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ABSTRACT 

Reproductive performance is a multifactorial trait which is affected by genetic, 

physiological and environmental factors. This study aimed at identification of genetic 

elements associated with fertility in mink females using the candidate gene approach, and 

was performed in a population of Standard Black mink maintained between 2009 and 2013. 

Based on dietary treatment, this population was analysed independently as two categories: 

Control (CTRL) and Moderate Diet Restriction (MDR). Irrespective of the analytical 

approaches used, twelve genes in the MDR group and ten genes in the CTRL group showed 

significant associations with fertility, at probabilities of less than or equal to 0.05. The 

results of this research allowed a better understanding of the role of genetic elements in 

fine-tuning the seasonally regulated reproductive functions in female mink.  
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CHAPTER 1: INTRODUCTION  

The mink (Neovison vison) is a carnivorous, semi-aquatic mammal which belongs to the 

Mustelidae family (Dunstone, 1993). For a profitable mink industry, an important 

production criterion is optimal reproductive performance which affects the number of 

marketable offspring (Lagerkvist et al., 1993). Reproductive performance depends on 

numerous factors such as folliculogenesis, ovulation rate, hormonal profiles, ovarian tissue 

remodelling, embryo implantation and development, lactation, weaning and feeding 

management practices. Litter size is also largely limited by the high mortality rate of the 

kits (Hansen et al., 2010). Selection for increased litter size does not have any adverse 

effect on fur quality (Lagerkvist, 1997). Selection for large body size, on the other hand, 

can lead to small litter size and also a decline in fur quality (Lagerkvist et al., 1994).  

The candidate gene approach is a successful strategy to identify genetic elements 

underlying complex, economically important traits on the genome (Youngerman et al., 

2004; Ponsuksili et al., 2011). In the present study, a comparative genomics approach was 

used to identify the potential candidates where knowledge is derived from information-rich 

species including humans and mice. Sixty six (66) candidate genes were identified for this 

study. Based on their involvement in signalling pathways the genes were grouped into six 

categories including mitogen activated kinase (MAPK), circadian rhythm, peroxisome 

proliferator activated receptors (PPARS), DNA repair, cytokine, and others. Once the 

candidate genes were selected, single nucleotide polymorphisms (SNPs) for genotyping 

were prioritized by incorporating different parameters including genomic location, allele 

frequency and other criteria. After genotyping, a battery of control procedures including 

call rate, monomorphism and missing data were implemented to identify the appropriate 
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markers for the association analysis. With the advent of high throughput and low cost 

methods for genotyping, significant progress in candidate gene studies has been observed. 

Such studies provide useful information to understand the genetic basis of variation in 

performance among individuals that can improve existing animal breeding strategies.  

Reproductive performance is affected by both biological (genetic) factors and 

environmental factors like diet management. However, the present study focussed on 

localization of genetic variation underlying fertility in mink females. This project was 

conducted to identify genetic elements underlying reproductive performance in female 

mink and hence, demonstrate the efficacy of genome-based selection for mink. The study 

involved the utilisation of tools for identification of possible association of polymorphic 

sites with the complex physiological fertility traits. It is anticipated that this research will 

help in improving the economic return for the ranchers via the integration of 

deoxyribonucleic acid (DNA) markers for fertility traits into their conventional selection 

schemes. Although this project aimed at improving female fertility, the technology 

developed as part of this study will be useful for the betterment of any other economically 

important trait in ranched mink such as feed efficiency and pelt quality. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Mink reproductive physiology 

 Mink is a seasonal breeder (Pilbeam et al., 1979). Late February to early March is 

considered as the breeding period for mink followed by whelping in late April to early May 

(Sundqvist et al., 1988). Weaning occurs in June approximately 6-8 weeks after birth. Once 

weaning has taken place, mink kits continue to grow and mature quickly. This period of 

growth until pelting is divided into two main phases: early growth which lasts from June 

to late August and late growth which lasts from late August till pelting season (Rouvinen-

Watt et al., 2005). November marks the onset of the selection process for a future robust 

breeding stock followed by pelting of culled mink in December (Murphy, 1996). The first 

breeding season for the yearlings starts at the same time as that of the adult mink (Gulevich 

et al., 1995). However, the lifespan of a mink dam is relatively short as litter size generally 

decreases after the second productive season (Lagerkvist et al., 1994). 

 2.1.1 Physiological factors of reproductive performance in female mink 

 Reproductive performance is a multifactorial trait controlled by genetic, environmental 

and physiological factors (Abegaz et al., 2002; Chebel et al., 2007; Castellini et al., 2010).  

It is a lowly heritable trait and hence, direct selection for litter size may not result in 

significant improvement in fertility (Lagerkvist et al., 1993; Hansen et al., 2010). Lefèvre 

and Murphy (2008) outlined a number of physiological parameters which contribute to the 

size of litter in mink including follicle development, ovulation, fertilization, 

preimplantation embryo loss and postimplantation embryo loss. For the fur industry, the 

number of kits per dam surviving from birth until pelting is an important economic 

determinant.  
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2.1.1.1 Follicle development and ovulation  

 Mammalian female fertility is primarily controlled by ovarian folliculogenesis and 

ovulation which are in turn regulated by the hormonal profiles of the pituitary 

gonadotropins and other growth factors (Duggavathi et al., 2008). Douglas et al. (1994) 

identified follicles of >0.7mm in diameter capable of ovulating in pastel mink. It was also 

observed that ovaries from unmated mink contained large, luteinized, unruptured follicles 

(Douglas et al., 1994). These observations indicate that ovarian folliculogenesis is critical 

in determining fecundity in female mink. In the past few years, genes that regulate the 

complex intraovarian mechanisms controlling follicullogenesis have been identified in 

mice and cattle. These include the progesterone receptor (PR) gene, the liver receptor 

homolog (Lrh1) gene, the forkhead box L2 (FOXL2) gene and the follicle-stimulating 

hormone receptor (FSHR) gene (Lydon et al., 1996; Duggavathi et al., 2008; Uhlenhaut et 

al., 2009; Yang et al., 2010). Little is known regarding the genetics behind ovarian 

follicular dynamics in mink although it seems reasonable to suggest that an increase in the 

number of preovulatory follicles can contribute to the size of the litter. 

 Mink is an induced ovulator (Pilbeam et al., 1979), with ovulation occurring 36-52 hours 

after coital stimulus (Hansson, 1947; Enders, 1952). A synchronized wave of follicle 

development has been reported in mink following ovulation (Douglas et al., 1994). 

Subsequent copulations induce successive ovulations if there is an appropriate interval 

between matings (Douglas et al., 1998). Generally, a seven-day interval between matings 

results in a second ovulation (Hansson, 1947). However, another study reported that, 

irrespective of the number of matings, the highest number of weaned kits is achieved in the 

group of females with shortest interval (1-4 days) between the first and last matings (Ślaska 
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and Rozempolska-Rucińska, 2011). In the same study, equal numbers of kits born and 

weaned were observed for females who were mated two times (1+1), three times (1+1+1) 

and four times (1+1+1+1), which would suggest that mating mink more than twice is 

economically futile.  

Socha and Markiewicz (2002) studied the relationship between the dates of first mating 

and related reproductive capacities in female mink. Mink females were classified based on 

their date of first mating. The first group comprised of females that mated until the 5th of 

March, and in the second group matings occurred between the 6th and the 9th of March. The 

third group had females that mated between the 10th and the 15th of March and females in 

the fourth group mated on the 16th of March and later. The study reported that the mean 

numbers of kits born and weaned were highest for females mated until the 5th of March and 

lowest for females mated after the 15th of March. These findings support the conclusion 

that both matting pattern and mating date can be a constraint on litter size.  

2.1.1.2 Fertilization and implantation 

In mink, fertilization occurs in the oviduct where the fertilized egg undergoes development 

until the blastocyst stage and remains in the uterus in a state of arrested development until 

some days before implantation (Enders, 1952). The newly fertilized eggs from the second 

mating develop until the blastocyst stage and join the first group of fertilized eggs in the 

uterus, a phenomenon recognised as superfetation (Enders, 1952). Uterine flushings have 

often found unfertilized ova, indicating that fertilization was incomplete (Lefèvre and 

Murphy, 2008) which therefore can be a cause of low reproductive performance in mink. 
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Delayed implantation is a typical feature of mink females which is characterised by a 

reversible arrest in embryo development known as embryonic diapause and is observed in 

every breeding season (Lefèvre and Murphy, 2009).  The emergence, maintenance and 

termination of embryonic diapause is regulated by endogenous influences (maternal 

control, pituitary gland and uterine factors including polyamines), external environment 

(photoperiod) and cellular events (Lopes et al., 2004; Murphy, 2012). Owing to delayed 

implantation, the mean length of gestation in mink varies from 45 to more than 70 days 

(Hansson, 1947; Enders, 1952; Bowness, 1968). It has been observed that the length of 

gestation shortens as the mating date approaches the end of March (Hansson, 1947; 

Bowness, 1968). In other litter-bearing species, large litters are associated with a higher 

incidence of mummified foetuses, which suggests uterine space could be a restrictive factor 

for a successful gestation (Wu et al., 1988). No such studies in mink have been published 

so far. 

Enders (1952) determined a relationship between litter size and the length of gestation 

showing that smaller litters are associated with extended gestation periods. Another study 

also reported reduced litter size with increased gestation length (Hansen et al., 2010). It 

could, therefore, be hypothesised that increased length of diapause correlates with 

embryonic losses, and that this could be a physiological limitation on litter size. Studies 

have revealed that differentially expressed genes including ornithine decarboxylase, high-

mobility group nucleosome binding domain 1 (HMGN1), secreted protein acidic and 

cystein-rich (SPARC), are critical for the regulation of embryonic diapause in mink 

(Lefèvre et al., 2008; Lefèvre et al., 2011; Murphy, 2012). Identification of genetic 

elements responsible for the termination of embryonic diapause would improve the 
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understanding of mechanisms involved in its regulation and would decrease the risk of 

losing fertilized eggs, hence improving reproductive performance. 

2.1.1.3 Whelping, lactation and weaning 

Maximizing offspring survival rate at parturition is an important factor for a successful 

production season. In pigs, an extended and difficult parturition adversely influence the 

survivability of piglets and may also negatively affect maternal behaviour towards piglets 

(Malmkvist et al., 2006). In agreement with this study, similar observations were made in 

mink where females with a prolonged parturition spent less time in kit-directed behaviour, 

e.g. licking kits and moving kits close to teats, and lost more than 70% of their kits from 

day of birth until day seven (Malmkvist et al., 2007). During the latter part of gestation, 

feed consumption by mink females usually decreases leading to mobilization of body fat 

reserves. This implies that the dams enter the lactation period in a negative energy balance 

(Tauson, 1994; Tauson et al., 1994). In most mink ranches, this period records the highest 

mortality for adult mink (Murphy, 1996).  

During the first days after birth, new-born mink kits, being physiologically immature with 

poorly developed thermoregulation (Rouvinen-Watt and Harri, 2001), depend entirely on 

their mothers for warmth, protection, and nourishment (Tauson, 1994). Lactation is a 

critical determinant for reproductive success in mammals. In mink, a positive relationship 

exists between activated teats at two days postpartum and litter size (Korhonen, 1992). 

However, the number of active teats can be a potential constraint for large litters as 

competition for teats among kits may arise, as a result of which smaller kits may suffer 

from long periods of milk unavailability and may eventually die (Martino and Villar, 1990). 
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Mortality rates of 20-30% between birth and weaning have been reported in mink, of which 

60-90% has been found to occur within first few days of birth (Martino and Villar, 1990; 

Schneider and Hunter, 1993). Similar mortality rates have been observed in other litter 

bearing species including pigs and cats (Scott et al., 1978; Grandinson et al., 2003).  

Furthermore, 11-50% of the dead kits in mink are stillborn and occur mostly in large litters 

with more than seven kits (Martino and Villar, 1990; Schneider and Hunter, 1993; 

Malmkvist et al., 2007). Septicaemia is another cause of mortality in kits and occurs mostly 

within the first week after birth (Martino and Villar, 1990). During the stressful weaning 

period there is an upsurge in the activity of the kit’s digestive enzymes and a simultaneous 

increase in the weight of digestive organs, which suggests the readiness of the mink’s body 

for transition from milk to solid food (Tauson et al., 1994). In mink, a higher percentage 

of kits weaned leads to a higher survival percentage at age of six months or pelting (Hansen 

et al., 2010) and therefore improvement in number of kits weaned results in an economic 

advantage. 

It is likely that identification of genetic elements affecting the complex physiological 

processes of reproduction would help in understanding the interplay of these genetic 

elements in fine-tuning reproductive functions. Achieving optimal reproductive 

performance would in turn increase the profitability of mink farming operations. 

2.1.2 Effect of feeding intensity on reproductive performance in female mink  

To maximize profitability, breeding for large body size in mink is a common practice as 

large pelts are obtained from large mink (Lagerkvist, 1997). High feeding intensity to 

promote maximum body weight gain in the fall leads to higher fat deposition (Korhonen 

and Niemelä, 1998) and consequently has adverse effects on reproductive performance. In 
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mink, high feeding intensity in fall leads to high female pre-mating weights (Tauson and 

Aldén, 1984) and necessitates severe slimming before breeding to achieve appropriate 

body condition. In studies by Tauson and Aldén (1984 & 1985), drastic weight loss of over 

300g for the over-conditioned yearling females caused a higher percentage of barren 

females and increased kit mortality, compared to females in moderate condition who lost 

less than 30g and achieved optimal breeding success with lower kit losses.  

Adjustment of feed availability to achieve better reproductive success is evidenced in a 

recent study by Boudreau et al. (2014). Dams on a restricted diet regime showed superior 

live litter sizes compared to the females in a control group which were fed ad libitum 

(Boudreau et al., 2014). In the same study, it was also determined that females in the 

restricted group did not lose weight during the first three weeks of lactation and therefore, 

suggests improved metabolic health of the restricted females despite the additional nursing 

burden to maintain their larger litters.  

2.1.2.1 Obesity and its consequences 

Reviews indicate that obesity is a multifactorial, chronic disease which results from 

excessive fat accumulation in the adipose tissue due to energy imbalance between intake 

and expenditure (Kopelman, 2000; Nammi et al., 2004). Obesity causes increased lipolysis 

which leads to an increase in free fatty acids in circulation and fatty acid overload in tissues 

including the liver, skeletal muscles and pancreas (reviewed by Grundy, 1998; Ye, 2007). 

Hepatic uptake of free fatty acids contributes to the synthesis and accumulation of 

triglycerides, causing hyperglycemia. In an attempt to stimulate glucose uptake, β-cell 

function in the pancreas is increased and consequently hyperinsulinemia occurs followed 

by insulin resistance (Frayn, 2001). Elevated insulin levels stimulate leptin production, and 
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in obese individuals hypothalamic resistance to these adiposity signals is observed 

(Wabitsch et al., 1996). Furthermore, obesity is a state of inflammation characterised by 

high plasma concentrations of biomarkers including C-reactive protein, fibrinogen, tumour 

necrosis factor-alpha and interleukin-6 (Dandona et al., 2004; Nguyen et al., 2009), and 

these inflammatory parameters positively correlate with insulin resistance (Garanty-

Bogacka et al., 2011). 

2.1.2.2 Obesity and reproductive performance 

In mink industry, selection for a large body size is a common practice in order to maximize 

pelt revenue. Unfortunately, the obese phenotype in females is associated with poor 

reproductive performance. Hansen et al. (2010) reported a negative correlation between a 

dam’s body weight and litter size and kit survival rate in mink. This is in agreement with 

the findings of Clausen et al. (2007) who also noted fewer live born kits for mink females 

who were overweight. Another study also determined that an increase in the dam’s juvenile 

body weight is associated with an increase in the number of stillborn kits and increased kit 

mortality until 3 weeks of age (Lagerkvist et al., 1994). A recent study by Boudreau et al. 

(2014) has demonstrated superior litter size in females with limited dietary allowance in 

the fall compared to a control group which was fed ad libitum and hence, were over-

conditioned during the fall. In other litter bearing species, increased neonatal mortality rate, 

smaller litter size, and birthing difficulties were found in obese female cats and rats (Lawler 

and Monti, 1984; Rasmussen, 1998), suggesting that obesity has negative impacts on 

reproductive performance in litter bearing mammals. 

Increased insulin levels during obesity stimulate androgen production, and sex-hormone 

binding globulin (SHBG) transports androgens to their target tissues. In obese women, low 
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SHBG concentrations have been reported as insulin acts as an inhibitory factor for hepatic 

SHBG synthesis (Plymate et al., 1988). In the absence of circulating SHBG, an increase in 

free androgen is found (Pasquali, 2006), which results in a hyperandrogenic state 

associated with menstrual cycle abnormalities and chronic infertility (Pasquali and 

Gambineri, 2006). Also, insulin exerts inhibitory effects on insulin-like growth factor-

binding protein 1, which binds to sex steroids and insulin-like growth factors thereby 

affecting regulation of ovarian growth and cyst formation (Poretsky et al., 1999). 

During obesity, elevated leptin levels accelerate gonadotropin-releasing hormone (GnRH) 

pulse frequency and may affect the reproductive-axis (reviewed by Moschos et al., 2002). 

With increasing GnRH, the release of luteinizing hormone (LH) is stimulated causing 

hyperplasia of ovarian theca cells and further contributing to androgen production. 

Hyperandrogenism is a typical characteristic of polycystic ovary syndrome (PCOS), a 

common cause of infertility in women (Puurunen et al., 2009). More than 50% of PCOS 

affected women have an obese phenotype suggesting that obesity-related 

hyperandrogenism favours PCOS (Gambineri et al., 2002). Studies have also indicated that 

increased leptin concentrations in the ovary may impair ovulation by interfering with 

folliculogenesis and oocyte maturation (Duggal et al., 2000). Leptin is also thought to act 

as a growth factor and play a key role in the regulation of the energy balance for nutrient 

availability between the mother and the fetus (Mostyn et al., 2001). In pregnant mink, 

hyperleptinemia is reported during the last 20 days of gestation (Tauson et al., 2004). The 

study demonstrated the anorexigenic effects of leptin on pregnant females which caused a 

decrease in their body weights during late gestation.  
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Offspring from overweight mothers have a greater risk of developing an obese phenotype 

later in life independent of postweaning diet. This shows that maternal obesity has a long-

term adverse effect on the offspring (Howie et al., 2009). Studies have also showed that 

maternal obesity in humans is linked with an increased risk of stillbirths and neonatal 

mortality (Kristensen et al., 2005), similar to what occurs in mink (Lagerkvist et al., 1994). 

Based on the above, it is apparent that obesity has a negative impact on reproductive 

performance in mink. Intense selection for a large body size is unfavourable to achieve 

optimal reproductive success. Moreover, minimizing extreme fluctuations in body weight 

throughout the production cycle may improve mink health and fecundity. However, genetic 

variants associated with obesity in mink have not been identified and opportunities exist to 

investigate in this regard. 

2.2 From linkage maps to association studies  

In the early 1900s, Bateson and colleagues identified that their crosses between purple 

flowers with long pollen grains and red flowers with round pollen grains did not follow the 

“independent assortment” ratios predicted by Mendel (Bateson et al., 1909). Later, Morgan 

(1911) working with Drosophila melanogaster first suggested the concept of linkage where 

two genes are closely linked on the same chromosome and do not assort independently. In 

1913, Sturtevant, an undergraduate working with Drosophila constructed the first genetic 

map and also laid the foundation for genetic mapping. His research helped geneticists to 

develop genetic maps for other model organisms and allowed mapping of genes to 

chromosomal regions using controlled crosses. Construction of the first genetic linkage 

map using restriction fragment length polymorphism (RFLP) markers led to an interest in 

tracing inheritance patterns in human pedigrees (Botstein et al., 1980). Thereafter, linkage 
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analysis in humans which is based on co-segregation of the marker and the trait became a 

widely studied area of genetics. With the advent of the polymerase chain reaction (PCR), 

RFLP markers were soon replaced by microsatellites primarily due to ease of amplification 

by PCR followed by allele sizing on gels (reviewed by Vignal et al., 2002). Inconsistencies 

in allele size determination can be a technical concern in using microsatellites. Currently, 

SNPs are widely used as markers for linkage analysis due to their high abundance, 

widespread distribution across the genome and ease of genotyping. With technological 

advancement, SNP genotyping has become simple and cost effective, although identifying 

SNPs requires substantial efforts. Since SNPs are biallelic, relative to microsatellites a 

larger number of SNPs needs to be included in the analysis (Aitken et al., 2004).  

Traditionally, linkage analysis was used as an alternative method for identification of 

genetic elements in single-trait disorders. Linkage studies have been successful in the 

identification of genetic elements for single-trait disorders (Kerem et al., 1989). Such 

studies, however, have had limited success when identifying genetic elements for complex 

traits where phenotype is determined by multiple factors. On the other hand, association 

analysis has been successful in identifying genetic variants with small effects on complex 

trait both in humans and livestock and has more power relative to linkage analysis (Johnson 

and O'Donnell, 2009; Rempel et al., 2010). In association analysis, a genetic variant is 

genotyped in a population of unrelated, affected individuals for which phenotype and, 

ideally pedigree records are available. An allele is said to be associated with a trait of 

interest if it occurs at a significantly higher frequency in the affected group compared to 

the unaffected control population (reviewed by Balding, 2006).  
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2.3 Genetic association studies  

Association studies have become an essential tool in determining the genetic basis of 

diseases and inherited quantitative traits. Genetic association studies can be conducted 

through a candidate gene or genome-wide association (GWA) approach (reviewed by 

Collins et al., 1997). In candidate gene association studies, the frequency of the causative 

allele in the affected individuals and non-affected individuals is examined (Cargill et al., 

1999). This approach is used to identify genetic elements that strongly affect susceptibility 

to diseases and other quantitative traits (reviewed by Amos et al., 2011). In the GWA 

approach, studies involve the phenomenon of linkage disequilibrium (LD) using multiple 

SNPs to screen for genetic variants associated with the trait of interest (Cargill et al., 1999). 

Such studies are comprehensive in nature as they permit interrogation of the complete 

genome rather than focussing on small candidate regions and no prior assumptions are 

made about the genetic associations of the causal variants (reviewed by Pearson and 

Manolio, 2008). 

2.3.1 Genome-wide association (GWA) studies 

A review by Hirschhorn and Daly (2005) shows that GWA studies involve utilisation of 

genetic variants distributed throughout the whole genome along with integration of 

phenotypic and, ideally pedigree records to perform association analysis. Contrary to the 

candidate gene approach, a GWA study requires no prior information regarding gene 

function which renders it an unbiased approach. Minimizing cases of false positives is 

important for a GWA study as it involves a larger set of markers. False positive is the 

rejection of a null hypothesis (no significant association) when it is true. False positive rate  

is the proportion of significant associations that are false positives (Pearson and Manolia, 
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2008). Statistical fluctuations owing to a liberal p-value threshold, systematic bias due to 

population stratification and technical artefacts can be few possible sources of false 

positive associations (Hirschhorn and Daly, 2005). The most common way to reduce the 

FDR is by applying the Bonferroni correction where the conventional P value is divided 

by the number of tests performed in the association analysis (Yang et al., 2005). Other 

approaches are estimation of Bayes factor probability and false positive report probability 

(Hochberg and Benjamini, 1990). 

A multistage approach is suggested as a preferred GWA study design (Hirschhorn and 

Daly, 2005). The first stage begins with genotyping of a full set of SNPs in a small 

population at a modest p-value threshold to identify putative SNP associations. In the next 

stage, SNPs identified from the previous screen are re-tested in a larger, independent 

population.  

GWA analysis is a novel yet productive method for the identification of genetic elements 

controlling phenotypic traits in domestic animals. The dairy industry has reported the use 

of GWA studies for many economically important traits such as fertility, milk yield and 

growth (Jiang et al., 2010; Mai et al., 2010). Currently, there are numerous reports of GWA 

studies in domestic animals using dense SNP marker panels for efficient identification of 

genetic elements associated with a complex trait and this information can be exploited to 

improve the existing breeding schemes (Sahana et al., 2010; Ponsuksili et al., 2011). 

2.3.2 Candidate gene approach 

As reviewed by Tabor et al. (2002), in candidate gene studies, researchers begin with the 

selection of a suitable candidate gene on the basis of any prior evidence indicating a critical 

role of the gene in the trait of interest within related species. Further, the validity of this 
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“educated guess” is investigated (Kwon and Goate, 2000). To recognise the candidate 

genes from larger lists, computationally efficient “gene prioritization tools” are available 

which saves time and resources invested in candidate gene approach (Tranchevent et al., 

2011). Once candidates are selected, SNP selection must be done based on their nature and 

location in the genome. Additionally, the gene variant should also occur in considerable 

frequency to allow detection of allelic differences between cases and controls with respect 

to the disease or trait under study. Since candidate gene studies involve smaller number of 

polymorphisms there is less occurrence of false positives. A concern, however, with 

candidate studies is their inability to discover any new genes beyond those selected as 

putative candidates.  

With the creation of SNP marker databases (Krawczak et al., 1997; Brookes et al., 2000; 

Sherry et al., 2000) and the advent of high-throughput methods for genotyping, the scope 

of the candidate gene approach has evidently changed. This strategy has been successful 

in the identification of genetic variants affecting economically important traits in livestock 

(Youngerman et al., 2004; McNatty et al., 2005). 

2.3.2.1 Selection of candidate genes 

Selection of candidate genes is the foremost step in candidate gene approach. Few 

strategies for identification of candidates are position-dependent, function-dependent, 

comparative-genomics and combined approach (reviewed by Zhu and Zhao, 2007) (Figure 

1). In the present study, a comparative genomics approach is used to identify the potential 

candidates. 
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Figure 1. Flowchart outlining the strategies for identification of putative candidate genes  
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In comparative genomics approach, knowledge is derived from the available resources of 

information-rich species including humans and mouse to identify potential candidates 

underlying economically important traits in agricultural species’. This approach is based 

on the concept that candidate genes are “functionally conserved or are structurally 

homologous genes” identified in other species (reviewed by Zhu and Zhao, 2007). Genome 

comparisons between humans and mustelids (mink), bovines (cow) and suids (domestic 

pigs) have revealed conservation of multiple chromosomal segments across species owing 

to slow rate of global genomic shuffles (Johansson et al., 1995; Chowdhary et al., 1996; 

Hameister et al., 1997). However, it is also known that although same genes are retained 

in the chromosomes but the order of gene homologs between species is rarely identical. 

Lack of sufficient functional information for the majority of genes in model species limits 

the utility of this approach. Occasionally, due to genetic heterogeneity comparative 

mapping between species becomes inefficient. Nevertheless, this approach has been 

successful in identification of candidate genes affecting phenotypes of agricultural 

relevance including reproductive performance, growth and disease resistance in livestock 

(Liu et al., 2001; Smith et al., 2001).  

2.3.2.2 Prioritizing SNPs for genotyping  

In the candidate gene approach, it is important to select a limited number of SNPs for 

genotyping in order to save resources and perform association analysis in a statistically 

feasible manner. It is a challenging yet crucial step in a candidate gene study. Knowledge 

about the location and nature of SNPs and evaluating LD patterns would be helpful to 

determine the best subset of SNPs to be included for the association analysis (Figure 2). 
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Figure 2. Flowchart outlining the steps for prioritizing SNPs for genotyping. 
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2.3.2.3 Attributes of samples and markers’ integrity  

Before the samples are sent for genotyping, checks on sample identity must be performed 

to avoid sample mix-ups, inadvertent sample duplication and cross contamination. Samples 

with low DNA concentration are also eliminated prior to genotyping as such samples 

usually fail to amplify and result in higher number of missing genotypes (Fu et al., 2009).  

When evaluating the integrity of the markers, a filtering process must be performed by 

incorporating genotyping control procedures for different criteria. As a primary quality 

control (QC) procedure, cluster analysis is implemented by genotyping service providers. 

Each marker is analyzed independently to identify the three genotype clusters. To ensure 

the accuracy of the genotype clusters, standard cluster files with predefined cluster 

positions are compared with the newly defined marker cluster positions for the test 

population. If clustering is ambiguous where the cluster boundaries appear to be vague or 

exhibit considerable overlaps, the genotypes aren’t reliable (Tindall et al., 2010). Such 

markers are usually excluded from the analysis. On the other hand, a marker is retained if 

the genotype clusters are well separated and the clustering is unambiguous. DNA collection 

and processing procedures, plate to plate variability and environment variability are some 

of the sources of experimental variation leading to unwanted noise in signal intensities. To 

reduce the uncertainty associated with genotype clusters and minimise batch-related 

artifacts sophisticated algorithms like BEAGLECALL are freely available and widely used 

(Browning and Yu, 2009).  

After primary QC procedures, a battery of internal genotyping control procedures is 

implemented. These include, genotyping call rate, missing data, deviations from Hardy 

Weinberg Equilibrium (HWE), minor allele frequency (MAF), and monomorphism of 
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SNPs (Chan et al., 2009). Missing data and call rate are the most universal indicators of 

markers’ integrity (Di et al., 2005). If a stringent threshold is adopted for calling genotypes 

some true signals might be discarded. On the other hand, if a liberal threshold is set, call 

rates are maintained but accuracy is compromised (reviewed by McCarthy et al., 2008). 

HWE is another important criterion of determining SNP usefulness. HWE describes that 

within large populations, the allele and genotype frequencies remain constant from 

generation to generation unless disturbing forces of mutation, recombination, selection, 

genetic drift or population structure are introduced to misbalance the equilibrium (Benarie, 

1981). SNPs showing extreme deviations from HWE are usually discarded (Wellcome 

Trust Case Control Consortium, 2007). Minor allele frequency (MAF) is an important 

criterion to be assessed for SNP selection. In a population the minor allele is the less 

frequent allele at a variable site (Kim et al., 2011). A SNP with a very low MAF (<2%) is 

usually excluded as such an SNP is expected to have negligible effect on genomic 

evaluation (Wiggans et al., 2009). Unfortunately, exclusion of SNPs due to MAF can cause 

a considerable loss of data and might affect the ability to detect rare polymorphisms 

(Gorlov et al., 2008). Monomorphic SNPs are uninformative and are eliminated. The 

establishment of appropriate threshold for different parameters is important in association 

studies. Set of thresholds, however, vary according to sample size and study design.  

2.3.2.4 Study designs for association analysis 

Two principal study designs for performing an association analysis are: population based 

designs (case-control study or cohort) and family based designs. In a case-control study, 

allele frequencies in cases with the disease, or ascertained for a specific phenotype, are 

compared to controls from a disease-free group (reviewed by McCarthy et al., 2008). Case 
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and control participants are taken from the same resource population and trait 

measurements are collected similarly for both groups in order to minimize the effects of 

confounding or population stratification (Zondervan, 2011). When cases and controls are 

selected from such a population, false positive associations are detected due to sampling 

differences. Another population-based study design is a cohort study. This involves 

collection of information from a larger group of individuals who are then evaluated for the 

incidence of disease or trait in subgroups categorized by genetic variants (reviewed by 

Pearson and Manolio, 2008). A drawback of cohort studies is that they require a lengthy 

follow-up period which makes them expensive. Family based designs range from simple 

parents-offspring trio designs to multigenerational pedigrees (Benyamin et al., 2009). The 

trio study design includes the disease affected case participant and both of his/her parents. 

Selection of an appropriate study design for the association analysis depends on the 

resource population and the objectives of study. 

2.3.2.5 Tests for association analysis 

Data obtained for each SNP with major allele A and minor allele a is represented as a 

contingency table of counts of disease or phenotype status by either genotype count or 

allele count (Chanock et al., 2007). Associations with two alleles of a SNP are tested 

directly by comparing the frequency of each allele in cases and controls, and the frequency 

of each of three possible genotypes can also be compared. Under the null hypothesis of no 

association with the disease or trait of interest, it is expected that the allele or genotype 

frequencies will be equivalent in both case and control groups. A simple test of association 

can be done by a simple chi-squared (χ2) test for independence (Chanock et al., 2007), with 

stringent statistical thresholds to determine significance of associations. The Cochran-
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Armitage trend test is another commonly used test in evaluating associations where a set 

of scores is assigned to genotypes (Armitage, 1955). For quantitative traits, linear 

regression based methods are recommended and for categorical phenotypes, multinomial 

regression based approaches are used (reviewed by Balding, 2006). Currently, different 

machine learning methods are available to determine and predict associations between 

genetic variants and distinct phenotypes including Support Vector Machines (SVM), 

Artificial Neural Networks and Naïve Bayes (Ban et al., 2010; Wei et al., 2011). There are 

several publicly available programming packages which can be used to perform the 

association analysis such as PLINK and R, comprising of all the tools needed to assess 

genetic association for traits and also to perform genetic calculations. 

2.3.2.6 Validation studies  

To determine the credibility of a genetic association a validation study is always 

recommended. This is done in an independent, yet large, sample drawn from another 

population of unrelated individuals from the same breed, in order to validate the previous 

genetic association results and the phenotype measured should be the same with the initial 

study (Clarke et al., 2011; König, 2011). It has been reported that genetic variants that have 

a positive association with disease or the trait of interest in one population may not 

necessarily have the same consistent association in another population due to population 

diversity and/or bias leading to overestimation or a spurious association in the first study 

(Ioannidis et al., 2001). In a study conducted by Lohmueller et al. (2003), 301 published 

studies which identified 25 disease loci were re-analyzed by meta-analysis and only 11 loci 

were reported to have yielded significant association. Lack of reproducibility has been 
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often reported due to selection bias, population stratification, genotyping errors and others 

(Chanock et al., 2007).  

Before moving markers from a discovery resource population to commercialization, 

independent validation studies are important to confirm previously established associations 

between a marker and a phenotype. For example, one of the primary roles of the National 

Beef Cattle Evaluation Consortium (NBCEC) is to validate associations between 

commercially available DNA-based tests and beef cattle production traits as claimed by 

the genotyping companies. The validation process at NBCEC takes place through a 

partnership between the breed associations and the commercial genotyping companies. The 

companies’ request the validation and also perform the genotyping of the DNA samples 

provided by the consortium. Finally, NBCEC carries out the association analysis and re-

confirms the claimed associations between the results of the DNA-based test and the 

phenotype. Several associations between commercially available DNA-based tests and 

beef production traits have been validated by NBCEC (Van Eenennaam et al., 2007). The 

GeneSTAR® Tenderness is one of the validated DNA marker panel test which comprises 

of three markers (Calpastatin CAST-T1, Calpain-T2, and Calpain-T3). Calpastatin and 

calpain are naturally occurring proteolytic enzymes responsible for post-mortem meat 

tenderness (Koohmaraie, 1996). Company trials and published findings demonstrated an 

improvement in meat tenderness to be associated with the favourable forms of the three 

markers: CAST-T1, Calpain-T2 and Calpain-T3 (Barendse, 2002; Page et al., 2002). These 

significant associations were successfully validated by NBCEC (Van Eenennaam et al., 

2007). An unbiased, third-party verification of the commercial DNA-based tests helps the 

producers to believe in the marker technology. One of the major challenges for conducting 
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a validation study in livestock is the paucity of larger (validation) populations with 

sufficient performance data.  

As far as the current study is concerned, due to time constraints and in the absence of a 

larger population of mink with phenotypic records, validation of the marker panel was not 

possible. In the future, validation of the marker panel in as large a population as possible 

is encouraged. Such an initiative would need a coordinated effort among mink ranchers for 

collection of phenotypic records and DNA, and also require the cooperation of provincial 

and national producer organizations. 

2.3.2.7 Farm animal genomics 

Much progress in farm animal genomics has been made in the past decade, from 

rudimentary linkage maps to whole-genome sequencing. With the release of the first draft 

of the chicken genome (International Chicken Genome Sequencing Consortium, 2004), 

interest in chicken genome research increased significantly. In the same year, the first draft 

of the bovine genome was completed, closely followed by porcine genome draft assembly 

(Schook et al., 2005). Similar sequencing efforts have been reported in sheep and domestic 

goat (Archibald et al., 2010; Dong et al., 2013).  Besides the reference genome, SNP panels 

have been designed for farm animal species to detect genetic variability and to gain 

biological insights into the production and functional traits.  

The American mink has lagged behind in the field of genomics and studies to develop 

molecular tools for improvement of genetic resources for Neovison vison have been 

limited. However, the first linkage map for the American mink has generated interest 

towards genetic research in this mammal (Anistoroaei et al., 2007). Also substantial 

improvement in the microsatellite-based map has been reported (Anistoroaei et al., 2012). 
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Currently, a draft genome sequence of the American mink is nearing completion. A 

database of approximately 246,000 contigs for the mink genome, generated by NextGen 

sequencing, is already available. Recently, the first transcriptome analysis derived from 

pool of four different tissues of the wild-type American mink was published (Christensen 

and Anistoroaei, 2014). The study identified 16,111 annotated coding sequences in mink 

deposited in European Molecular Biology Laboratory (EMBL) database (PRJEB1260). 

This data set is the only available data set in mink to be used for any genetic based analysis.  

In recent years, tools for genome analysis have been developed for the localization of 

genetic elements underlying genetic variation for complex traits including reproductive 

performance in livestock. Maintaining optimal reproductive success is crucial for animal 

production. Improvement of reproductive efficiency through traditional phenotypic 

selection is difficult due to its low heritability. Use of fertility-related markers to define the 

animal’s performance in early life has refined and improved breeding strategies for most, 

if not all, livestock species. Association analysis has been successful in identifying genetic 

variants affecting reproductive performance in cattle, pigs, sheep and rabbits (McNatty et 

al., 2005; Argente et al., 2010; Sahana et al., 2010; Ponsuksili et al., 2011). Currently, apart 

from the present project no other studies for identification of genetic elements associated 

with fecundity in mink are underway. This research is expected to identify genes 

underlying reproductive performance in mink and hence, demonstrate the efficacy of 

genome-based selection for mink. It is anticipated that this research will open up 

opportunities for genetic evaluation which will in turn ensure significant economic gain to 

the fur industry.  
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CHAPTER 3: OBJECTIVES AND HYPOTHESIS 

The objectives of the proposed research are:  

1. To screen a set of informative SNPs/polymorphic sites in a mink resource 

population. 

2. To assess the association of the identified polymorphic sites with reproductive 

performance trait in mink.  

The hypothesis of the proposed research is: 

We expect the variation in allele frequency will influence reproductive performance in 

mink resource population. 
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CHAPTER 4: MATERIALS AND METHODS 

4.1 Resource population  

The discovery data set in which the association analysis was performed is a population of 

Standard Black female mink maintained since 2009 to 2013 at the Canadian Centre for Fur 

Animal Research (CCFAR), Faculty of Agriculture, Dalhousie University. The population 

was analysed independently as two distinct categories: Control (CTRL) group and 

Moderate Diet Restriction (MDR) group to mitigate the confounding effects of dietary 

treatment. Every year, one hundred (100) females were in the CTRL group while the other 

one hundred (100) full sister females were in the MDR group. Females in the CTRL group 

were fed ad libitum according to normal farm feeding practice (Rouvinen-Watt et al., 2005) 

and females placed in the MDR group were fed ~20% less than the CTRL group from 

September to December to maintain a body condition score of 3 (Hynes et al., 2004). The 

diet consisted of commercially produced standard wet mink feed and water was available 

ad libitum. Experimental procedures were performed in accordance with the guidelines of 

the Canadian Council on Animal Care (Olfert et al., 1993). 

For this project, females were selected based on their primiparous production. Each female 

was housed individually in a standard sized cage in a multi-row barn at CCFAR except for 

breeding. Full-sister pairs were mated to the same male in March and the number of mating 

attempts made was recorded. A sister-pair was eliminated from breeding if one of the 

females and/or both became ill, did not wean at least one kit or died. All mortalities were 

sent to the Nova Scotia Department of Agriculture Veterinary Services Pathology 

Laboratory, Truro for post-mortem examination. Cases of reproductive complications such 

as mastitis, dystocia and nursing sickness were recorded.  
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4.2 Response variables 

Litter size is the primary response variable in the study. It is the measure of total number 

of born kits both dead and alive (TB). It also involves the estimation of number of kits alive 

at birth (D1), 21 days (D21), 42 days (D42) for each dam. Based on litter size, survivability 

(%) was calculated from the formula:  Kit survivability =
𝐾𝑖𝑡𝑠 𝑎𝑡 𝐷42

𝑇𝑜𝑡𝑎𝑙 𝑘𝑖𝑡𝑠 𝑎𝑡 𝑏𝑖𝑟𝑡ℎ 
 * 100. Rouvinen-

Watt and Armstrong developed a body condition scoring system which was used to score 

the females every month except during breeding and lactation (Hynes et al., 2004). Body 

weight was measured to the nearest gram on a monthly basis except in March and during 

lactation where weights were recorded 1 day post-partum and every three weeks after that 

until weaning when the kits were six weeks of age (Rouvinen-Watt et al., 2005). During 

whelping, kits were individually weighed along with the dams, and the sex of kits, number 

of dead kits, and group body weights of male and female kits were recorded. All kits were 

also weighed along with the dams in the beginning of September to get an estimate of lean 

body mass, and again during pelting season for assessing mature body size.  

4.3 Blood sampling  

Mink dams were sampled for blood by clipping a toe nail of a hind limb at the start of the 

season for the yearling females, annually at 42 d post-partum, and at the end of the 

productive season for the 4-year-old females or when culled from breeding for the 1-3 year 

old females. A drop of blood from each female was collected on the WhatmanTM FTATM 

cards, dried, and stored for further analysis. In 2009, blood samples were collected on the 

Whatman® FTA Bloodstain cards, which were later found to be suitable for short term 

sample storage only. Hence, Whatman® FTA Classic cards intended for longer term storage 

were used thereafter. 
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4.4 Laboratory Analyses 

4.4.1 DNA extraction 

The captured nucleic acids were purified according to the WhatmanTM FTATM nucleic acid 

purification protocol with minor modifications (WhatmanTM, Kent, United Kingdom) 

using 1.2 mm Harris micropunch. To sterilize the micropunch a core from a blank FTA 

card soaked with a solution of TE (Tris-EDTA) buffer was taken followed by punching 

another core from a 70% ethanol soaked card. To prevent contamination, this step was 

repeated in between samples. After this step, 200 μL of Whatman® FTA purification 

reagent was used to wash each core followed by five minutes incubation at room 

temperature (RT) with occasional mixing. Thereafter reagent was drained while retaining 

the core in the microcentrifuge tube. This washing step was repeated three times. After 

this, 200 μL of TE buffer was added, vortexed and incubated for another three minutes at 

RT. Again reagent was discared and the core was retained. This step was repeated for twice. 

Following this, 25 μL of nuclease-free water (QIAGEN, Hilden, Germany) was added to 

each tube and incubated for twenty minutes in a heat block (AccuBlock™ Digital Dry 

Bath) set at 90°C. Liquid was carefully removed and transferred into a new microcentrifuge 

tube using a pipette. Samples were stored at 4°C until a full set of samples was extracted. 

To determine DNA quality, gel electrophoresis (1% agarose gel) was attempted but the 

gels showed no bands indicating that the concentration of DNA was below the sensitivity 

of the assay. To confirm this, PCR was done with glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) mink-specific primers shown in Table 1 followed by gel 

electrophoresis. 
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4.4.2 Quality check 

Once a complete sample set was extracted, samples were transferred to 96-well Progene 

PCR® microplate and sealed with an adhesive film. Since the sample number was large, 

analysing the samples by standard PCR wasn’t considered reasonable as running all the 

amplified products on agarose gels is time-consuming and laborious. Hence, it was 

determined real-time polymerase chain reaction (RT-PCR) using the LightCycler® 480 II 

(Roche Diagnostics) was a better alternative. GAPDH is a commonly used reference gene 

for gene expression studies (Barber et al., 2005), so mink-specific GAPDH primers were 

used as shown in Table 1. For the RT-PCR mix, a 10 μl reaction was prepared. This mix 

comprised of: 1μL of template DNA of unknown concentration, 600 nM of each forward 

and reverse primer, 1X SsoFastTM EvaGreen® Supermix and nuclease-free water 

(QIAGEN, Hilden, Germany). 

Table 1: Primers used for generating mink-specific GAPDH sequences 

Gene Primer              Primer sequence Amplicon size  

GAPDH Forward TGACAAAGTGGTCATTGAGAGCAA       177 bp 

     

 Reverse AGAAAGCTGCCAAATACGATGACA  

 

The thermal cycling conditions used for this assay are shown in Table 2 and are based on 

Bio-Rad’s recommended conditions. Melt curve profiles of the samples with a distinct 

single peak of ensured successful amplification and hence the presence of DNA was 

confirmed. Curves which exhibited a low signal plateau compared to the others were 

suggestive of poor amplification. These samples were re-extracted and the quality check 

procedure was repeated. To confirm the RT-PCR results, a few random samples from each 
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complete set were taken and gel electrophoresis was performed. Sharp bright bands were 

observed which ensured good quality DNA for genotyping. 

Table 2: Sequential steps of thermal cycling conditions for RT-PCR  

Step Cycles Temperature (°C) Time (seconds) 

Enzyme inactivation  98 120 

Denaturation 40 98 10 

Annealing and extension  55 20 

 

4.5 Reference genome and SNP discovery  

The genome sequence database was derived from a Nova Scotia Jet Black mink which was 

the most inbred mink individual available from within a closed ranch population housed at 

CCFAR. DNA extracted from the liver of donor mink was sheared to different fragment 

sizes and construction of libraries for Next Generation Sequencing was performed at the 

Atlantic Research Centre for Agricultural Genomics (ARCAG), Faculty of Agriculture, 

Dalhousie University. Bacterial Artificial Chromosome (BAC) libraries with large inserts 

of mink genomic DNA were constructed at ARCAG and by collaborators at the University 

of Copenhagen. Draft assembly construction for the American mink involved de novo 

assembly of contigs, generation of scaffolds from contigs by a comparative genomics 

strategy using ferret scaffold (http://genome.ucsc.edu/) and canine genomes (Lindblad-Toh 

et al., 2005). Both ferret and dog are considered to be close relatives of mink (Anistoroaei 

and Christensen, 2006; Anistoroaei et al., 2009). Currently, refining of the reference 

genome is underway and the assembly will be soon deposited in a public domain.  
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Genome sequencing was performed on a Standard black male mink and a Standard black 

female mink. Sequence reads from the standard black mink were compared to the Jet Black 

donor mink using Burrows-Wheeler Alignment Tool (BWA) software followed by variants 

calling using Samtools (Li et al., 2009). The objective was to bias the SNP discovery 

initiative towards variation that is present in the Standard black type mink used in this 

study.  
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Figure 3. Flowchart outlining the steps for identification of SNPs for the candidate marker 

panel. 

 

Sixty-six candidate gene sequences were retrieved from the dog 

genome and ferret scaffold. 

Using BLAST, exon portions of the gene sequences were compared 

with the mink contig database. The exons in the contig of interest were 

identified. 

 

Assembler was asked to provide VCF (variant call format) and 

flanking information for contigs of interest for standard black female 

and standard black male. 

Repeatmasking (Institute for Systems Biology, Seattle, Washington) 

was performed on the contigs and SNPs within repeat elements 

eliminated 

From the BLAST file, the region of interest on the contig (exon hits 

+/- 5000 bp) was identified. 

From the VCF, SNPs which are in the gene of interest were 

determined. 

SNPs which were common to the standard black female and male 

were considered important and highlighted. 

SNPs that were scattered throughout the gene were selected. If 

possible, at least one SNP from promoter region and one downstream 

were selected. Exonic SNPs were given priority. 

SNPs which were homozygous for the alternate allele in both standard 

black female and male were eliminated. 

For some genes, no SNPs were identified on the basis of the filtering 

criteria. So, SNPs were identified from the neighbouring gene. 
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4.6 Candidate gene SNP panel  

The candidate gene panel in this study originated from a genome-wide scan for genes 

underlying fertility and reproductive longevity in the mouse, which was previously also 

successfully used in Holstein cattle as well as in layer hens population (Benkel, personal 

communication, 2014). It was therefore anticipated that the panel would capture a 

significant amount of the genetic variation associated with fertility in mink. A number of 

genes including muscle segment homeobox loci (MSX1 and MSX2), nuclear receptor 

subfamily 5 (NR5A2), PR, pentraxin (PTX3) and SPARC were added to the panel based 

on the published findings implicating these genes in reproductive physiology in mink and 

other species (Lydon et al., 1995; Varani et al., 2002; Lefèvre et al., 2011; Cha et al., 2013; 

Zhang 2013; Bertolin et al., 2014). The resulting marker panel consisted of 316 SNPs 

distributed over 66 candidate genes. On proprietary grounds, the mouse-sourced genes are 

encoded A2 to T7. Of the number of SNPs attempted in each gene is shown in Table 3. 

Based on their involvement in signalling pathways, the 66 genes were grouped into six 

categories namely mitogen-activated protein (MAP) kinase, circadian rhythm, peroxisome 

proliferator-activated receptors (PPARs), DNA repair, cytokine, and other. Figure 3 shows 

the sequential steps involved in the identification of SNPs for the candidate gene-based 

marker panel.  

4.6.1 Gene categories based on signalling pathways 

The candidate gene-based marker panel for fertility in mink covered 66 genes. Based on 

their involvement in signalling pathways, the 66 genes were grouped into six categories 

namely MAP, circadian rhythm, PPARs, DNA repair, cytokine and others (see Figure 4).  
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Figure 4. Categories of the candidate genes in the marker panel based on their inferred        

signalling pathways. 

 

The mitogen-activated protein (MAP) kinase signalling pathways are a conserved set of 

signalling pathways that control many cellular functions including cell differentiation, cell 

proliferation and cell death (reviewed by Nishida and Gotoh, 1993). In mammals, there are 

four signalling cascades of the MAPK family: p38 MAPK protein kinases (Han et al., 

1994), c-Jun-N-terminal kinases (JNKs) (Woodgett et al., 1995), extracellular signal-

regulated kinases 1 and 2 (ERKs) (Boulton and Cobb, 1991) and ERK5 (Lee et al., 1995). 

The mammalian circadian timing system coordinates a wide range of complex 

physiological processes including reproduction. Suprachiasmatic nucleus (SCN) in the 

hypothalamus is the central rhythm generator in the circadian regulatory network (Hastings 

et al., 2008). The cellular rhythmicity of the SCN is created by the positive and negative 

feedback loops which are controlled by a core of oscillator genes and their protein products 

(Yang, 2010). 

PPARs are ligand-activated transcription factors which belong to the nuclear receptor 

family (Mangelsdorf et al., 1995). Among the three isoforms of PPARs, PPARγ is highly 

expressed in the ovarian tissues of the rat, pig, sheep and human (Lambe and Tugwood 

1996; Komar et al., 2001; Schoppee et al., 2002; Froment et al., 2003), in uterine tissue of 
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mink (Desmarais et al., 2007) and has also been detected in the adipose tissue (Chawla et 

al., 1994). PPARs regulate metabolic homeostasis in many metabolically active tissues 

including muscle and adipose tissue (Lee et al., 2006). Apart from controlling metabolic 

processes, PPARs are also involved in key reproductive functions such as ovarian 

folliculogenesis, angiogenesis and steroidogenesis (Dupont et al., 2012).  

Mammalian cells utilize DNA repair pathways to repair DNA lesions either caused by 

exogenous agents including UV-light, ionizing radiation and chemicals or cellular 

endogenous processes including oxidation, alkylation and hydrolysis of bases (reviewed 

by De Bont and Van Larebeke, 2004). The four major DNA repair pathways and 

mechanisms are mismatch repair, base excision repair, nucleotide excision repair and 

double strand break repair (Dexheimer, 2013). These repair pathways are essential to 

maintain the integrity of the genome as accumulation of large number of lesions can cause 

tumor growth or programmed cell death.  

Cytokines and their specific receptors enable cells to respond to different stimuli and thus, 

initiate key cellular processes. Signalling through cytokine receptors commonly occurs by 

a mechanism known as janus kinase (JAK) – signal transducers and activators of 

transcription (STAT) signalling (O'Shea et al., 2011). Inactive JAK enzymes are attached 

to the cytoplasmic domains of cytokine receptors. Binding of the cytokine molecules to the 

specific receptors causes activation of the associated JAKs and also phosphorylates the 

intracellular tyrosine creating sites for STATs. Further the STAT dimers migrate to the 

nucleus where they bind to specific promoters and activate transcription of target genes 

(Rawlings et al., 2004).  
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The “others” category comprises of candidate genes which do not specifically belong to 

the above signalling pathways and is a collection of various other pathways and processes. 

4.6.1 Genotyping 

The animals were typed using the candidate SNP marker panel. Genotyping was performed 

by Sequenom® Bioscience (now acquired by Agena Bioscience, San Diego, USA). Data 

was assembled into different genotype clusters (homozygote major, homozygote minor and 

heterozygote). Genotype and allele frequencies were calculated by direct count.  

4.6.1.1 Marker selection 

 As a part of the primary (1°) QC procedures, Sequenom® Bioscience utilized a SNP 

genotype clustering algorithm to discriminate between the genotype clusters and identify 

the appropriate markers. Total number of SNPs attempted was 316. For number of SNPs 

returned by Sequenom® Bioscience after 1° QC see Table 3.  

Once the genotype results were sent by Sequenom® Bioscience, secondary QC procedures 

were implemented. Call rate was chosen as a filtering criterion to assess markers’ integrity. 

It is a common indicator to determine optimal genotypes for association studies (Moorhead 

et al., 2006). Markers with call rate less than 70% were eliminated. Monomorphic SNPs 

were also discarded as they yielded no genotypic differences. Total number of SNPs which 

passed the secondary QC procedures and were included for the association analysis were 

255. 

Finally, LD analysis was performed in SNPStats©, Catalan Institute of Oncology, 

Barcelona, Spain (Solé et al., 2006). If two SNPs are in LD, only one SNP is to be included 

in the analysis as they serve as proxies for each other (reviewed by Hirschorn and Daly, 

2005). For the development of a second generation marker panel, HWE analysis is 
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encouraged. However, in the resource population, some of the assumptions of a classic 

Hardy-Weinberg model were not met including infinitely large population, random mating 

and no migration. SNPs deviating from HWE may also reflect genotyping error (Salanti et 

al., 2005).  

Table 3: Candidate marker panel and primary quality control 

Gene category Code SNPs attempted SNPs after 1° QC 

MAPK A2 10 10 

 B1 4 4 

 C2 3 3 

 EGF 8 8 

 FGF2 5 4 

 FGF9 4 3 

 H1 2 2 

 M1 5 5 

 N1 3 3 

 N2 2 2 

 N5 16 16 

 N8 3 3 

 O1 5 5 

 P1 3 3 

 PR 5 5 

 P7 2 2 

 P8 5 5 

 R1 2 2 

 S7 6 4 

 SOX5 20 20 

 S9 3 3 

 S11 6 6 

Circadian A3 7 7 

 C3 5 5 

 CSNK1E 4 4 

 N3 3 2 

 N4 3 3 

 N6 7 6 

 P2 4 3 

 PER1 5 3 

 P4 5 5 

 R3 3 3 

PPAR A1 4 4 

 C6 4 3 

 P6 5 5 

 S2 6 6 

 S3 8 8 
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Gene category Code SNPs attempted SNPs after 1° QC 

 S12 3 3 

Cytokine I1 4 2 

 I2 4 4 

 M2 1 1 
 S4 4 4 

 S5 6 5 

 S6 4 4 

 T1 4 4 

 TNF 4 3 

 T4 7 7 

DNA repair F1 1 0 

 M4 3 2 

 R2 4 2 

 S1 5 4 

Others B2 6 5 

 C1 6 4 

 C4 3 3 

 L1 7 6 

 M3 6 6 

 MSX1 3 2 

 MSX2 4 2 

 NR5A2 9 9 

 PTX3 3 3 

 R4 4 2 

 SPARC 6 6 

 T3 2 2 

 T5 2 2 

 T6 2 2 

 T7 4 4 

Total  316 288 

4.7 Association analysis 

In this study, SNPAssoc (1.9-2): R package was used to perform the association analysis 

(González et al., 2007). The R package has a greater flexibility for handling data and is an 

open-source software package (R Development Core Team, 2008). P-value obtained in the 

descriptive statistics was used as an evaluating criterion to determine significant 

associations. The package has all the tools to assess genetic association for traits and also 

perform genetic calculations.  
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Two approaches were carried out for the association analysis. For the first approach, 

females were separated into ‘low’ (0) and ‘high’ (1) performance groups based on 

primiparous production (litter size and kit survivability percentage). Based on dietary 

regimes, MDR and control (CTRL) were analysed as separate groups as a marginally 

significant effect of diet on kits born was observed (p = 0.085). High performers (n = 98 

controls, n = 89 MDR) were the females with 5-9 kits at weaning and kit survivability of 

at least 75% at weaning, which is considered optimal for economic sustainability in the 

mink industry. The low performers (n = 105 controls, n = 93 MDR) weaned either 1-4 kits 

or 10 or more kits and had kit survivability of less than 75% at weaning. The other approach 

focused on mink females from the high and low tails of the phenotypic distribution across 

the population. Generally, for a moderate sized population, 20-30% of the entire resource 

population is considered as the ideal size for the tails (Gallais et al., 2007). In this study, 

the contrasting groups of females were identified based on primiparous production (litter 

size). Based on treatment effect, MDR and CTRL groups were analysed as separate groups 

and females with contrasting phenotypes were identified from the respective tails. The high 

performance group comprised of females with 7-9 kits at weaning and the low performers 

weaned 1-3 kits. For MDR, the total number of females in the high and low tails comprised 

of 94 females and for CTRL it was 95 females. 

Hence, a total of four (window analysis for MDR and CTRL; tail analysis for MDR and 

CTRL) types of analysis was performed. To increase the confidence in our results and 

eliminate spurious associations, only SNPs which showed a significant association in at 

least two of the analyses were considered to be truly significant. 
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Figure 5. Flowchart outlining the various stages of the project 
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CHAPTER 5: RESULTS 

5.1 Tail analysis 

In this approach, mink females were selected from the extremes of the phenotypic 

distribution. Females in the high and low tails showed performance differential with respect 

to mean number of kits at birth and weaning across both CTRL and MDR populations 

(Table 4).  

Table 4: Phenotypic performance of females selected for tail analysis in CTRL and MDR 

Tail analysis Mean # kits at birth 

± S.E. 

Mean # kits at weaning ± 

S.E. 

Percentage survival 

(%) 

CTRL 
   

Low 3.78 ± 0.39 2.02 ± 0.10 72.93 ± 4.25 

High 8.74 ± 0.19 7.70 ± 0.12 89.22 ± 1.69 

MDR    

Low 4.15 ± 0.57 2.18 ± 0.12 72.93 ± 5.33 

High 9.26 ± 0.29 7.85 ± 0.11 87.72 ± 1.95 

 

5.1.1 MDR group 

A total of eleven genes showed significant associations in the MDR group, identified from 

the high and low tails across the MDR population, at  probabilities of less than or equal to 

0.05. Four genes showed associations with at least one SNP in each gene at highly 

significant probabilities of less than or equal to 0.01.  
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Table 5: SNPAssoc results for the tail analysis in the MDR group 

Gene Gene 

category 

#SNP SNP Id P-value 

N5 MAPK 6 1 0.019 

   3 0.035 

   4 0.024 

   5 0.043 

   7 0.038 

   8 0.027 

O1 MAPK 1 1 0.036 

SOX5 MAPK 1 1 0.006 

S11 MAPK 1 1 0.046 

T1 Cytokine 1 1 0.023 

T4 Cytokine 1 1 0.032 

A3 Circadian 2 1 0.008 

   2 0.044 

C3  Circadian 2 1 0.003 

   2 0.006 

R2 DNA repair 1 1 0.007 

MSX2 Others 1 1 0.028 

SPARC Others 1 1 0.034 

#SNP refers to the number of SNPs with significant associations (p≤0.05) for a gene. 

Among the “MAPK pathway” candidate genes, six SNPs in the N5 gene, one SNP in the 

O1 gene, one SNP in the SOX5 and one SNP in the S11 gene showed significant 

association at probabilities of less than 0.05 (see Appendix 1: Tables 1, 2, 3, 4, 5, 6, 7, 8). 

For SNP 3 and SNP 5 in the N5 gene, the T allele was associated with an increase in mean 

number of kits at weaning and hence, is the favourable allele for fertility. For SNP 7 and 

SNP 4 in the N5 gene, the G allele was associated with an increase in the mean number of 

kits at weaning and hence, is the favourable allele for fertility. For SNP 8 and SNP 1 in the 

N5 gene, the A allele increased the mean number of kits at weaning and hence, is 

favourably associated with fertility. For SNP 1 in the O1 gene and SNP 1 in the SOX 5 

gene, the G allele and the C allele respectively increased the mean number of kits at 
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weaning and hence, are favourably associated with fertility. For SNP 1 in the S11 gene, the 

homozygous TT-CC genotype improved the mean number of kits at weaning and hence, 

homozygous genotypes are favourable for fertility. 

Among the “cytokine receptor signalling pathway” candidate genes, one SNP in the T1 

gene and one SNP in the T4 gene showed significant associations at probabilities of less 

than 0.05 (see Appendix 1: Tables 9, 10). For SNP 1 in the T4 gene, the homozygous CC-

GG genotype improved the mean number of kits at weaning and hence, homozygous 

genotypes are favourable for fertility. For SNP 1 in the T1 gene, the T allele was associated 

with an increase in mean number of kits and hence, is the favourable allele for fertility. 

Among the “circadian rhythm signalling pathway” candidate genes, two SNPs in the A3 

gene and two SNPs in the C3 gene showed significant associations at probabilities of less 

than 0.05 (see Appendix 1: Tables 11, 12, 13, 14). For both SNP 1 and SNP 2 in the A3 

gene, the T allele increased the mean number of kits at weaning and hence, is favourably 

associated with fertility. For SNP 1 and SNP 2 in the C3 gene, the G allele and the A alleles 

respectively were associated with an increase in the mean number of kits at weaning and 

hence, are the favourable alleles for fertility. 

Among the “DNA repair signalling pathway” candidate genes, one SNP in the R2 gene 

showed significant association at a probability of less than 0.01 (see Appendix 1: Table 

15). For SNP 1 in the R2 gene, the homozygous AA-GG genotype improved the mean 

number of kits at weaning and hence, homozygous genotypes are favourable for fertility. 

Among the “others” category of candidate genes, one SNP in the MSX2 gene and one SNP 

in the SPARC gene showed significant associations at probabilities of less than 0.05 (see 



  

46 
 

Appendix 1: Tables 16, 17). For SNP 1 in the MSX2 gene and SNP 1 in the SPARC gene, 

the T allele and the C allele respectively were associated with an increase in the mean 

number of kits at weaning and hence, are the favourable alleles for fertility. 

5.1.2 CTRL group 

A total of seven genes showed significant associations in the CTRL  group identified from 

the high and low tails across the control population at a probability of less than or equal to 

0.05. Two genes showed association with atleast one SNP in each gene at highly significant 

probabilities of less than or equal to 0.01.  

Table 6: SNPAssoc results for the tail analysis in the CTRL group 

Gene Gene 

category 

#SNP SNP Id P-value 

N5 MAPK 8 1 0.038 

   2 0.012 

   4 0.016 

   5 0.0002 

   6 0.033 

   7 0.002 

   8 0.014 

    0.016 

O1 MAPK 1 1 0.042 

S11 MAPK 1 1 0.044 

P6 PPAR 3 1 0.048 

   2 0.022 

   3 0.026 

C3 Circadian 1 1 0.009 

NR5A2 Others 1 1 0.018 

SPARC Others 1 1 0.031 

#SNP refers to the number of SNPs with significant associations (p≤0.05) for a gene. 

Among the “MAPK signalling pathway” candidate genes, eight SNPs in the N5 gene, one 

SNP in the O1 gene and one SNP in the S11 gene showed significant associations at 

probabilities of less than 0.05 (see Appendix 1: Tables 18, 19, 20, 21, 22, 23, 24, 25, 26, 
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27). For SNP 5 and SNP 3 in the N5 gene, the T allele increased the mean number of kits 

at weaning and hence, is favourably associated with fertility. For SNP 1 and SNP 2 in the 

N5 gene, the C allele were associated with an increase in mean number of kits at weaning 

and hence, is the favourable allele for fertility in the contrasting group of mink females. 

For SNP 4 and SNP 6 in N5 gene, the G allele increased the mean number of kits at weaning 

and hence, is the favourable allele for fertility. For SNP 8 in the N5 gene, the A allele 

increased in the mean number of kits at weaning and hence, is favourably associated with 

fertility. For SNP 7 in the N5 gene, the homozygous AA-GG genotype improved the mean 

number of kits at weaning and hence, homozygous genotypes are favourable for fertility. 

For SNP 1 in the O1 gene and SNP 1 in the S11 gene, the homozygous AA-GG and TT-

CC genotypes respectively, improved the mean number of kits at weaning and hence, 

homozygous genotypes are favourable for fertility. 

Among the “PPAR signalling pathway” candidate genes, three SNPs in the P6 gene showed 

significant associations at probabilities of less than 0.05 (see Appendix 1: Tables 28, 29, 

30). For SNP 1, SNP 3 and SNP 2 in the P6 gene, heterozygous GT, CT and AT 

respectively, were associated with an increase in mean number of kits at weaning. 

Therefore, heterozygous advantage for fertility is evident here.  

Among the “circadian rhythm signalling pathway” candidate genes, one SNP in the C3 

gene showed significant association at a probability of less than 0.01 (see Appendix 1: 

Table 31). For SNP 1 in the C3 gene, the G allele was associated with an increase in mean 

number of kits at weaning and hence, is the favourable allele for fertility.  

Among the “others” category of candidate genes, one SNP in the NR5A2 gene and one 

SNP in the SPARC gene showed significant associations at probabilities of less than 0.05 
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(see Appendix 1: Tables 32, 33). For SNP 1 in the NR5A2 gene, the heterozygous CT 

genotype is associated with an increase in mean number of kits at weaning. Therefore, 

heterozygous advantage for fertility is evident here. For SNP 1 in the SPARC gene, the C 

allele increased the mean number of kits at weaning and hence, is the favourable allele 

associated with fertility. 

5.2 Window analysis 

The mean number of kits at birth are almost identical for high and low performers across 

both CTRL and MDR populations. However, the mean number of kits at weaning between 

the groups exhibit performance differential (Table 7). 

Table 7: Phenotypic performance of females selected for window analysis in CTRL and 

MDR 

Window 

analysis 

Mean # kits at birth 

± S.E. 

Mean # kits at weaning 

± S.E. 

Percentage survival 

(%) 

CTRL 
   

Low 6.37 ± 0.46 2.49 ± 0.17 42.98 ± 2.75 

High 7.35 ± 0.14 6.65 ± 0.11 91.40 ± 0.86 

MDR    

Low 7.44 ± 0.48 3.09 ± 0.17 44.17 ± 2.42 

High 7.45 ± 0.16 6.71 ± 0.12 91.35 ± 0.93 

 

5.2.1 MDR group 

A total of seven genes showed significant associations in the MDR group at probabilities 

of less than or equal to 0.05.  

 



  

49 
 

Table 8: SNPAssoc results for the window analysis in the MDR group 

Gene Gene 

category 

#SNP SNP Id P-value 

N5 MAPK 3 2 0.040 

   5 0.049 

   6 0.033 

SOX5 MAPK 1 1 0.019 

T1 Cytokine 1 1 0.047 

T4 Cytokine 1 1 0.026 

C4 Others 1 1 0.041 

MSX2 Others 1 1 0.050 

SPARC Others 1 1 0.019 

#SNP refers to the number of SNPs with significant associations (p≤0.05) for a gene. 

Among the “MAPK signalling pathway” candidate genes, three SNPs in the N5 gene and 

one SNP in the SOX5 gene showed significant associations at probabilities of less than 

0.05 (see Appendix 1: Tables 34, 35, 36, 37). For SNP 5 and SNP 6 in the N5 gene, the T 

allele and the G allele respectively, increased the likelihood of becoming a high performer 

and hence, are the favourable alleles for fertility. For SNP 2 in the N5 gene, the C allele 

increased the likelihood of becoming a high performer and hence, is favourably associated 

with fertility. For SNP 1 in the SOX5 gene, the homozygous CC-TT genotype increased 

the likelihood of becoming a high performer and hence, homozygous genotype is 

favourably associated with fertility. 

Among the “cytokine receptor signalling pathway” candidate genes, one SNP in the T1 

gene and one SNP in the T4 gene showed significant associations at probabilities of less 

than 0.05 (see Appendix 1: Tables 38, 39). For SNP 1 in the T1 gene, the T allele increased 

the likelihood of becoming a high performer and hence, is the favourable allele for fertility. 

For SNP 1 in T4 gene, the homozygous CC-GG genotype increased the likelihood of 
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becoming a high performer and hence, homozygous genotypes are favourably associated 

with fertility. 

Among the “others” category of candidate genes, one SNP in the C4 gene, one SNP in the 

MSX2 gene and one SNP in the SPARC gene showed significant associations at 

probabilities of less than 0.05 (see Appendix 1: Tables 40, 41, 42). For SNP 1 in the C4 

gene, a single copy of T allele increased the likelihood of becoming a high performer and 

hence, is the favourable allele for fertility. For SNP 1 in the MSX2 gene, the T allele 

increased the likelihood of becoming a high performer and hence, is the favourable allele 

for fertility in the MDR diet group of mink females. For SNP 1 in the SPARC gene, the 

homozygous CC-TT genotype increased the likelihood of becoming a high performer and 

hence, homozygous genotype is favourably associated with fertility. 

5.2.2 CTRL group 

A total of six genes showed significant associations in the CTRL group at probabilities of 

less than 0.05. Two genes showed associations with atleast one SNP in each gene at highly 

significant probabilities of less than or equal to 0.01.  
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Table 9: SNPAssoc results for window analysis in the CTRL group 

Gene Gene 

category  

#SNP SNP Id P-value 

P6 PPAR 3 1 0.007 

   2 0.042 

   3 0.017 

A3 Circadian 2 1 0.022 

   2 0.011 

C3 Circadian 1 2 0.050 

R2 DNA repair 1 1 0.025 

C4 Others 1 1 0.039 

NR5A2 Others 1 1 0.050 

#SNP refers to the number of SNPs with significant associations (p≤0.05) for a gene. 

Among the “PPAR signalling pathway” candidate genes, three SNPs in the P6 gene showed 

significant associations at probabilities of less than 0.05 (see Appendix 1: Tables 43, 44, 

45). For SNP 1, SNP 2 and SNP 3 in the P6 genes, the heterozygote CT, AT and CT 

genotypes respectively, increased the likelihood of becoming a high performer. Therefore, 

heterozygous advantage for fertility is evident here. 

Among the “circadian rhythm signalling pathway” candidate genes, two SNPs in the A3 

gene and one SNP in the C3 gene showed significant associations at probabilities of less 

than 0.01 (see Appendix 1: Tables 46, 47, 48). For SNP 1 and SNP 2 in the A3 gene, the 

heterozygous CT genotype increased the likelihood of becoming a high performer. 

Therefore, heterozygous advantage for fertility is evident here. For SNP 2 in the C3 gene, 

the A allele was associated with an increase in the mean number of kits at weaning and 

hence, is the favourable allele for fertility. 

Among the “DNA repair signalling pathway” candidate genes, one SNP in the R2 gene 

showed significant association at a probability of less than 0.05 (see Appendix 1: Tables 
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49). For SNP 1 in the R2 gene, the homozygous AA-GG genotype increased the likelihood 

of becoming a high performer and hence, homozygous genotypes are favourably associated 

with fertility. 

Among the “others” category of candidate genes, one SNP in the C4 gene and one SNP in 

the NR5A2 gene showed significant associations at probabilities of less than 0.05 (see 

Appendix 1: Tables 50, 51). For SNP 1 in the C4 gene, the C allele increased the likelihood 

of becoming a high performer and hence, is the favourable allele for fertility. For SNP 1 in 

the NR5A2 gene, the heterozygote CT genotype increased the likelihood of becoming a 

high performer. Therefore, heterozygous advantage for fertility is evident here. 

5.5 Summary of tail and window analysis 

Table 10: Overlap of significant genes in tail and window analysis 

Tail analysis Window analysis 

MDR CTRL MDR CTRL 

N5 N5 N5 P6 

O1 O1 SOX5 A3 

SOX5 S11 T1 C3 

S11 P6 T4 R2 

T1 C3 C4 C4 

T4 NR5A2 MSX2 NR5A2 

A3 SPARC SPARC  

C3    

R2    

MSX2    

SPARC    

In the tail analysis, five genes (N5, O1, S11, C3 and SPARC) are significantly associated 

in both MDR and CTRL groups and these genes fall into three signalling pathway 

categories as follows: MAPK (3 genes); circadian rhythm (1 gene); and others (1 gene). In 
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the window analysis, only one gene (C4) is significantly associated in both MDR and 

CTRL groups and this gene fall into the others category. Irrespective of the analytical 

approached used, a core of three genes (C3, N5 and SPARC) is implicated in three out of 

the four analyses, forming a robust set of markers.  

5.6 Reproductive performance of sister mink 

Irrespective of the analytical approaches, there were one hundred and three (103) sister 

pairs involved in the analysis. One of the females in the sister pair was fed ad libitum, 

hence, she was placed in the CTRL group. While the other female was fed ~20% less than 

the CTRL from September to December, hence, she was placed in the MDR group. It can 

be inferred from the graph that in spite of being fed two different diets, females in the sister 

pair exhibited almost similar reproductive performance (Figure 6). This trend is consistent 

across many of the sister pairs.   

 

Figure 6. Graph of the reproductive performance of sister pairs in CTRL and MDR diet 

groups 
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5.7 SNPs distribution in the significant genes 

Gene sequences of Canis lupus or Mustela putorius furo were retrieved from UCSC 

genome browser as both dog and ferret are considered to be close relatives of mink 

(Anistoroaei and Christensen, 2006; Anistoroaei et al., 2009). Using BLAST tool in 

NCBI+, the sequences were compared with the mink contig database.  

5’- 3’ Gene orientation 

 Exon 

 Intron 

 Untranslated region 

 Contig from mink pre-assembly 

 Significant SNP 

 Non significant SNP 

 

 

Figure 7. Virtual mapping of mink co-ordinates with A3 gene in Canis lupus. 

The figure indicates that A3 gene in Canis lupus comprises of twenty exons. There are 

seven SNPs identified in this gene. Among them, there are two intronic SNPs which 

showed a significant association at a probability of less than 0.05 in both window and tail 

analysis for the CTRL and MDR population. 

In the above Figure 6 the significant SNPs are interspersed among the non-significant 

SNPs. A possible explanation can be that the recent DNA variants are superimposed on the 

core group of ancient DNA variants. Hence, distinct blocks aren’t evident and SNPs are 

inherited as one unit instead. In some genes (see Appendix 2: Figure 1, 2, 3, 4 and 5), the 
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SNPs are inherited as two distinct blocks. The first block comprises of the significant SNPs 

and the second block comprises of the non-significant SNPs. For other genes (see 

Appendix 2: Figure 9, 10, 11, 12 and 13) among the total number of SNPs (≥5) identified 

in the respective genes, one SNP showed significant association. This might be a spurious 

association and/or at a stringent p-value threshold it might no longer exhibit significance. 

Hence, validation of such findings on a larger population is encouraged.    

5.8 Linkage disequilibrium (LD) analysis 

Linkage disquilibrium patterns could be influenced by many factors including natural 

selection, recombination, mutation and genetic drift. Natural selection is a non-random 

process where the traits become either frequent or rare in a population due to differential 

reproduction leading to inflated LD. Recombination leads to breakdown of LD patterns 

and therefore the extent of LD is expected to be inversely proportional to the local 

recombination rate (Ardlie et al., 2002). Similarly high mutation rates are correlated with 

little or no LD (Ardlie et al., 2002). Genetic drift describes the uneven distribution of allele 

frequency due to random sampling of gametes over the successive generations and 

increased drift tends to increase LD patterns (Ardlie et al., 2002). 

In this study, LD analysis was performed on the significant set of genes only if more than 

one SNP in the same gene showed significant association at a probability of less than or 

equal to 0.05. Based on this criteria, four such genes were identified: N5 (8 SNPs), P6 (3 

SNPs) A3 (2 SNPs) and C3 (2 SNPs). Correlation between a pair of SNPs was determined 

by R-square which is a quantitative measure of LD (Shifman et al., 2003). It ranges from 

0 when loci are not in complete LD to 1 which is a case of perfect LD. In case of perfect 

LD, information obtained from one marker is exactly similar to the other and hence, one 
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of the markers is eliminated. Usually, R squared-values above 1/3 indicate sufficiently 

strong LD to be useful for association mapping. Therefore, R square values of >0.75 were 

considered to be in strong LD. Based on R squared values, SNPs in A3 and C3 genes were 

found to be not in LD. For N5 gene, SNP 5 (see Appendix 2: Figure 6) can be eliminated 

on the basis of LD analysis. For P6 gene, SNP 1 (see Appendix 2: Figure 7) can be 

eliminated on the basis of LD analysis. Information on LD patterns could be useful in 

prioritizing SNPs for genotyping.  Such data will be helpful for the development of the 

second generation marker panel. 
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CHAPTER 6: DISCUSSION 

6.1 Approaches for detecting association between performance and genetic elements 

6.1.1 Tail analysis  

A typical approach for a pathway candidate gene marker study would involve splitting the 

resource population into three groups based on performance, i.e. a ‘high’ performance 

group consisting of those individuals in top 10-20% of the performance distribution (the 

‘high’ tail), a ‘low’ performance group consisting of those individuals in bottom 10-20% 

of the performance distribution (the ‘low’ tail) (Gallais et al., 2007). The remaining 80-

60% of the individuals occupying the intermediate space in the performance distribution 

curve. Assessment of allele frequency differences is initially limited to a comparison of the 

‘high’ and ‘low’ tail animals in order to maximise the allele frequency differences between 

the groups if there is a genetic component associated with the trait. 

Such a comparison was carried as part of this study where the high performance group 

comprised of females with 7-9 kits at weaning and the low performers weaned 1-3 kits. 

This selection of individuals from the extremes of the phenotypic distribution increases the 

power of the analysis to identify the genetic elements significantly associated with the trait 

of interest. Table 4 shows the performance differential among the mink females in the high 

and low tails with respect to the mean number of kits at birth and weaning across both 

CTRL and MDR populations. 

A total of eleven genes (N5, O1, SOX5, S11, T1, T4, A3, C3, R2, MSX2, and SPARC) 

showed significant association with fertility, identified from the high and low tails across 

the MDR population. Also, a total of seven genes (N5, O1, S11, P6, C3, NR5A2, and 

SPARC) showed significant associations in the CTRL group identified from the high and 
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low tails across the CTRL population. The genetic elements identified from this approach 

represents the genes which are critical during weaning stage as measurements at D42 

(weaning point) were included in the analysis. 

Reproductive performance is a complex multifactorial trait (Abegaz et al., 2002; Chebel et 

al., 2007; Castellini et al., 2010) and involves a number of genes. It is therefore, expected 

that certain set of genes would be significant at a specific stage of the reproductive cycle. 

The various stages include folliculogenesis, ovulation, fertilization, pregnancy 

establishment, embryogenesis, whelping, lactation, and weaning. Specific reproductive 

features exhibited by mink females including, delayed implantation and embryonic 

diapause further contributes towards the complexity of this trait. Therefore, it can be 

suggested that a better methodology would be to reanalyse the resource population using 

the tail approach only, but fragmented into at least two phases, i.e. number of kits at birth 

and number of kits at weaning. The expectation is that such an approach will allow the 

identification of genetic elements essential during the birth-to-weaning phase separately, 

at least in part, from genes that are more important prior to parturition.  

6.1.2 Window analysis 

In addition to the high tail/low tail comparison, a second analysis was also performed, 

hereafter known as the ‘window’ approach, which involved splitting the resource 

population into ‘low’ (0) and ‘high’ (1) performance groups based on primiparous 

production (litter size and kit survivability percentage). High performers weaned 5-9 kits 

and had kit survivability of at least 75% at weaning. The low performers were the females 

with either 1-4 kits or 10 or more kits at weaning and kit survivability of less than 75% at 

weaning.  
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This classification was done for consistency with industry practices and recognition that 

large litters impose unsustainable lactation burdens on mother due to their limited number 

of teats and their limited capacity to nurture. For this study, litter size at weaning measures 

the reproductive performance in the mink females. Ideally, a mink female that weaned a 

larger litter (above a certain threshold) would be classified as a high performer. Contrary 

to this rationale, based on the window approach, mink females which weaned 10 or more 

kits at weaning were classified as the low performers and hence, this could be misleading 

and inappropriate. Based on this approach, mink females with high, low and mediocre 

reproductive performance were selected which would in turn, dilute the performance 

differential. Hence, comparison of allele frequency differences among the groups seems to 

be conceptually incorrect. 

Table 7 shows the means for the number of kits at birth are almost identical for the high 

and low performers across both CTRL and MDR populations. The mean number of kits at 

weaning between the performance groups exhibited some separation which justifies our 

rationale behind using this approach. However, there were only few mink females that 

weaned 10 or more kits which can be a plausible reason for the performance differential 

observed at weaning. 

The window analysis identified a total of seven genes (N5, SOX5, T1, T4, C4, MSX2, and 

SPARC) which showed significant associations in the MDR group and six genes (P6, A3, 

C3, R2, C4, and NR5A2) showed significant associations in the CTRL group at 

probabilities of less than 0.05. Based on the performance differential in the numbers of kits 

at weaning, the window analysis identified genes important during the birth-to-weaning 

phase. 



  

60 
 

6.2 Comparison between MDR and CTRL groups 

In the tail analysis, an overlap of five significant genes was observed between the MDR 

and CTRL group. A total of six MDR specific genes and two CTRL specific genes were 

identified. A considerable overlap of significant genes between the two dietary treatment 

groups was observed. Additionally, Figure 6 shows the individual performance of sister 

mink on the two diets. It was observed from the scatter plot that irrespective of the dietary 

regime, the sister pairs perform in unison. This is a trend consistent across many of the 

sister pairs. Based on the overlap of genes among the two dietary groups and exhibition of 

similar reproductive performance among the sister pairs, it can be suggested that the 

underlying genetics contribute significantly towards the variability of the trait. Although, 

the effect of diet on reproductive performance cannot be ignored completely. 
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6.3 Model 1 

Our results identified fourteen genes that were significantly associated with reproductive 

performance in mink females. Based on the available literature, nine out of the fourteen 

genes are involved in at least one of the three signalling pathways namely, the circadian 

rhythm pathway, the PPARs pathway and the MAPK pathway.  

The A3 and C3 genes are involved in the circadian rhythm pathway. The P6 and S11 genes 

are involved in the PPAR signalling pathway. The N5, SOX5 and T4 genes are involved 

in the MAPK signalling pathway. The remaining five genes (C4, MSX2, NR5A2, O1, 

SPARC and T1) do not belong to the pathways mentioned above but studies report that 

these genes regulate key processes involved in mammalian female fertility. The role of the 

R2 gene in mammalian fertility was not found in literature. However, the R2 gene is 

involved in the DNA repair pathway and reviews have concluded that DNA repair 

mechanisms are involved in mammalian gametogenesis (Baarends et al., 2001). Therefore, 

it could be suggested that the R2 gene plays an important role in repair of DNA damage in 

the developing germline cells and hence, could affect normal reproductive functions.  

Model 1 is a representation of the proposed mechanisms by which the identified three key 

pathways (circadian rhythm, PPAR and MAPK) influence the critical reproductive 

processes in female mink. The model also highlights the role of the signalling pathways in 

controlling the reproductive functions of the uterus. Apart from the pathways, the 

individual functional roles of the significant genes (C4, MSX2, NR5A2, O1, SPARC and 

T1) in mammalian fertility is also illustrated as shown in Figure 8.  
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Figure 8: Representation of the proposed mechanisms by which PPAR, MAPK and 

circadian rhythm pathways influence the critical reproductive processes in female mink. 

The model also shows the functional roles of the C4, MSX2, NR5A2, O1, SPARC and T1 

genes in mammalian fertility and are highlighted in green.  
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6.3.1 Folliculogenesis and ovulation 

In mink, gonadotrophs in the anterior pituitary produce the two gonadotropins: FSH and 

LH (Murphy and James, 1976). At the beginning of the ovulatory cycle, FSH secretion 

from the pituitary stimulates a cohort of follicles to grow and enter the preovulatory stage. 

The FSH signal also stimulates the granulosa cells of the preovulatory follicle to synthesize 

the LH receptors (reviewed by Chappel and Howles, 1991) which are functionally coupled 

with aromatase, the enzyme which converts androgens to estrogen. Studies have reported 

that activation of the PPARs can disturb the ovarian follicular dynamics by reducing the 

aromatase activity as observed in the mouse ovarian granulosa cells (Toda et al., 2003). 

LH released from the pituitary acts on the receptors present on the thecal cells and 

granulosa cells to direct the release of estrogen. This estrogen acts as a negative feedback 

for the hypothalamus-pituitary axis and supresses the release of FSH (reviewed by Hillier, 

1994). Hence, only one dominant follicle continues to mature and ovulate from the ovarian 

follicle pool. The remaining non-ovulatory follicles degenerate and undergo atresia by a 

process called apoptosis (Hughes and Gorospe, 1991; Tilly et al., 1991). Two of the 

identified significant genes (O1 and T1) are associated with apoptosis and hence, it could 

be hypothesised that they play a role in follicular atresia.  

NR5A2 (orphan nuclear receptor subfamily 5, group A, member 2) is another significant 

gene identified in the analysis. It is a critical regulator of biological mechanisms essential 

for maintenance of female fertility (Duggavathi et al., 2008). Highest levels of NR5A2 are 

expressed in the granulosa and luteal cells of the ovary (Hinshelwood et al., 2005). Within 

the preovulatory follicle, the cumulus granulosa cells are tightly connected to each other 

and to the oocyte (Pedersen and Peters, 1968). Following the upsurge of LH, cumulus cells 
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produce an extracellular matrix which causes cumulus expansion and results in the 

expulsion of the cumulus-oocyte-complex (COC) (Rajkovic et al., 2006). Prostaglandins 

and hyaluronic acid are critical for this cumulus expansion (Camaioni et al., 1993; Lim et 

al., 1997). In the absence of NR5A2, the prostaglandin and hyaluronan pathways are 

compromised which leads to defective cumulus expansion (Duggavathi et al., 2008) as 

well as, failure to ovulate.  

6.3.2 Ovarian tissue remodelling and angiogenesis 

The ovarian tissue, particularly the surface epithelium, the granulosa and thecal cell layers 

continuously undergoes remodelling to accommodate the varying sizes of the growing 

follicles. These processes are critical for follicular development, ovulation and follicular-

luteal transition. PPARs regulate the transcriptional activity of proteases including matrix 

metalloproteinase and plasminogen activator which are responsible for tissue remodelling 

and angiogenesis in the ovary (Sang, 1998; Liu, 1999). Apart from proteinases, PPARs 

also modulate the expression of angiogenic factors such as vascular endothelial growth 

factor (VEGF) which regulates the ovarian vasculature for formation of new blood vessels 

during folliculogenesis (Yamakawa et al., 2000).  

Along with PPARs, studies suggest SPARC as a primary regulatory gene involved in 

ovarian tissue remodelling (Joseph et al., 2004). Expression of SPARC is regulated by the 

angiogenic factor VEGF in bovine luteal cells (Joseph et al., 2004), which has been 

reported to be controlled by PPARs as stated above. Knowledge of the working of PPARs 

and SPARC in the reproductive processes is sparse in livestock and is therefore, an area 

that warrants further investigation to gain better insights into mammalian fertility. 
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6.3.3 Oviductal transport of embryos 

Once fertilisation has taken place in the ampulla of the oviduct, the fertilized ovum travels 

through the oviduct to reach the uterine lumen for implantation. Smooth muscle 

contractions and oscillations of the cilia present on the oviductal epithelium facilitates this 

passage of embryos through the oviduct-uterine junction (Lyons et al., 2006). Timely 

oviductal transport is crucial for a normal implantation process as failure of this transport 

results in embryo retention within the oviduct. Genes such as C4 play an important role in 

the transport of embryos through the oviduct into the uterine cavity and hence, influence 

reproductive success in females (reviewed by Sun and Dey, 2012). 

6.3.4 Establishment and maintenance of pregnancy 

The MAPK signalling pathway is important for the establishment of pregnancy. The role 

of MAPK pathway in determining reproductive success is evidenced in a study by Madan 

et al. (2005) who found that this pathway is involved in preimplantation embryogenesis in 

bovine species (Madan et al., 2005). The study reported that blockage of the MAPK 

signalling pathway during bovine embryo development inhibited blastocyst formation, 

which is an indicator of embryonic health. 

Following the release of the ovum, a corpus luteum develops from the follicular luteal cells. 

Stimulation by LH is essential for progesterone biosynthesis from cholesterol (Niswender, 

2002). NR5A2 deficiency in mice causes luteal insufficiency and reduced progesterone 

synthesis is observed which causes implantation failure (Bertolin et al., 2014). Although 

administration of exogenous progesterone restores implantation, embryo overcrowding, 

compromised placental formation, and fetal growth retardation are frequently observed 

(Zhang et al., 2013). A study by Schoonjans et al. (2002) reported that reduction in the 
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ovarian progesterone level is a result of disruption in the ovarian steroidogenesis which 

requires cholesterol as a substrate. One of the major sources of cholesterol for this process 

is supplied by importation via by genes such as receptor-B1 (SR-B1). The same study also 

found that NR5A2 controls the expression of SR-B1 which governs cholesterol uptake by 

ovarian cells and hence, influences ovarian steroidogenesis. 

Apart from NR5A2 and MAPK pathway, circadian rhythm also coordinates multiple 

processes that are involved in successful establishment of pregnancy. Miller et al. (2004) 

found that pregnant mice with a mutation in one of the core circadian genes displayed 

increased fetal reabsorption rate and higher rate of full-term pregnancy failure compared 

to the wild type females. Extended or non-productive labor and failure to enter labor were 

common complications in delivery which were observed in the mutant females (Miller et 

al., 2004). Summa et al. (2012) demonstrated that environmental disruption in the circadian 

rhythm caused a substantial decrease in pregnancy success in mice. What is prominent in 

the study is that a 6-hour phase advance in the light cycle led to a significant decrease in 

the number of productive matings. In another study, targeted disruption of one of the core 

circadian genes in mice caused multiple reproductive insufficiencies including reduced 

corpora lutea formation, abnormal blastocyst formation and failure to successfully implant 

(Boden, 2008). Such studies indicate that disruptions in the endogenous timing system lead 

to multiple reproductive complications. However, further research is encouraged to 

identify the molecular mechanisms and genes involved in maintenance of circadian rhythm 

in mink. 



  

67 
 

6.3.5 Embryonic diapause and embryo reactivation 

The MSX2 gene is one of the identified significant genes associated with fertility in female 

mink. MSX genes have been reported to be crucial for establishment and maintenance of 

embryonic diapause (Cha et al., 2013). Uterine inactivation of MSX genes in mice failed 

to initiate diapause and also resume blastocyst reactivation (Cha et al., 2013). In other 

unrelated diapausing mammals, including the American mink, similar results were 

observed (Cha et al., 2013).  

Uterine modifications are associated with the re-emergence of the blastocyst from 

embryonic diapause. Study by Lefèvre et al. (2011) reported SPARC as a potential 

stimulator of uterine modifications associated with blastocyst reactivation following 

embryonic diapause in mink. Their study revealed that the expression of SPARC was 

significantly elevated in the uterus at blastocyst reactivation compared to the diapause 

period. It was suggested that the upregulation of SPARC resulted from progesterone 

secretion due to reactivation of the corpus luteum (Lefèvre et al., 2011). SPARC is also 

one of the significant genes identified in this research project and compelling evidence 

establishes SPARC as a key gene involved in embryo reactivation and hence, determining 

female reproductive fitness in mink.  

6.3.6 Lactation and maternal behaviour 

 

Alveolus is the functional unit of the mammary gland which is responsible for production 

and secretion of milk. Genes involved in the MAPK signalling pathway have been 

implicated with alveolar cell maintenance during pregnancy and lactation (Buono et al., 

2006). Targeted disruption of such genes in the mammary gland of lactating mice impairs 

alveolar mammary gland development and such mice are incapable of feeding their pups 
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(Raafat et al., 2011). A significant increase in MAPK controlled genes expression has been 

observed in the early months of lactation in bovines (Bionaz and Loor, 2008). Apart from 

lactation, studies in mice have also revealed the role of MAPK signalling cascade in 

controlling maternal behaviour towards her pups (Kuroda et al., 2007; Satoh et al., 2011). 

These studies suggest that MAPK signalling pathway is crucial for mammary gland 

development, milk synthesis and kit-directed behaviour in female mammals. However, 

such studies have not been attempted in mink so far.  

6.4 Genes associated with reproduction in other (livestock) species 

In any agricultural species, reproductive performance is a determinant of breeding herd 

efficiency. In the past few years, genes and signalling pathways that regulate the complex 

reproductive mechanisms have been identified.in livestock using the candidate gene 

approach.  

In a study conducted in Holstein dairy cattle, polymorphism in the fibroblast growth factor 

(FGF2) gene was significantly associated with the survival rate of embryos (Khatib et al., 

2008). In the present study, FGF2 was incorporated in the candidate gene marker panel due 

to its known role in embryonic survival and fertilization rate. However, association analysis 

did not reveal any significant associations of the genetic variants in FGF2 with fertility in 

the mink resource population. Another study determined the association of polymorphisms 

in the STAT proteins with embryonic survival and fertilization success in cattle (Khatib et 

al., 2008). In agreement with the findings, our study also revealed significant associations 

of genetic variants in STAT proteins with mink fertility. Lonergan et al. (1996) reported 

the role of epidermal growth factor (EGF) in bovine oocyte maturation by affecting the 

cumulus-oocyte-complex formation. Hence, it was expected that genetic variants in EGF 
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might be associated with fertility in mink as well. In contrast, our research failed to identify 

any such associations with EGF in the mink experimental population. Studies in cattle 

populations have also established the association of signalling pathways including 

circadian rhythm with reproductive success (Cochran et al., 2013). This confirms our 

findings where genes involved in circadian rhythm pathway have shown significant 

association with fertility in mink resource population.  

Association analysis has also identified growth differentiation factor (GDF-9) and bone 

morphogenetic proteins (BMPs) genes as key candidates associated with fertility in 

different breeds of sheep including Cambridge and Belclare (Hanrahan et al., 2004). 

Candidate gene analysis has identified associations of polymorphisms in estrogen receptor 

and pre-implantation protein genes with litter size in pigs (Rothschild et al., 1996; Niu et 

al., 2006). These fertility associated genes were not a part of the candidate gene marker 

panel used in this study. Hence, the effect of polymorphisms in these genes was not 

investigated in the mink resource population. It is, however, recommended that these genes 

could be potential candidates for the development of a second generation marker panel for 

mink fertility in future. 
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CHAPTER 7: CONCLUSION 

In summary, the study resulted in the development of a candidate gene marker panel, the 

development of a database of fertility performance records for the CCFAR experimental 

population and identification of genetic elements underlying reproductive performance in 

the CCFAR Standard Black mink herd. The study identified SNPs in fourteen genes found 

to be significantly associated with fecundity in mink females. Published literature 

documents the involvement of these genes in female reproductive physiology which further 

strengthens the findings of this study.  

As far as the current study is concerned, the association analysis provides preliminary 

information required for the calculation of genomic estimated breeding values (gEBVs). 

However, due to time constraints sample collection from a “validation” population couldn’t 

be performed, which is necessary to assess the power of the marker panel in predicting 

performance of individuals. The gEBVs can be potentially incorporated as a selection tool 

to identify animals with better reproductive performance, resulting in substantial economic 

return for the ranchers. As a successful example, the dairy industry has been using (gEBVs) 

as a selection tool for the Holstein dairy cattle. 

Although this study focused on female reproductive performance in mink, the technology 

developed as a part of this project is expected to be useful for the improvement of any 

economically important trait including feed efficiency and/or pelt quality in ranched mink. 

The availability of a large resource population with both DNA and reliable performance 

records currently limits the prospects of genomic-based selection in the fur industry. 

However, the cost of genomic testing is steadily decreasing and it is expected that an 

economically feasible cost level will be achieved in near future. 
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APPENDIX 1 

SNPAssoc output for the tail and window analysis in MDR and CTRL groups. 

SNPAssoc returns a set of results in the form of four inheritance models (codominant, 

dominant, recessive and overdominant) which corresponds to different groups of 

genotypes. When only one copy of the allele is required to induce a positive effect on the 

phenotype, the mode of inheritance is called dominant. When two copies of the allele are 

required to induce a positive effect on the phenotype, the mode of inheritance is called 

recessive. When both the alleles are individually expressed in the presence of each other 

and induce a positive effect on the phenotype, the mode of inheritance is called 

codominant. When the heterozygote genotype have a stronger positive effect on the 

phenotype, the mode of inheritance is called overdominant or heterozygote advantage. 

Tables 1-33 correspond to the SNPAssoc results for the tail analysis. Tables 34-51 

correspond to the SNPAssoc results for the window analysis. 

Table 1: SNPAssoc results for SNP 3 in gene N5 in the MDR group.  

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 40 6.400 0.090 

G/T 36 4.889 

G/G 8 5.625 

Dominant T/T 40 6.400 0.035 

G/T-G/G 44 5.023 

Recessive T/T-G/T 76 5.684 0.958 

G/G 8 5.625 

Overdominant T/T-G/G 48 6.271 0.036 

 G/T 36 4.889  
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Table 2: SNPAssoc results for SNP 5 in gene N5 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 39 6.359 0.126 

C/T 44 5.023 

C/C 8 5.375 

Dominant T/T 39 6.359 0.043 

C/T-C/C 52 5.077 

Recessive T/T-C/T 83 5.651 0.806 

C/C 8 5.375 

Overdominant T/T-C/C 47 6.191 0.063 

 C/T 44 5.023  

 

Table 3: SNPAssoc results for SNP 7 in gene N5 in the MDR group.   

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 25 5.720 0.072 

A/G 45 4.978 

G/G 17 6.941 

Dominant A/A 25 5.720 0.779 

A/G-A/A 62 5.516 

Recessive A/A-A/G 70 5.243  0.038 

G/G 17 6.941 

Overdominant A/A-G/G 42 6.214 0.058 

 A/G 45 4.978  

 

Table 4: SNPAssoc results for SNP 4 in gene N5 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant G/G 38 6.316 0.080 

C/G 48 4.896 

C/C 6 4.833 

Dominant G/G 38 6.316 0.024 

C/G-C/C 54 4.889 

Recessive G/G-C/G 86 5.523 0.590 

C/G 6 4.833 

Overdominant G/G-C/C 44 6.114 0.052 

 C/G 48 4.896  

 

Table 5: SNPAssoc results for SNP 8 in gene N5 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 39 6.359 0.075 

A/G 45 4.867 

G/G 8 5.500 

Dominant A/A 39 6.359 0.027 

A/G-A/A 53 4.962 

Recessive A/A-A/G 84 5.560 0.957 

G/G 8 5.500 

Overdominant A/A-G/G 47 6.213 0.031 

A/G 45 4.867 
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Table 6: SNPAssoc results for SNP 1 in gene N5 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 38 6.447 0.067 

A/G 45 4.956 

G/G 8 5.125 

Dominant A/A 38 6.447 0.019 

A/G-G/G 53 4.981 

Recessive A/A-A/G 70 5.639 0.043 

G/G 17 5.125 

Overdominant A/A-G/G 47 6.217 0.042 

A/G 45 4.956 

 

Table 7: SNPAssoc results for SNP 1 in gene O1 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 31 5.290 0.077 

A/G 28 4.607 

G/G 22 6.545 

Dominant A/A 31 5.290 0.808 

A/G-G/G 50 5.460 

Recessive A/A-A/G 59 4.966 0.036 

G/G 22 6.545 

Overdominant A/A-G/G 53 5.811 0.090 

 A/G 28 4.607  

 

Table 8: SNPAssoc results for SNP 1 in gene S11 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 52 6.019 0.171 

C/T 36 4.861 

C/C 3 6.667 

Dominant T/T 52 6.019 0.114 

C/T-C/C 39 5.000 

Recessive T/T-C/T 88 5.545 0.529 

C/C 3 6.667 

Overdominant T/T-C/C 55 6.055 0.046 

C/T 36 4.861 

 

Table 9: SNPAssoc results for SNP 1 in gene T4 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant C/C 34 6.412 0.081 

C/G 43 4.884 

G/G 15 5.800 

Dominant C/C 34 6.412 0.046 

C/G-G/G 58 5.121 

Recessive C/C-C/G 77 5.558 0.777 

G/G 15 5.800 

Overdominant C/C-G/G 49 6.224 0.032 

C/G 43 4.884 
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Table 10: SNPAssoc results for SNP 1 in gene T1 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant G/G 54 4.944 0.023 

G/T 25 6.040 

T/T 5 8.400 

Dominant G/G 54 4.944 0.028 

G/T-T/T 30 6.433 

Recessive G/G-G/T 79 5.291 0.024 

T/T 5 8.400 

Overdominant G/G-C/C 59 5.237 0.008 

C/G 25 6.040 

 

Table 11: SNPAssoc results for SNP 1 in gene A3 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 26 6.692 0.018 

C/T 31 5.097 

C/C 20 4.200 

Dominant T/T 26 6.692 0.008 

C/T-C/C 51 4.745 

Recessive T/T-C/T 57 5.825 0.044 

C/C 20 4.200 

Overdominant T/T-C/C 46 5.609 0.483 

C/T 31 5.097 

 

Table 12: SNPAssoc results for SNP 2 in gene A3 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 40 6.250 0.134 

C/T 37 5.000 

C/C 12 4.917 

Dominant T/T 40 6.250 0.044 

C/T-C/C 49 4.980 

Recessive T/T-C/T 77 5.649 0.430 

C/C 12 4.917 

Overdominant T/T-C/C 52 5.942 0.142 

C/T 37 5.000 

 

Table 13: SNPAssoc results for SNP 1 in gene C3 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 31 4.194 0.013 

A/G 45 6.022 

G/G 12 6.500 

Dominant A/A 31 4.194 0.003 

A/G-G/G 57 6.123 

Recessive A/A-A/G 76 5.276 0.195 

G/G 12 6.500 

Overdominant A/A-G/G 43 4.837 0.066 

A/G 45 6.022 
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Table 14: SNPAssoc results for SNP 2 in gene C3 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant G/G 33 4.394 0.023 

A/G 42 6.048 

A/A 16 6.438 

Dominant G/G 33 4.394 0.006 

A/G-A/A 58 6.155 

Recessive G/G-A/G 75 5.320 0.179 

A/A 16 6.438 

Overdominant G/G-A/A 49 5.061 0.120 

A/G 42 6.048 

 

Table 15: SNPAssoc results for SNP 1 in gene R2 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 44 6.136 0.028 

A/G 20 4.050 

G/G 16 6.062 

Dominant A/A 44 6.136 0.080 

A/G-G/G 36 4.944 

Recessive A/A-A/G 64 5.484 0.498 

G/G 16 6.062 

Overdominant A/A-G/G 60 6.117 0.007 

A/G 20 4.050 

 

Table 16: SNPAssoc results for SNP 1 in gene MSX2 in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 37 6.405 0.092 

C/T 47 5.021 

C/C 6 4.833 

Dominant T/T 37 6.405 0.028 

C/T-C/C 53 5.000 

Recessive T/T-C/T 84 5.631 0.534 

C/C 6 4.833 

Overdominant T/T-C/C 43 6.186 0.067 

C/T 47 5.021 

 

Table 17: SNPAssoc results for SNP 1 in gene SPARC in the MDR group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant C/C 38 6.316 0.104 

C/T 38 4.842 

T/T 7 5.143 

Dominant C/C 38 6.316 0.034 

C/T-T/T 45 4.889 

Recessive C/C-C/T 76 5.579 0.721 

T/T 7 5.143 

Overdominant C/C-T/T 45 6.133 0.055 

C/T 38 4.842 
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Table 18: SNPAssoc results for SNP 5 in gene N5 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 43 5.535 0.000 

C/T 31 4.806  

C/C 15 2.267  

Dominant T/T 43 5.535 0.012 

C/T-C/C 46 3.978  

Recessive T/T-C/T 74 5.230 0.0002 

C/C 15 2.267  

Overdominant T/T-C/C 58 4.690 0.860 

C/T 31 4.806   

Table 19: SNPAssoc results for SNP 3 in gene N5 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 44 5.477 0.004 

G/T 34 4.559  

G/G 11 2.273  

Dominant T/T 44 5.477 0.017 

G/T-G/G 45 4.000  

Recessive T/T-G/T 78 5.077 0.002 

G/G 11 2.273  

Overdominant T/T-G/G 55 4.836 0.669 

G/T 34 4.559  

 

Table 20: SNPAssoc results for SNP 1 in gene N5 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 42 5.452 0.047 

A/G 32 4.531  

G/G 13 3.231  

Dominant A/A 42 5.452 0.039 

A/G-G/G 45 4.156  

Recessive A/A-A/G 74 5.054 0.038 

G/G 13 3.231  

Overdominant A/A-G/G 55 4.927 0.548 

A/G 32 4.531   
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Table 21: SNPAssoc results for SNP 2 in gene N5 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant C/C 46 5.522 0.013 

C/G 34 4.353  

G/G 11 2.818  

Dominant C/C 46 5.522 0.012 

C/G-G/G 45 3.978  

Recessive C/C-C/G 80 5.025 0.019 

G/G 11 2.818  

Overdominant C/C-G/G 57 5.000 0.316 

C/G 34 4.353  

 

Table 22: SNPAssoc results for SNP 4 in gene N5 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant G/G 44 5.477 0.027 

C/G 38 4.263  

C/C 10 3.000  

Dominant G/G 44 5.477 0.016 

C/G-C/C 48 4.000  

Recessive G/G-C/G 82 4.915 0.054 

C/C 10 3.000  

Overdominant G/G-C/C 54 5.019 0.233 

C/G 38 4.263  

 

Table 23: SNPAssoc results for SNP 6 in gene N5 in the CTRL group. 

Model Genotype  N ME (mean number of kits) P-value 

Codominant G/G 47 5.362 0.044 

A/G 37 4.351  

A/A 10 3.000  

Dominant G/G 47 5.362 0.033 

A/G-A/A 47 4.064  

Recessive G/G-A/G 84 4.917 0.052 

A/A 10 3.000  

Overdominant G/G-A/A 57 4.947 0.343 

A/G 37 4.351   
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Table 24: SNPAssoc results for SNP 8 in gene N5 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 46 5.457 0.024 

A/G 39 4.231  

G/G 10 3.000  

Dominant A/A 46 5.457 0.014 

A/G-G/G 49 3.980  

Recessive A/A-A/G 85 4.894 0.054 

G/G 10 3.000  

Overdominant A/A-G/G 56 5.018 0.203 

A/G 39 4.231   

 

Table 25: SNPAssoc results for SNP 7 in gene N5 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 29 5.241 0.005 

A/G 40 3.675 

G/G 21 6.000 

Dominant A/A 29 5.241 0.250 

A/G-G/G 61 4.475 

Recessive A/A-A/G 69 4.333 0.022 

G/G 21 6.000 

Overdominant A/A-G/G 50 5.560 0.002 

A/G 40 3.675 

 

Table 26: SNPAssoc results for SNP 1 in gene O1 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 21 5.143 0.046 

A/G 39 4.000  

G/G 17 6.059  

Dominant A/A 21 5.143 0.503 

A/G-G/G 56 4.625  

Recessive A/A-A/G 60 4.400 0.043 

G/G 17 6.059  

Overdominant A/A-G/G 38 5.553 0.022 

A/G 39 4.000   
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Table 27: SNPAssoc results for SNP 1 in gene S11 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 60 4.900 0.081 

C/T 20 3.808 

C/C 6 6.500 

Dominant T/T 60 4.900 0.360 

C/T-C/C 32 4.312 

Recessive T/T-C/T 86 4.570 0.117 

C/C 6 6.500 

Overdominant T/T-C/C 66 5.045 0.044 

C/T 26 3.808 

 

Table 28: SNPAssoc results for SNP 1 in gene P6 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant T/T 60 4.350 0.099 

G/T 27 5.593  

G/G 5 3.200  

Dominant T/T 60 4.350 0.179 

G/T-G/G 32 5.219  

Recessive T/T-G/T 87 4.736 0.259 

G/G 5 3.200  

Overdominant T/T-G/G 65 4.262 0.048 

G/T 27 5.593  

 

Table 29: SNPAssoc results for SNP 3 in gene P6 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant C/C 60 4.300 0.073 

C/T 27 5.815  

T/T 7 4.143  

Dominant C/C 60 4.300 0.064 

C/T-T/T 34 5.471  

Recessive C/C-C/T 87 4.770 0.591 

T/T 7 4.143  

Overdominant C/C-T/T 67 4.284 0.022 

C/T 27 5.815  

 

Table 30: SNPAssoc results for SNP 2 in gene P6 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 61 4.361 0.059 

A/T 28 5.750  

T/T 5 3.200  

Dominant A/A 61 4.361 0.117 

A/T-T/T 33 5.364  

Recessive A/A-A/T 89 4.798 0.242 

T/T 5 3.200  

Overdominant A/A-T/T 66 4.273 0.026 

A/T 28 5.75   
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Table 31: SNPAssoc results for SNP 1 in gene C3 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant A/A 28 3.464 0.034 

A/G 44 5.182  

G/G 7 5.571  

Dominant A/A 28 3.464 0.009 

A/G-G/G 51 5.235  

Recessive A/A-A/G 72 4.514 0.367 

G/G 7 5.571  

Overdominant A/A-G/G 35 3.886 0.051 

A/G 44 5.182   

 

Table 32: SNPAssoc results for SNP 1 in gene NR5A2 in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant C/C 74 4.405 0.046 

C/T 16 6.250  

T/T 4 3.250  

Dominant C/C 74 4.405 0.095 

C/T-T/T 20 5.650  

Recessive C/C-C/T 90 4.733 0.329 

T/T 4 3.250  

Overdominant C/C-T/T 78 4.346 0.018 

C/T 16 6.250  

 

Table 33: SNPAssoc results for SNP 1 in gene SPARC in the CTRL group. 

Model Genotype N ME (mean number of kits) P-value 

Codominant C/C 45 5.244 0.057 

C/T 30 4.533 

T/T 8 2.625 

Dominant C/C 45 5.244 0.084 

C/T-T/T 38 4.132 

Recessive C/C-C/T 75 4.960 0.031 

T/T 8 2.625 

Overdominant C/C-T/T 53 4.849 0.064 

C/T 30 4.533 

 

Table 34: SNPAssoc results for SNP 5 in gene N5 in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant T/T 37 (41.6%) 49 (56.3%) 0.132 

C/T 43 (48.3%) 30 (34.5%) 

C/C 9 (10.1%) 8 (9.2%) 

Dominant T/T 37 (41.6%) 49 (56.3%) 0.049 

C/T-C/C 52 (58.4%) 38 (43.7%) 

Recessive T/T-C/T 80 (89.9%) 79 (90.8%) 0.836 

C/C 9 (10.1%) 8 (9.2%) 

Overdominant T/T-C/C 46 (51.7%) 57 (65.5%) 0.062 

C/T 43 (48.3%) 30 (34.5%) 
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Table 35: SNPAssoc results for SNP 6 in gene N5 in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant G/G 36 (40.9%) 49 (57.0%) 0.098 

A/G 45 (51.1%) 31 (36.0%) 

A/A 7 (8.0%) 6 (7.0%) 

Dominant G/G 36 (40.9%) 49 (57.0%) 0.033 

A/G-A/A 52 (59.1%) 37 (43.0%) 

Recessive G/G-A/G 81 (92.0%) 80 (93.0%) 0.806 

A/A 7 (8.0%) 6 (7.0%) 

Overdominant G/G-A/A 43 (48.9%) 55 (64.0%) 0.044 

A/G 45 (51.1%) 31 (36.0%) 

 

Table 36: SNPAssoc results for SNP 2 in gene N5 in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant C/C 39 (43.3%) 50 (58.8%) 0.110 

C/G 44 (48.9%) 29 (34.1%) 

G/G 7 (7.8%) 6 (7.1%) 

Dominant C/C 39 (43.3%) 50 (58.8%) 0.040 

C/G-G/G 51 (56.7%) 35 (41.2%) 

Recessive C/C-C/G 83 (92.2%) 79 (92.9%) 0.856 

G/G 7 (7.8%) 6 (7.1%) 

Overdominant C/C-G/G 46 (51.1%) 56 (65.9%) 0.047 

C/G 44 (48.9%) 29 (34.1%) 

 

Table 37: SNPAssoc results for SNP 1 gene SOX5 in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant C/C 35 (40.7%) 44 (57.9%) 0.051 

C/T 39 (45.3%) 21 (27.6%) 

T/T 12 (14.0%) 11 (14.5%) 

Dominant C/C 35 (40.7%) 44 (57.9%) 0.028 

C/T-T/T 51 (59.3%) 32 (42.1%) 

Recessive C/C-C/T 74 (86.0%) 65 (85.5%) 0.924 

T/T 12 (14.0%) 11 (14.5%) 

Overdominant C/C-T/T 47 (54.7%) 55 (72.4%) 0.019 

C/T 39 (45.3%) 21 (27.6%) 
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Table 38: SNPAssoc results for SNP 1 in gene T1 in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant G/G 58 (70.7%) 44 (55.7%) 0.108 

G/T 22 (26.8%) 30 (38.0%) 

T/T 2 (2.4%) 5 (6.3%) 

Dominant G/G 58 (70.7%) 44 (55.7%) 0.047 

G/T-T/T 24 (29.3%) 35 (44.3%) 

Recessive G/G-G/T 80 (97.6%) 74 (93.7%) 0.219 

T/T 2 (2.4%) 5 (6.3%) 

Overdominant G/G-T/T 60 (73.2%) 49 (62.0%) 0.130 

G/T 22 (26.8%) 30 (38.0%) 

 

Table 39: SNPAssoc results for SNP 1 in gene T4 in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant C/C 24 (26.4%) 34 (39.5%) 0.073 

C/G 50 (54.9%) 33 (38.4%) 

G/G 17 (18.7%) 19 (22.1%) 

Dominant C/C 24 (26.4%) 34 (39.5%) 0.061 

C/G-G/G 67 (73.6%) 52 (60.5%) 

Recessive C/C-C/G 74 (81.3%) 67 (77.9%) 0.573 

G/G 17 (18.7%) 19 (22.1%) 

Overdominant C/C-G/G 41 (45.1%) 53 (61.6%) 0.026 

C/G 50 (54.9%) 33 (38.4%) 

 

Table 40: SNPAssoc results for SNP 1 in gene C4 in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant C/C 75 (83.3%) 62 (73.8%) 0.041 

C/T 12 (13.3%) 22 (26.2%)  

 

Table 41: SNPAssoc results for SNP 1 in gene MSX2 in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant T/T 37 (41.6%) 47 (54.7%) 0.085 

C/T 45 (50.6%) 33 (38.4%) 

C/C 7 (7.9%) 6 (7.0%) 

Dominant T/T 37 (41.6%) 47 (54.7%) 0.050 

C/T-C/C 52 (58.4%) 39 (45.3%) 

Recessive T/T-C/T 82 (92.1%) 80 (93.0%) 0.822 

C/C 7 (7.9%) 6 (7.0%) 

Overdominant T/T-C/C 44 (49.4%) 53 (61.6%) 0.104 

C/T 45 (50.6%) 33 (38.4%) 
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Table 42: SNPAssoc results for SNP 1 in gene SPARC in the MDR group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant C/C 34 (42.5%) 45 (60.0%) 0.058 

C/T 38 (47.5%) 22 (29.3%) 

T/T 8 (10.0%) 8 (10.7%) 

Dominant C/C 34 (42.5%) 45 (60.0%) 0.029 

C/T-T/T 46 (57.5%) 30 (40.0%) 

Recessive C/C-C/T 72 (90.0%) 67 (89.3%) 0.891 

T/T 8 (10.0%) 8 (10.7%) 

Overdominant C/C-T/T 42 (52.5%) 53 (70.7%) 0.019 

C/T 38 (47.5%) 22 (29.3%) 

 

Table 43: SNPAssoc results for SNP 1 in gene P6 in the CTRL group. 

Model  Genotype 0 = Low performers 1 = High performers P-value 

Codominant T/T 85 (69.7%) 41 (56.2%) 0.017 

G/T 28 (23%) 30 (41.1%) 

G/G 9 (7.4%) 2 (2.7%) 

Dominant T/T 85 (69.7%) 41 (56.2%) 0.057 

G/T-G/G 37 (30.3%) 32 (43.8%) 

Recessive T/T-G/T 113 (92.6%) 71 (97.3%) 0.152 

G/G 9 (7.4%) 2 (2.7%) 

Overdominant T/T-G/G 94 (77.0%) 43 (58.9%) 0.007 

G/T 28 (23.0%) 30 (41.1%) 

 

Table 44: SNPAssoc results for SNP 2 in gene P6 in the CTRL group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant A/A 85 (68.5%) 43 (58.1%) 0.106 

A/T 30 (24.2%) 28 (37.8%) 

T/T 9 (7.3%) 3 (4.1%) 

Dominant A/A 85 (68.5%) 43 (58.1%) 0.138 

A/T-T/T 39 (31.5%) 31 (41.9%) 

Recessive A/A-A/T 115 (92.7%) 71 (95.9%) 0.347 

T/T 9 (7.3%) 3 (4.1%) 

Overdominant A/A-T/T 94 (75.8%) 46 (62.2%) 0.042 

A/T 30 (24.2%) 28 (37.8%) 
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Table 45: SNPAssoc results for SNP 3 in gene P6 in the CTRL group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant C/C 84 (67.2%) 43 (57.3%) 0.021 

C/T 30 (24.0%) 30 (40.0%) 

T/T 11 (8.8%) 2 (2.7%) 

Dominant C/C 84 (67.2%) 43 (57.3%) 0.162 

C/T-T/T 41 (32.8%) 32 (42.7%) 

Recessive C/C-C/T 114 (91.2%) 73 (97.3%) 0.069 

T/T 11 (8.8%) 2 (2.7%) 

Overdominant C/C-T/T 95 (76.0%) 45 (60.0%) 0.017 

C/T 30 (24.0%) 30 (40.0%) 

 

Table 46: SNPAssoc results for SNP 1 in gene A3 in the CTRL group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant T/T 36 (34.3%) 14 (22.2%) 0.072 

C/T 46 (43.8%) 39 (61.9%) 

C/C 23 (21.9%) 10 (15.9%) 

Dominant T/T 36 (34.3%) 14 (22.2%) 0.093 

C/T-C/C 69 (65.7%) 49 (77.8%) 

Recessive T/T-C/T 82 (78.1%) 53 (84.1%) 0.335 

C/C 23 (21.9%) 10 (15.9%) 

Overdominant T/T-C/C 59 (56.2%) 24 (38.1%) 0.022 

C/T 46 (43.8%) 39 (61.9%) 

 

Table 47: SNPAssoc results for SNP 2 in gene A3 in the CTRL group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant T/T 65 (53.3%) 32 (42.1%) 0.023 

C/T 42 (34.4%) 40 (52.6%) 

C/C 15 (12.3%) 4 (5.3%) 

Dominant T/T 65 (53.3%) 32 (42.1%) 0.125 

C/T-C/C 57 (46.7%) 44 (57.9%) 

Recessive T/T-C/T 107 (87.7%) 72 (94.7%) 0.089 

C/C 15 (12.3%) 4 (5.3%) 

Overdominant T/T-C/C 80 (65.6%) 36 (47.4%) 0.011 

C/T 42 (34.4%) 40 (52.6%) 
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Table 48: SNPAssoc results for SNP 2 in gene C3 in the CTRL group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant G/G 87 (69.6%) 43 (56.6%) 0.170 

A/G 33 (26.4%) 28 (36.8%) 

A/A 5 (4.0%) 5 (6.6%) 

Dominant G/G 87 (69.6%) 43 (56.6%) 0.050 

A/G-A/A 38 (30.4%) 33 (43.4%) 

Recessive G/G-A/G 120 (96.0%) 71 (93.4%) 0.421 

A/A 5 (4.0%) 5 (6.6%) 

Overdominant G/G-A/A 92 (73.6%) 48 (63.2%) 0.120 

A/G 33 (26.4%) 28 (36.8%) 

 

Table 49: SNPAssoc results for SNP 1 in gene R2 in the CTRL group. 

Model Genotype 0 = High performers 1 = Low performers P-value 

Codominant A/A 48 (44%) 36 (52.9%) 0.071 

A/G 45 (41.3%) 17 (25.0%) 

G/G 16 (14.7%) 15 (22.1%) 

Dominant A/A 48 (44.0%) 36 (52.9%) 0.248 

A/G-G/G 61 (56.0%) 32 (47.1%) 

Recessive A/A-A/G 93 (85.3%) 53 (77.9%) 0.213 

G/G 16 (14.7%) 15 (22.1%) 

Overdominant A/A-G/G 64 (58.7%) 51 (75.0%) 0.025 

A/G 45 (41.3%) 17 (25.0%) 

 

Table 50: SNPAssoc results for SNP 1 in gene C4 in the CTRL group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant C/C 87 (70.7%) 61 (83.6%) 0.119 

C/T 33 (26.8%) 11 (15.1%) 

T/T 3 (2.4%) 1 (1.4%) 

Dominant C/C 87 (70.7%) 61 (83.6%) 0.039 

C/T-T/T 36 (29.3%) 12 (16.4%) 

Recessive C/C-C/T 120 (97.6%) 72 (98.6%) 0.598 

T/T 3 (2.4%) 1 (1.4%) 

Overdominant C/C-T/T 90 (73.2%) 62 (84.9%) 0.051 

C/T 33 (26.8%) 11 (15.1%) 
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Table 51: SNPAssoc results for SNP 1 in gene NR5A2 in the CTRL group. 

Model Genotype 0 = Low performers 1 = High performers P-value 

Codominant C/C 102 (81.0%) 54 (72.0%) 0.145 

C/T 20 (15.9%) 20 (26.7%) 

T/T 4 (3.2%) 1 (1.3%) 

Dominant C/C 102 (81%) 54 (72.0%) 0.144 

C/T-T/T 24 (19%) 21 (28.0%) 

Recessive C/C-C/T 122 (96.8%) 74 (98.7%) 0.396 

T/T 4 (3.2%) 1 (1.3%) 

Overdominant C/C-T/T 106 (84.1%) 55 (73.3%) 0.050 

C/T 20 (15.9%) 20 (26.7%) 
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APPENDIX 2 

SNPs distribution in genes 

Gene sequences of Canis lupus or Mustela putorius furo were retrieved from UCSC 

genome browser as both dog and ferret are considered to be close relatives of mink 

(Anistoroaei and Christensen, 2006; Anistoroaei et al., 2009). Using BLAST tool in 

NCBI+, the sequences were compared with the mink contig database. 

5’- 3’ Gene orientation 

 Exon 

 Intron 

 Untranslated region 

 Contig from mink pre-assembly 

 Significant SNP 

 Non significant SNP 

 Exonic SNP 

 

Table 1: Gene maps showing the distribution of SNPs 

Fig Gene Map 
Size 

(kbps) 

#of 

exons 

Significance 

(p<0.05) 

1 C3  60 20 
Tail and 

window 

analysis 

  

 

   

2 C4  2 2 Window 

analysis 
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Fig Gene Map 
Size 

(kbps) 

#of 

exons 

Significance 

(p<0.05) 

3 O1  30 20 Tail analysis 

  

 

   

4 R2  90 24 Tail and 

window 

analysis 

  
 

   

5 T1 

 

60 10 

 

 

Tail and 

window 

analysis 

      

6 N5  20 29 Tail and 

window 

analysis 

 

 
 

   

7 P6  40 12 Tail and 

window 

analysis 

 

  

   

8 MSX

2 

 6 2 Tail and 

window 

analysis 

  

 

 

   

1 2 

3 

1 
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Fig Gene Map 
Size 

(kbps) 

#of 

exons 

Significance 

(p<0.05) 

 

9 

 

NR5

A2 

  

100 

 

7 

 

Tail and 

window 

analysis 

  

 

 

   

10 SOX

5 

 400 15 Tail and 

window 

analysis  

  

 

   

11 SPA

RC 

 20 10 Tail and 

window 

analysis 

      

12 S11  70 17 
 

Tail analysis 

  

 

   

13 T4  20 12 Tail and 

window 

analysis 
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