orf38 × × - 

6 70,244,309 70,244,387 SLC9A9 × × - 

6 116,025,780 116,027,427 CPN2 × × - 

6 116,040,014 116,041,775 LRRC15 × × - 
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Chra Start 

position 

(bpb) 

End 

position 

(bp) 

Gene ID Z(FST) log2(θπ ratios) XP-

EHH 

6 116,083,860 116,090,578 GP5 × × - 

6 116,089,405 116,092,860 ATP13A3 × × - 

8 58,048,288 58,048,447 LONRF2 × × - 

8 58,111,757 58,111,992 CHST10 × × - 

8 113,418,492 113,418,646 ATL2 × × - 

9 97,712,220 97,713,425 IPPK - × × 

9 97,794,755 97,795,763 BICD2 - × × 

11 116,493,538 116,493,622 CCSER1 × × - 

11 148,979,401 148,979,568 SMARCA5 × × - 

11 149,043,850 149,043,973 GAB1 × × - 

11 149,249,104 149,253,626 USP38 × × - 
aChromosome number 

bBase pair 

cDetected by the test 

dNot detected by the test 
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Table 4.3 Identified candidate genes located in the putatively selected regions using Z(FST), 

log2(θπ ratios), and XP-EHH tests based on AMDVG ELISA test records.  

Chra Start position 

(bpb) 

End position 

(bp) 

Gene ID Z(FST) log2(θπ ratios) XP-

EHH 

1 114,200,001 114,300,000 KCNQ5 ×c × -d 

1 119,600,001 119,602,944 TAP2 × × - 

1 133,815,923 133,823,812 C1H6orf52 × × - 

1 133,829,247 133,829,437 PAK1IP1 × × - 

1 133,872,556 133,872,676 MAK × × - 

1 139,672,471 139,672,658 RBM24 × × - 

1 139,757,818 139,757,945 CAP2 × × - 

2 37,490,287 37,492,857 FOXD2 - × × 

2 85,728,540 85,728,689 SLC35A3 × × - 

2 85,798,628 85,798,836 MFSD14A × × - 

3 78,479,502 78,480,559 FRZB - × × 

3 78,543,390 78,543,484 NCKAP1 - × × 

3 78,665,747 78,666,165 DUSP19 - × × 

3 78,735,588 78,735,730 NUP35 - × × 

3 103,603,705 103,605,271 C1QL2 × × - 

3 159,307,775 159,307,870 KIAA1328 × × - 

3 159,307,992 159,308,302 TPGS2 × × - 

3 159,377,143 159,377,741 FHOD3 × × - 

5 16,365,393 16,365,537 EFCAB13 × - × 

5 16,481,582 16,481,749 ITGB3 × - × 

5 136,543,004 136,543,214 MYCBP2 × × - 

6 40,554,250 40,558,056 CGGBP1 × × - 

6 40,558,280 40,558,518 ZNF654 × × - 

6 40,644,229 40,644,700 C6H3orf38 × × - 

6 75,316,461 75,316,604 TM4SF18 × × - 

6 116,126,029 116,126,146 ATP13A3 × × - 

7 38,496,942 38,496,969 CADM2 × × - 

7 158,137,951 158,138,065 SBF2 × × - 

9 97,351,240 97,351,367 ZNF484 - × × 

9 97,431,597 97,431,715 IARS1 - × × 

9 97,468,071 97,468,140 NOL8 - × × 

9 97,476,758 97,476,806 OGN - × × 

9 97,566,437 97,566,523 OMD - × × 

9 97,598,714 97,598,928 ASPN - × × 

9 97,646,166 97,646,709 ECM2 - × × 

9 97,712,220 97,713,425 IPPK - × × 

9 97,794,755 97,795,763 BICD2 - × × 

11 116,404,308 116,404,386 CCSER1 × × - 
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Chra Start position 

(bpb) 

End position 

(bp) 

Gene ID Z(FST) log2(θπ ratios) XP-

EHH 

11 149,162,982 149,163,525 GAB1 × × - 
aChromosome number 

bBase pair 

cDetected by the test 

dNot detected by the test 
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Table 4.4 Number of candidate regions and genes detected by signatures of selection tests 

in three groups of AD tests. Total do not consider the overlap between groups. 

Overlapped represents the number of shared regions/candidate genes between 

two groups. 

Group Number of candidate regions Number of candidate genes 

CIEP 189 66 

VP2 ELISA 110 48 

AMDVG ELISA 86 39 

Overlapped  39 23 

Total 342 130 
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CHAPTER 5 GENRAL DISCUSSION AND CONCLUSIONS 

5.1  SUMMARY AND GENERAL DISCUSSION 

AD induces many issues in adult animals, including weight loss and lower fertility (Farid 

& Ferns, 2011; Reichert & Kostro, 2014a). The infection can cause a more than 90% 

mortality rate in kits, mainly due to induced acute interstitial pneumonia (Alexandersen, 

1986). A long time after the first AD detection in the United States, it is still one of the 

major problems of the mink industry, but at the global level now (Gorham et al., 1965; Li 

et al., 2012; Themudo et al., 2011). Using a test-and-removal strategy, the most common 

approach applied in the affected countries, AD removal from the mink ranches, has not 

happened yet. The large number of seropositive animals and outbreaks in mink producers 

countries such as Canada, United States, Denmark, China, Russia, and Finland suggested 

that the applied strategies to control AD lacked the potency of controlling this disease 

(Kashtanov & Salnikova, 2018; Li et al., 2012). 

Several attempts were performed to develop adequate protective protein- or DNA-based 

vaccines, but experiments have failed, and only partial protections have been achieved 

(Aasted et al., 1998; Castelruiz et al., 2005; Liu et al., 2017). Furthermore, no efficient 

practical treatment has been found for this disease. Given the difficulties in eradicating AD 

and the lack of either vaccine or therapy, an additional or complementary control strategy 

should be considered. One approach could be to utilize the host genetic variation in 

response to AD, remarkably tolerant animals. Similar strategies were applied for other 

livestock diseases such as bovine tuberculosis (Raphaka et al., 2018) or salmon infectious 

pancreatic necrosis (Bishop & Woolliams, 2014) that can be extended to the mink industry.  

Various strategies could be used to exploit the genetic variation of a trait of interest, one of 

them is signatures of selection analysis. Identifying genomic regions that have been under 

selective pressure as signatures of selection provides insight toward evolutionary processes 

affecting the structure of genetic variation within the population and can be used to screen 

the QTL and candidate genes for traits of interest. Finding the QTLs can help implement 

genomic selection to improve the population quickly and accurately by characterizing the 

genetic architecture of the trait of interest (Goddard & Hayes, 2007). Signatures of 

selection analysis for response to AMDV infection were previously conducted using GBS 
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data, an affordable method to discover the SNPs (Karimi, et al., 2021a). In contrast, the 

WGS approach provides a broader coverage of the genome (Sellner et al., 2007). To the 

best of our knowledge, signatures of selection analysis for AD using WGS data has not 

been conducted in the Canadian mink populations. The use of WGS data and AD detection 

tests records can provide the opportunity to identify DNA markers underlying the adaptive 

changes for response to AD in American mink.  

In this thesis, WGS data of 85 American mink from CCFAR were used to investigate the 

signatures of selection for response to AMDV infection. This thesis prepared the first map 

of signatures of selection for response to ADMV infection at the chromosome level using 

WGS data. In the first study, we detected 189 genomic regions and 66 candidate genes 

associated with the anti-AMDV response using combining the results of genetic 

differentiation tests of Z(FST) and log2(θπ ratios) and the haplotype-based approach of XP-EHH 

in which animals were grouped based on the records of CIEP test. These regions and 

associated candidate genes were mainly involved in immunity and cellular response to 

pathogens, reproductive performances, heart, nervous system, and respiratory system 

functions. In the second study, an overall of 110 genomic windows and 48 candidate genes 

were found to be involved in response to AMDV infection. The same tests to study 1 were 

applied to the animals grouped based on the records of VP2 ELISA test. The identified 

genomic regions and candidate genes were associated with immunity and cellular response 

to pathogens and respiratory system functions. In the third study, we identified 39 genomic 

windows and 23 candidate genes found to be contributed in response to AMDV infection 

using the results of Z(FST), log2(θπ ratios), and XP-EHH test in which animals were grouped 

based on the records of AMDVG ELISA records. The identified genomic regions and 

candidate genes were predominantly associated with immunity and cellular response to 

pathogens and heart and nervous system development and functions. 

Overall, 342 genomic regions and 130 candidate genes were suggested to be involved in 

AD response in American mink. A part of significant genomic windows overlapped 

between studies 1 and 2 were located within a segment on chromosome 1 (chr1:118.95-

119.80 Mb), which harbored homologous MHC class II genes highly critical in immune 

responses against viral infections and immune cells–virus interactions. Put immune 

response aside, in all studies, most of the significant selection signals were located in 
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regions carrying genes involved in the development and functions of systems and organs 

affected by the virus during AD, including the respiratory system, reproductive system, 

nervous system, liver, and kidney. However, further investigation would be necessary to 

confirm the functions of the identified selected candidate genes for response to AMDV 

infection.  

The results found in more than one study were reported as genomic regions more likely 

subjected to the selection process for response against AMDV infection that included 39 

genomic windows and 23 candidate genes. These genomic regions and candidate genes 

were mainly involved in immunity and cellular response to pathogens, heart functions, liver 

and kidney development and functions, and nervous system functions. Most of the 

overlapped genes were involved in the binding activity which was in parallel with gene 

enrichment analysis results. In AMDV infection, the steps of virus attachments to the cell, 

viral entry, intracellular trafficking, replication, transcription, encapsidation, apoptosis, and 

release of the virus includes several interactions of virus particles with host cells’ 

extracellular and intracellular components (Dworak et al., 1997; Parker & Parrish, 2000). 

Moreover, the host immune response against the virus includes a wide range of receptor 

bindings, such as attachment of AMDV to Fc receptors through ADE process or to IgM 

and IgG in immune complexes (Bloom et al., 2001; Kanno et al., 1993). Therefore, the host 

response against AMDV might be mediated by genes controlling binding activity. Gene 

enrichment analysis also found several overrepresented terms associated with heart 

functions. Macroscopic enlarged hearts with microscopic lesions and widespread plasma 

cell infiltration were previously reported in AMDV infected mink (Farid & Ferns, 2017; 

Farid & Hussain, 2019). Therefore, the adaptive response of heart cells to the stress induced 

by AMDV infection might be controlled by genes involved in heart functions. 

5.2  GENERAL CONCLUSIONS AND IMPLICATIONS IN MINK INDUSTRY 

Our study prepared the first map of signatures of selection for response to ADMV infection 

at the chromosome level using WGS data. We detected 342 candidate regions and 130 

candidate genes associated with the anti-AMDV response using signatures of selection 

tests of Z(FST), log2(θπ ratios), and XP-EHH based on the records of CIEP, VP2 ELISA, and 

AMDVG ELISA. The results found in more than one study were eventually reported as 
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genomic regions more likely subjected to the selection process for response against AMDV 

infection, including 39 genomic regions and 23 candidate genes.  

Our findings may provide genetic insight into the mechanism of response to AMDV 

infection. We detected the most significant signals on chromosome 1, where homologous 

MHC class II genes are located. It is more likely that these genes contribute significantly 

to determining the quality of immune response against AMDV. Several candidate genes 

were involved in AD’s phenotypic determination, such as genes involved in heart, kidney, 

liver, respiratory and nervous system functions. In contrast, we found that a series of 

candidate genes can be targeted by the AMDV, e.g., genes contributing to the immune and 

reproductive systems’ functions. Our findings could help better understand the animal’s 

response to AMDV and the pathogenesis of the virus, which can be further applied to the 

development of an effective vaccine or treatment.  

The findings of this study can also provide practical implications for mink breeding for AD 

tolerance. Understanding the genetic architecture of AD response in American mink can 

improve genomic selection strategies by using a suitable statistical model. Detection of 

multiple loci under selection pressure for AMDV infection showed that genomic selection 

could be a feasible approach to develop AD tolerant farms.  

5.3  GENERAL RECOMMENDATIONS 

Our recommendations for future studies are as follows: 

1. We compared the selection signatures of American mink for response to AMDV 

assuming animals classified in low anti-AMDV OD classes were exposed to the 

virus. However, some animals in this group were CIEP negative, indicating that 

low anti-AMDV OD does not necessarily mean exposure to AMDV. In this study, 

our results were limited to genomic regions involved in response against AMDV, 

but it is still unknown which of them contributes to AD tolerance. To find genomic 

regions underlying AD tolerance, it is recommended to compare CIEP positive 

animals grouped in low anti-AMDV OD classes versus high anti-AMDV OD 

classes.  

2. We detected the most significant selection signatures signals on chromosome 1, 

where homologous MHC class II genes are located. However, to the present, MHC 
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class II genes have not been characterized in American mink. Therefore, more 

focused studies on this segment to investigate MHC class II genes in American 

mink and their functions are highly recommended. 

3. Our study was limited to the animals in one AD positive farm. Applying signatures 

of selection tests between animals bred in AD positive and AD negative farms is 

suggested to investigate genomic regions involved in the evolutionary process of 

anti-AMDV response in American mink.  

4. In this thesis, we used three signatures of selection tests to investigate genomic 

regions and candidate genes contributing to the anti-AMDV response. However, it 

is possible to use more tests and then combine the results in a composite signal such 

as de-correlated composite of multiple signals (DCMS). This composite 

measurement provides higher power of selective sweep detection and a more 

reliable positional resolution than single statistics (Ma et al., 2015). 
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APPENDIX 1. RED, BLUE, AND GREEN LAYERS OF CIRCUS PLOT 

SHOW THE DISTRIBUTION OF Z-TRANSFORMED FST (Z(FST)), 

LOG2(ΘΠ RATIOS), AND -LOG10(P-VALUE) OF XP-EHH VALUES, 

RESPECTIVELY. THESE VALUES WERE CALCULATED USING 

A SLIDING WINDOW APPROACH BASED ON CIEP TEST 

RECORDS.  
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APPENDIX 2.  RED, BLUE, AND GREEN LAYERS OF CIRCUS PLOT 

SHOW THE DISTRIBUTION OF THE Z-TRANSFORMED FST 

(Z(FST)), LOG2(ΘΠ RATIOS), AND -LOG10(P-VALUE) OF XP-EHH VALUES, 

RESPECTIVELY. THESE VALUES WERE CALCULATED USING 

A SLIDING WINDOW APPROACH BASED ON VP2 ELISA TEST 

RECORDS. 
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APPENDIX 3.  RED, BLUE, AND GREEN LAYERS OF CIRCUS PLOT 

SHOW THE DISTRIBUTION OF THE Z-TRANSFORMED FST 

(Z(FST)), LOG2(ΘΠ RATIOS), AND -LOG10(P-VALUE) OF XP-EHH VALUES, 

RESPECTIVELY. THESE VALUES WERE CALCULATED USING A 

SLIDING WINDOW APPROACH BASED ON AMDVG ELISA TEST 

RECORDS. 
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APPENDIX 4. FUNCTIONAL ENRICHMENT OF CANDIDATE GENES 

UNDER SELECTION BASED ON CIEP TEST RECORDS. 

Tool Source Term Description FDR 

valuea 

PANTHER GO:MFb GO:0005515 protein binding 0.000 

PANTHER GO:CCc GO:0065010 extracellular membrane-bounded 

organelle 

0.000 

PANTHER GO:CC GO:0043230 extracellular organelle 0.000 

PANTHER GO:CC GO:1903561 extracellular vesicle 0.000 

PANTHER GO:CC GO:0070062 extracellular exosome 0.000 

PANTHER GO:MF GO:0005488 binding 0.000 

PANTHER GO:CC GO:0005737 cytoplasm 0.000 

PANTHER GO:CC GO:0012505 endomembrane system 0.000 

PANTHER GO:CC GO:0031982 vesicle 0.000 

PANTHER GO:CC GO:0043226 organelle 0.000 

PANTHER GO:CC GO:0043227 membrane-bounded organelle 0.000 

PANTHER GO:BPd GO:0035637 multicellular organismal signaling 0.000 

PANTHER GO:BP GO:0032501 multicellular organismal process 0.000 

PANTHER GO:BP GO:0032502 developmental process 0.000 

PANTHER GO:CC GO:0071944 cell periphery 0.000 

PANTHER GO:CC GO:0005622 intracellular anatomical structure 0.000 

PANTHER GO:CC GO:0043229 intracellular organelle 0.000 

PANTHER GO:CC GO:0031984 organelle subcompartment 0.000 

PANTHER GO:CC GO:0005783 endoplasmic reticulum 0.000 

PANTHER GO:CC GO:0120025 plasma membrane bounded cell 

projection 

0.000 

PANTHER GO:MF GO:0003674 molecular_function 0.000 

PANTHER GO:CC GO:0043005 neuron projection 0.000 

PANTHER GO:CC GO:0042995 cell projection 0.000 

PANTHER GO:BP GO:0061337 cardiac conduction 0.000 

PANTHER GO:BP GO:0042391 regulation of membrane potential 0.000 

PANTHER GO:BP GO:0019932 second-messenger-mediated 

signaling 

0.000 

PANTHER GO:BP GO:0044057 regulation of system process 0.000 

PANTHER GO:BP GO:0098901 regulation of cardiac muscle cell 

action potential 

0.000 

PANTHER GO:BP GO:1903522 regulation of blood circulation 0.000 

PANTHER GO:BP GO:0086004 regulation of cardiac muscle cell 

contraction 

0.000 

PANTHER GO:BP GO:0048523 negative regulation of cellular 

process 

0.000 
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Tool Source Term Description FDR 

valuea 

PANTHER GO:BP GO:0006942 regulation of striated muscle 

contraction 

0.000 

PANTHER GO:BP GO:0019722 calcium-mediated signaling 0.000 

PANTHER GO:BP GO:0010038 response to metal ion 0.000 

PANTHER GO:CC GO:0043231 intracellular membrane-bounded 

organelle 

0.000 

PANTHER GO:BP GO:0002027 regulation of heart rate 0.000 

PANTHER GO:BP GO:1903115 regulation of actin filament-based 

movement 

0.000 

PANTHER GO:BP GO:0008016 regulation of heart contraction 0.000 

PANTHER GO:BP GO:0071840 cellular component organization or 

biogenesis 

0.000 

PANTHER GO:CC GO:0016529 sarcoplasmic reticulum 0.000 

PANTHER GO:CC GO:0098827 endoplasmic reticulum 

subcompartment 

0.000 

PANTHER GO:CC GO:0005789 endoplasmic reticulum membrane 0.000 

PANTHER GO:CC GO:0042175 nuclear outer membrane-

endoplasmic reticulum membrane 

network 

0.000 

PANTHER GO:CC GO:0016528 sarcoplasm 0.000 

PANTHER GO:BP GO:0010881 regulation of cardiac muscle 

contraction by regulation of the 

release of sequestered calcium ion 

0.000 

PANTHER GO:BP GO:0048856 anatomical structure development 0.000 

PANTHER GO:BP GO:0098900 regulation of action potential 0.000 

PANTHER GO:BP GO:0048519 negative regulation of biological 

process 

0.000 

PANTHER GO:BP GO:0006996 organelle organization 0.000 

PANTHER GO:BP GO:0051592 response to calcium ion 0.001 

PANTHER GO:CC GO:0110165 cellular anatomical entity 0.001 

PANTHER GO:BP GO:0010882 regulation of cardiac muscle 

contraction by calcium ion signaling 

0.001 

PANTHER GO:CC GO:0031090 organelle membrane 0.001 

PANTHER GO:CC GO:0005886 plasma membrane 0.001 

PANTHER GO:BP GO:0055117 regulation of cardiac muscle 

contraction 

0.002 

PANTHER GO:BP GO:0010035 response to inorganic substance 0.002 

PANTHER GO:CC GO:0005575 cellular_component 0.002 

PANTHER GO:CC GO:0033017 sarcoplasmic reticulum membrane 0.002 

PANTHER GO:BP GO:0008150 biological_process 0.002 
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Tool Source Term Description FDR 

valuea 

PANTHER GO:BP GO:0035556 intracellular signal transduction 0.002 

PANTHER GO:BP GO:0006937 regulation of muscle contraction 0.002 

PANTHER GO:CC GO:0005615 extracellular space 0.003 

PANTHER GO:BP GO:0007275 multicellular organism development 0.003 

PANTHER GO:CC GO:0005593 FACIT collagen trimer 0.003 

PANTHER GO:CC GO:0098590 plasma membrane region 0.003 

PANTHER GO:CC GO:0005594 collagen type IX trimer 0.003 

g:GOSt GO:CC GO:0005593 FACIT collagen trimer 0.004 

g:GOSt GO:CC GO:0005594 collagen type IX trimer 0.004 

g:GOSt GO:BP GO:1903115 regulation of actin filament-based 

movement 

0.004 

g:GOSt GO:BP GO:0099625 ventricular cardiac muscle cell 

membrane repolarization 

0.004 

g:GOSt GO:BP GO:0099623 regulation of cardiac muscle cell 

membrane repolarization 

0.004 

g:GOSt GO:BP GO:0086004 regulation of cardiac muscle cell 

contraction 

0.004 

g:GOSt GO:BP GO:0070296 sarcoplasmic reticulum calcium ion 

transport 

0.004 

g:GOSt GO:BP GO:0061337 cardiac conduction 0.004 

g:GOSt GO:BP GO:0060307 regulation of ventricular cardiac 

muscle cell membrane 

repolarization 

0.004 

g:GOSt GO:BP GO:0019932 second-messenger-mediated 

signaling 

0.004 

g:GOSt GO:BP GO:1990036 calcium ion import into 

sarcoplasmic reticulum 

0.004 

g:GOSt GO:BP GO:0006942 regulation of striated muscle 

contraction 

0.004 

PANTHER GO:BP GO:0065009 regulation of molecular function 0.004 

PANTHER GO:BP GO:0016043 cellular component organization 0.004 

PANTHER GO:BP GO:1901019 regulation of calcium ion 

transmembrane transporter activity 

0.004 

PANTHER GO:BP GO:0048518 positive regulation of biological 

process 

0.004 

g:GOSt GO:BP GO:0060306 regulation of membrane 

repolarization 

0.005 

g:GOSt GO:BP GO:0099622 cardiac muscle cell membrane 

repolarization 

0.005 

PANTHER GO:MF GO:0046872 metal ion binding 0.005 

g:GOSt GO:BP GO:0019722 calcium-mediated signaling 0.006 
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Tool Source Term Description FDR 

valuea 

PANTHER GO:BP GO:0090257 regulation of muscle system process 0.006 

PANTHER GO:BP GO:0010880 regulation of release of sequestered 

calcium ion into cytosol by 

sarcoplasmic reticulum 

0.006 

PANTHER GO:MF GO:0043169 cation binding 0.006 

PANTHER GO:CC GO:0031226 intrinsic component of plasma 

membrane 

0.007 

PANTHER GO:BP GO:0060307 regulation of ventricular cardiac 

muscle cell membrane 

repolarization 

0.007 

PANTHER GO:BP GO:0099623 regulation of cardiac muscle cell 

membrane repolarization 

0.008 

PANTHER GO:BP GO:0048731 system development 0.009 

PANTHER GO:BP GO:0048522 positive regulation of cellular 

process 

0.009 

PANTHER GO:CC GO:0036477 somatodendritic compartment 0.009 

g:GOSt GO:BP GO:1901894 regulation of ATPase-coupled 

calcium transmembrane transporter 

activity 

0.010 

PANTHER GO:BP GO:0051179 localization 0.010 

PANTHER GO:BP GO:0050790 regulation of catalytic activity 0.010 

PANTHER GO:BP GO:1902080 regulation of calcium ion import 

into sarcoplasmic reticulum 

0.010 

PANTHER GO:BP GO:0060306 regulation of membrane 

repolarization 

0.010 

PANTHER GO:BP GO:0048869 cellular developmental process 0.010 

PANTHER GO:BP GO:0065007 biological regulation 0.010 

g:GOSt GO:BP GO:0086009 Membrane repolarization 0.011 

PANTHER GO:CC GO:0062023 collagen-containing extracellular 

matrix 

0.011 

PANTHER GO:BP GO:0086091 regulation of heart rate by cardiac 

conduction 

0.011 

PANTHER GO:BP GO:0008015 blood circulation 0.012 

PANTHER GO:CC GO:0098588 bounding membrane of organelle 0.013 

PANTHER GO:CC GO:0031974 membrane-enclosed lumen 0.013 

PANTHER GO:CC GO:0005815 microtubule organizing center 0.013 

PANTHER GO:CC GO:0070013 intracellular organelle lumen 0.013 

PANTHER GO:CC GO:0043233 organelle lumen 0.014 

g:GOSt GO:BP GO:0035637 multicellular organismal signaling 0.016 

g:GOSt GO:BP GO:0008015 blood circulation 0.016 

g:GOSt GO:BP GO:0006937 regulation of muscle contraction 0.016 
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Tool Source Term Description FDR 

valuea 

g:GOSt GO:BP GO:0010881 Regulation of cardiac muscle 

contraction by regulation of the 

release of sequestered calcium ion 

0.016 

PANTHER GO:CC GO:0005887 integral component of plasma 

membrane 

0.016 

PANTHER GO:BP GO:0098909 regulation of cardiac muscle cell 

action potential involved in 

regulation of contraction 

0.017 

PANTHER GO:BP GO:0003013 circulatory system process 0.017 

PANTHER GO:BP GO:1901897 regulation of relaxation of cardiac 

muscle 

0.017 

PANTHER GO:CC GO:0043228 non-membrane-bounded organelle 0.017 

PANTHER GO:BP GO:0051641 cellular localization 0.018 

PANTHER GO:BP GO:0032412 regulation of ion transmembrane 

transporter activity 

0.018 

PANTHER GO:BP GO:0065008 regulation of biological quality 0.018 

PANTHER GO:CC GO:0043232 intracellular non-membrane-

bounded organelle 

0.018 

PANTHER GO:BP GO:0022898 regulation of transmembrane 

transporter activity 

0.019 

PANTHER GO:CC GO:0005903 brush border 0.019 

g:GOSt GO:BP GO:0055117 regulation of cardiac muscle 

contraction 

0.020 

g:GOSt GO:BP GO:0003013 circulatory system process 0.020 

g:GOSt GO:BP GO:0006941 striated muscle contraction 0.020 

g:GOSt GO:BP GO:0086003 cardiac muscle cell contraction 0.020 

PANTHER GO:BP GO:0051282 regulation of sequestering of 

calcium ion 

0.020 

PANTHER GO:BP GO:0050789 regulation of biological process 0.020 

PANTHER GO:CC GO:0005576 extracellular region 0.020 

PANTHER GO:BP GO:1903169 regulation of calcium ion 

transmembrane transport 

0.021 

PANTHER GO:CC GO:0005788 endoplasmic reticulum lumen 0.021 

PANTHER GO:CC GO:0030659 cytoplasmic vesicle membrane 0.022 

PANTHER GO:BP GO:0032409 regulation of transporter activity 0.023 

PANTHER GO:BP GO:0030154 cell differentiation 0.023 

PANTHER GO:BP GO:0055119 relaxation of cardiac muscle 0.024 

PANTHER GO:CC GO:0012506 vesicle membrane 0.025 

g:GOSt GO:BP GO:0008016 regulation of heart contraction 0.026 

PANTHER GO:BP GO:0051668 localization within membrane 0.026 

PANTHER GO:BP GO:0050794 regulation of cellular process 0.028 
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Tool Source Term Description FDR 

valuea 

PANTHER GO:CC GO:0016020 membrane 0.029 

PANTHER GO:BP GO:0032210 regulation of telomere maintenance 

via telomerase 

0.030 

PANTHER GO:CC GO:0005794 golgi apparatus 0.031 

g:GOSt GO:BP GO:0090257 regulation of muscle system process 0.033 

g:GOSt GO:BP GO:0010882 regulation of cardiac muscle 

contraction by calcium ion signaling 

0.035 

g:GOSt GO:BP GO:0070252 actin-mediated cell contraction 0.035 

PANTHER GO:BP GO:1904356 regulation of telomere maintenance 

via telomere lengthening 

0.035 

PANTHER GO:BP GO:0007010 cytoskeleton organization 0.038 

PANTHER GO:BP GO:0043462 regulation of ATP-dependent 

activity 

0.038 

PANTHER GO:BP GO:0032879 regulation of localization 0.039 

g:GOSt GO:BP GO:0010880 regulation of release of sequestered 

calcium ion into cytosol by 

sarcoplasmic reticulum 

0.04 

PANTHER GO:BP GO:0051128 regulation of cellular component 

organization 

0.040 

PANTHER GO:BP GO:1901077 regulation of relaxation of muscle 0.041 

PANTHER GO:BP GO:0034330 cell junction organization 0.041 

PANTHER GO:BP GO:0010604 positive regulation of 

macromolecule metabolic process 

0.042 

g:GOSt GO:BP GO:0002027 regulation of heart rate 0.042 

PANTHER GO:BP GO:0005513 detection of calcium ion 0.042 

PANTHER GO:BP GO:0051279 regulation of release of sequestered 

calcium ion into cytosol 

0.042 

PANTHER GO:BP GO:0031056 regulation of histone modification 0.042 

PANTHER GO:BP GO:1901894 regulation of ATPase-coupled 

calcium transmembrane transporter 

activity 

0.042 

g:GOSt GO:BP GO:0060047 heart contraction 0.043 

PANTHER GO:CC GO:0008076 voltage-gated potassium channel 

complex 

0.045 

PANTHER GO:CC GO:0043025 neuronal cell body 0.046 

PANTHER GO:CC GO:0005654 nucleoplasm 0.047 

PANTHER GO:CC GO:0099572 postsynaptic specialization 0.047 

PANTHER GO:BP GO:0048468 cell development 0.048 

PANTHER GO:CC GO:0031672 A band 0.048 

PANTHER GO:MF GO:0043167 ion binding 0.048 

PANTHER GO:BP GO:0051234 establishment of localization 0.048 
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aFalse discovery rate adjusted p-value 

bGene Ontology molecular function 

cGene Ontology cellular component 

dGene Ontology biologic process 
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APPENDIX 5. FUNCTIONAL ENRICHMENT OF CANDIDATE GENES 

UNDER SELECTION BASED ON VP2 ELISA TEST RECORDS. 

Tool Source Term Description FDR 

value
a 

PANTHER GO:MFb GO:0005515 protein binding 0.000 

PANTHER GO:CCc GO:0065010 extracellular membrane-bounded 

organelle 

0.000 

PANTHER GO:CC GO:0070062 extracellular exosome 0.000 

PANTHER GO:CC GO:0043230 extracellular organelle 0.000 

PANTHER GO:CC GO:1903561 extracellular vesicle 0.000 

PANTHER GO:CC GO:0031982 vesicle 0.000 

PANTHER GO:MF GO:0005488 binding 0.001 

PANTHER GO:CC GO:0043227 membrane-bounded organelle 0.005 

PANTHER GO:CC GO:0005829 cytosol 0.012 

PANTHER GO:MF GO:0042802 identical protein binding 0.025 

PANTHER GO:CC GO:0043226 organelle 0.040 
aFalse discovery rate adjusted p-value 

bGene Ontology molecular function 

cGene Ontology cellular component 
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APPENDIX 6. FUNCTIONAL ENRICHMENT OF CANDIDATE GENES UNDER 

SELECTION BASED ON AMDVG ELISA TEST RECORDS. 

Tool Source Term Description FDR 

value
a 

PANTHER GO:MFb GO:0005515 protein binding 0.000 

PANTHER GO:CCc GO:0065010 extracellular membrane-bounded 

organelle 

0.000 

PANTHER GO:CC GO:0070062 extracellular exosome 0.000 

PANTHER GO:CC GO:0043230 extracellular organelle 0.000 

PANTHER GO:CC GO:1903561 extracellular vesicle 0.000 

PANTHER GO:MF GO:0005488 binding 0.000 

PANTHER GO:CC GO:0062023 collagen-containing extracellular 

matrix 

0.004 

PANTHER GO:CC GO:0031982 vesicle 0.004 

PANTHER GO:CC GO:0005615 extracellular space 0.004 

PANTHER GO:CC GO:0005796 Golgi lumen 0.005 

PANTHER GO:CC GO:0042824 MHC class I peptide loading 

complex 

0.010 

PANTHER GO:MF GO:0051020 GTPase binding 0.014 

PANTHER GO:MF GO:0015440 ABC-type peptide transporter 

activity 

0.015 

PANTHER GO:CC GO:0005576 extracellular region 0.016 

PANTHER GO:CC GO:0043202 lysosomal lumen 0.021 

PANTHER GO:CC GO:0005775 vacuolar lumen 0.029 

PANTHER GO:CC GO:0031012 extracellular matrix 0.039 

PANTHER GO:CC GO:0030312 external encapsulating structure 0.042 

PANTHER GO:MF GO:0030021 extracellular matrix structural 

constituent conferring compression 

resistance 

0.045 

aFalse discovery rate adjusted p-value 

bGene Ontology molecular function 

cGene Ontology cellular component 
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APPENDIX 7. FUNCTIONAL ENRICHMENT OF CANDIDATE GENES UNDER 

SELECTION IDENTIFIED IN STUDIES 1-3. 

Tool Source Term Description FDR 

valuea 

PANTHER GO:MFb GO:0005515 protein binding 0.000 

g:GOSt GO:CCc GO:0005593 FACIT collagen trimer 0.019 

g:GOSt GO:CC GO:0005594 collagen type IX trimer 0.019 

g:GOSt GO:BPd GO:0006942 regulation of striated muscle 

contraction 

0.042 

g:GOSt GO:BP GO:0019932 second-messenger-mediated 

signaling 

0.042 

g:GOSt GO:BP GO:0055085 transmembrane transport 0.042 

g:GOSt GO:BP GO:0060306 regulation of membrane 

repolarization 

0.042 

g:GOSt GO:BP GO:0060307 regulation of ventricular cardiac 

muscle cell membrane 

repolarization 

0.042 

g:GOSt GO:BP GO:0061337 cardiac conduction 0.042 

g:GOSt GO:BP GO:0070296 sarcoplasmic reticulum calcium ion 

transport 

0.042 

g:GOSt GO:BP GO:0086004 regulation of cardiac muscle cell 

contraction 

0.042 

g:GOSt GO:BP GO:0099622 cardiac muscle cell membrane 

repolarization 

0.042 

g:GOSt GO:BP GO:0099623 regulation of cardiac muscle cell 

membrane repolarization 

0.042 

g:GOSt GO:BP GO:0099625 ventricular cardiac muscle cell 

membrane repolarization 

0.042 

g:GOSt GO:BP GO:1903115 regulation of actin filament-based 

movement 

0.042 

g:GOSt GO:BP GO:1990036 calcium ion import into 

sarcoplasmic reticulum 

0.042 

g:GOSt GO:BP GO:1901894 regulation of ATPase-coupled 

calcium transmembrane transporter 

activity 

0.046 

aFalse discovery rate adjusted p-value 

bGene Ontology molecular function 

cGene Ontology cellular component 

dGene Ontology biologic process 

 

 


