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ABSTRACT

The intensive phenotypic selection commonly practiced in mink farms that is mostly color
driven, might lead to the selection and mating of genetically similar individuals resulting
in reduction of fitness traits. In this thesis, we analyzed color inheritance of four different
color types, investigated the effects of inbreeding on reproductive traits, and estimated
inbreeding coefficients using both pedigree (Fpep) and genomic information: runs of
homozygosity (Fron) and excess of homozygosity (From). It was discovered that more than
75% of the time when the same color parents were mated, offspring of the same color was
produced. The effect of Fpep on reproductive traits was negligible. Similarly, the average
inbreeding was observed to be 0.28, -0.03, and 0.02 for Fron, Fnom, and Fpep respectively.
Short ROH segments were the highest in number and the longest segment was 88.58 Mb
in length. These results indicated that inbreeding has been successfully avoided by the

farm.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 INTRODUCTION

American mink (Neogale vison) is a semi-aquatic, carnivorous species belonging to the
Mustelidae family and is bred primarily for fur (Milanovi¢ et al., 2013; Hansen, 2014). The
fur produced by American mink is one of the most desirable furs due to the astonishing
variation in color and high quality (Tamlin et al., 2009). The Canadian mink industry
produced approximately 24 million pelts, which contributed nearly 1.23 billion dollars
from 2010 to 2018 (Statistics Canada, 2018). Among the Canadian provinces, Nova Scotia
has the highest number of mink farms and produced 259,400 pelts in 2020 (Statistics
Canada, 2021). However, the decreasing trend of overall mink pelt production by 43%
from 2018 to 2020 (Statistics Canada, 2021) and increasing demand for fur after COVID-
19 pandemic, strongly suggests for development and improvement of the mink industry.
This can be accomplished by implementing an optimal selection and mating strategy that
involves mating of the parents as per the demand of coat color and minimizing the breeding

of related individuals.

The improvement of fitness traits such as survival and reproduction are one of the major
objectives of animal breeding as these traits are of economic importance and are intended
to maximize the profit (Goddard, 2009). Similarly, boosting these traits are considered as
a crucial aspect of mink production (Koivula et al., 2010; Cai et al., 2018; Karimi et al.,
2018). Other than fitness traits, fur quality and coat color are also equally important in mink

production because they influence the final economic value of fur (Valipour et al., 2022).
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For instance, uniform coat colors such as black, white, and pastel are sold at higher prices
compared to patterns due to its easily blending nature and can be dyed into any preferable
colors as per the demand of the customer (Wang et al., 2022). In general, the mink industry

is color-driven as the market is based on the demand for a specific color at a specific time.

The overall breeding objectives of the mink industry are fur quality, reproductive
performance, body mass, and coat color (Cai et al., 2018; Valipour et al., 2022). Thus,
selection practices such as line breeding and positive assortative mating are commonly
used in the mink industry which can result in the depletion of reproductive performance
and even negatively impact crucial traits stated above (Belliveau et al. 1999; Goddard,
2009; Thirstrup et al., 2014). This decline in reproductive performance might be due to
inbreeding, which arises because of the mating between pair of individuals who are more
related to each other than the average pairs within the population (Curik et al., 2014;
Neaves et al., 2015). Inbreeding which increases homozygosity is not only responsible for
the reduction of overall fitness traits (also known as inbreeding depression) but also loss
of genetic diversity in the population (Falconer and Mackay, 1996). Genetic diversity is
crucial in animal breeding as it allows genetic progress, survival, and adaptation (Spielman

et al., 2004; Ellegren and Galtier, 2016).

Inbreeding and the effect of inbreeding on fitness traits can be estimated using pedigree
information, commonly referred as Fpep and is considered as traditional method (Zhang et
al., 2015). The estimation of inbreeding is based on the principle that two alleles present at
a locus are Identical by Descent (IBD) and it refers to those homozygous alleles that are
derived from the common ancestor (Zhang et al., 2015). The pedigree method suffers from

drawbacks such as incomplete pedigree and assumption of unrelated founders which



frequently results into faulty inbreeding estimates (Lopes et al., 2013; Forutan et al., 2018;
Alemu et al., 2021). However, the availability of genomic data has resulted into more
accurate estimation of the genomic level inbreeding as it recognizes the relationship
between animals in a population based on observed proportion of genome that is IBD
(Lopes et al., 2013). Runs of homozygosity (ROH), is one of the estimates of genomic
inbreeding where the inbreeding coefficient is estimated as Fron (Zhang et al., 2015). The
estimation of inbreeding using ROH is commonly used in humans (Ceballos et al.,2018),

cattle (Goszczynski et al., 2018), pigs (Xie et al., 2019), and horses (Santos et al., 2021).

This thesis begins by a detailed overview of coat color variation in American mink,
inbreeding depression, and genomic inbreeding estimates followed by identifying the gaps
in the knowledge in each study. These gaps were subsequently addressed in three different
studies (chapters 3-5) with an aim to provide foundational understanding of the topics and
offering basic knowledge on the subject matter in American mink. By analyzing real-world
farm data, this thesis also aims to offer applicable and effective solutions that can be
implemented by the farmers to address specific challenges and improve their operations.
Finally, the conclusions and insights drawn from this study will probably influence future

investigations eventually uplifting the overall mink industry.



1.2 OBJECTIVES

The objectives of this thesis were:

1)

2)

3)

To investigate the crosses responsible for producing color types (Dark, Pastel,
Demi, and Mahogany) and determine the allelic pair (homozygous or
heterozygous) responsible for the color type. (Chapter 3).

To evaluate the effect of inbreeding (inbreeding depression) on reproductive traits:
gestation length (GL), total born (TB), total kits alive after 24 hours of birth (LB),
total kits alive at weaning (LW), survival rate at birth (SB), survival rate at weaning
(SW), average kit weight per litter at birth (AWB) and average kit weight per litter
at weaning (AWW). (Chapter 4).

To estimate the level of inbreeding using pedigree and genomic information (runs

of homozygosity and excess of homozygosity). (Chapter 5).



CHAPTER 2: LITERATURE REVIEW

2.1 COAT COLOR VARIATION IN MINK

In the wild, American mink are commonly dark brown or black in color (Shackelford,
1948). The domestication of wild mink, which is considered to have happened
approximately 120-150 years ago, is owed to the variations observed between wild and
farm raised mink today (Kruska, 1996; Morris et al., 2020). The process of domestication
is lengthy, which commonly involves selecting a few individuals and breeding them
(Ujvari et al., 2018). Prasolova and Trapezov (2006) and Cieslak et al. (2011) suggested
that when wild animals were domesticated for a prolonged period following artificial
selection, their coat color also undergoes inevitable transformations, resulting in the
emergence of new color variations. In general, with domestication, the variation in the
phenotypes arises due to adaptation to the change in habitat, as well as varying human

preferences (VoB et al., 2022).

The variation of coat color is one of the most important characteristics of American mink.
Until now, more than 35 color variations and hundreds of color types after combination
have been produced in American mink (Manakhov et al., 2019). Out of the total color
variations seen in American mink, only eight have been studied using genomic information
(Manakhov et al., 2022). The genes responsible for coat color variation in mink were
differentiated into dominant and recessive mutant genes (Shackelford, 1949; Song et al.,
2017), which might justify the variation of color observed after crossbreeding different
color types. These coat color variations along with its quality plays an important role on

the final economic value, and thus, considered as an important breeding objective
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(Valipour et al., 2022). Furthermore, coat colors such as Black, Pastel, and Stardust are
greatly valued and sold at higher prices because of the uniformity and unique natural color

(Wang et al., 2022).

The understanding of color inheritance using both ancestral and genomic information is
crucial for all animal breeding industries irrespective of the species. Coat color is
considered as one of the primal indicators of breed composition in animals (Kuehn et al.,
2018). The estimation of breed composition has been studied in dogs (Huson et al., 2010)
and cattle (Li et al., 2020). The breed composition of an animal can be utilized to plan an
improvement of the population (Gorbach et al. 2010). Especially in the case of American
mink, breeders often aim to produce a specific color or color patterns. Thus, unraveling
color inheritance can help the breeders to select the parents to produce the offspring with

desired coat color.

2.2 INBREEDING

Inbreeding is defined as the mating of individuals who are more related to each other than
the average population (Curik et al., 2014; Neaves et al., 2015). These related individuals
share the same ancestral haplotype known as Identical by Descent (IBD), in the absence of
recombination or mutation (Curik et al., 2014). The measure of inbreeding is the inbreeding
coefficient (F) which is the probability that two alleles at a locus of an individual are IBD
(Leutenegger et al., 2003). Using both pedigree and genomic information, inbreeding

coefficient can be estimated for a population (Zhang et al., 2015).



2.3 MEASURES OF INBREEDING

2.3.1 PEDIGREE-BASED INBREEDING MEASURES

The pedigree-based inbreeding coefficient (Fpep) is based on the probability that the locus
is IBD (Kardos et al., 2016). To estimate inbreeding based on pedigree information, either
the path method or tabular method is used (Wang, 2011). The path method is preferred if
the pedigree is simple (Wang, 2011) whereas, for an exceptionally large population with a
complex pedigree, the tabular method is favored (Curik et al., 2014). In the tabular method,
which is also known as the numerator relationship matrix or additive relationship matrix
(A), the pedigree is converted into a covariance table that shows the coancestry (or kinship)
between individuals (Cortés et al., 2010). Moreover, the diagonal element reveals the level
of inbreeding of the individual, and the off-diagonal element shows the level of relationship

between individuals (Cortés et al., 2010).

2.3.2 GENOMIC-BASED INBREEDING MEASURES

The use of genomic information allows for estimation of the realized proportion of the
genome that the individuals share (Howard et al., 2017). When two segments of the genome
that are identical from a common ancestor are inherited from each parent it is referred as
autozygosity (Keller et al., 2012). Genomic measures of inbreeding are considered better

estimates of autozygosity than pedigree method (Howard et al., 2017; Alemu et al., 2021).

A segment-based approach can be used to estimate genomic inbreeding. Inbreeding results
in the long stretches of homozygous unbroken regions, known as Runs of Homozygosity

(ROH) that are considered as good indicators of autozygosity (Baes et al., 2019). The



application of ROH was first implemented in the human population (McQuillan et al.,
2008) and later in cattle population (Ferencakovic et al., 2011). Inbreeding calculated from
ROH is widely used because it is considered as a powerful method to distinguish between
recent and ancient inbreeding (Makanjuola et al., 2020). A short ROH and a long ROH
justifies the distant and the recent inbreeding, respectively (Baes et al., 2019). The

inbreeding coefficient estimated based on ROH (Fron) is calculated as (Zhang et al., 2015):

Fro _ SLROH
ROH™ 1AUTO’

where LROH is the sum of ROH lengths and LAUTO is the total length of the autosome
genome. The use of ROH has been widely accepted in domestic animals where the studies
are not limited to estimating Fron but also linking ROH to selection signatures, population
history, understanding genetic architect of complex traits, and identifying candidate genes
responsible for important traits (Curik et al., 2014; Dixit et al., 2020). This might be due to
the characteristics of ROH such as: a) easy biological interpretation, b) can be
differentiated for each chromosome, and c) no requirement for reference population (Curik

et al., 2014).

Another genomic inbreeding coefficient can be calculated for each animal based on the
excess number of observed homozygous genotypes (Fuom) relative to the reference
population (Addo et al., 2019). This measure of inbreeding is based on the excess of
homozygosity where the reference population is expected to be a hypothetical ancestral
population in the Hardy-Weinberg equilibrium (Carothers et al., 2006). The equilibrium
maintained in the hypothetical ancestral population can be disrupted by factors such as

selection, mutation, and inbreeding (Mayo, 2008). Inbreeding increases the proportion of



homozygotes at the expense of heterozygotes (Keller and Waller, 2002). Thus, the excess
of homozygotes might have been produced due to inbreeding above the Hardy-Weinberg
expectations in the population (Costantini et al., 2007). This genomic inbreeding (Fuowm) is

calculated by using the following equation:

O-E
F e
HOM = —¢

where O and E are the observed and expected numbers of homozygous genotypes,

respectively (Zhang et al., 2015).

2.3.3 ADVANTAGES AND LIMITATION OF DIFFERENT MEASURES OF
INBREEDING

The traditional method used to estimate inbreeding using pedigree data suffers from
limitations which are compensated by using genomic data. The pedigree data is often
incomplete with errors, assumes that the founders are unrelated, and unable to capture the
Mendelian sampling (Staples et al., 2014; Legarra et al., 2015), which might result in
decreased accuracy of the inbreeding estimation (Leroy, 2014). The Fpep is based on the
assumption that the founders are unrelated, and no inbreeding exists in the founder
population (Hogg et al., 2019). However, this might not be the case as the founders might
be inbred or related (Hedrick et al., 2016). The misidentification and missing animal in the
pedigree record is not uncommon which might result in faulty inbreeding estimates. Hence,
the true level of inbreeding can be underestimated (Forutan et al., 2018). However, some

advantages of pedigree-based inbreeding are: 1) pedigree data is easily assessable, and 2)



pedigree-based inbreeding is simple, easy to understand, practical, and cost-effective

measure for the farm.

Using molecular information can lead to more accurate estimation of the true relationship
between individuals (Howard et al., 2017). Firstly, Fpep predicts the expected proportion
of an individual's genome that is IBD, whereas genomic measures capture the Mendelian
sampling variation, and hence, estimating the realized IBD (Nietlisbach et al., 2017).
Secondly, recent and ancient inbreeding can be differentiated by the length of autozygous
segments, which is estimated by one of the most widely used genomic inbreeding
estimates; ROH (Dockes et al., 2019). Thirdly, the differentiation of local vs. genome-wide
inbreeding (estimating different inbreeding levels for different chromosomes) is possible
through the genomic inbreeding estimates (Keller et al., 2011; Ghoreishifar et al., 2020).
Finally, the hidden relationship among individuals in a population, which is not shown in

the pedigree, can be detected by genomic inbreeding estimates.

2.4 INBREEDING DEPRESSION

2.4.1 DEFINITION

The reduced fertility and survival of the descendants of closely related individuals is known
as inbreeding depression (Charlesworth and Willis, 2009). Inbreeding might result in
inbreeding depression where the mean performance of an animal is reduced compared to
the offspring of randomly mated individuals (Hedrick and Kalinowski, 2000; Doekes et al.,
2020). The decline in overall fitness might be due to two different phenomena. Firstly, the

genetic mechanism of inbreeding is considered to be the increased offspring homozygosity
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resulting in the expression of previously masked recessive deleterious alleles (Pekkala et
al., 2014). Secondly, the increased homozygosity might negatively affect loci with
heterozygote advantage (Charlesworth and Willis, 2009). However, it is difficult to
differentiate the actual cause of inbreeding depression, but the expression of deleterious
recessive allele is considered as the common cause for the decline of fertility and survival

traits due to inbreeding (Charlesworth, 1990).

2.4.2 EFFECT OF INBREEDING ON TRAITS

The resultant effect of mating closely related individuals varies between population and
traits (Wright et al., 2008). Small populations are vulnerable to inbreeding depression
where the probability of mating between related individuals is high (Kardos et al., 2016).
Inbreeding depression is often seen in reproductive traits, disease resistance, and survival
of an animal (Crnokrak and Roff, 1999; Howard et al., 2017). Additionally, the age of
inbreeding or when inbreeding occurred in the population might also impact the extent of
effect on the traits. As per Doekes et al. (2019), not all inbreeding is equally detrimental,
and recent inbreeding was observed to be more harmful than ancient inbreeding. It was
suspected so because of the phenomenon known as purging, where the homozygous
deleterious alleles (due to inbreeding) are actively selected against (Pekkala et al., 2014;
Doekes et al., 2019). The presence of purging was experimentally proven by Hinrichs et
al. (2015), where ancient inbreeding was determined to be less harmful than recent
inbreeding in stillbirth, calving ease, and birthweight in German Holstein dairy cattle.
Interestingly, in theory, purging can result in restoration of population fitness to, or even

above, the original level (Theodorou and Couvet, 2006). Furthermore, the magnitude of

11



inbreeding depression is also dependent upon the environment the animal is raised in
(Cheptou and Donohue, 2011). In one of the meta-analyses conducted by Fox and Reed
(2011), it was revealed that inbreeding depression increased by 66% with the increased
stressful environment in beetle Callosobruchus maculatus. Similarly, in Drosophila
melanogaster environmental stress was directly correlated with severe inbreeding

depression (Miller, 1994).

Inbreeding depression has been studied in many species with an aim to investigate the
effect on several important traits. In Jersey cattle, with every 1% increase in inbreeding,
milk yield decreased by 9.84 kg in first lactation (Miglior et al., 1992). Similarly in Holstein
cattle, nearly 260kg less milk was produced when cows with more than 15% inbreeding
coefficients were compared with the non-inbred ones during 305-day milk production
(Silva et al., 2019). In beef cattle Brahman, 1% increase in inbreeding was associated with
0.51 kg decrease in body weight (Reverter et al., 2017). In Qira black sheep, body size
traits were discovered to have negatively affected with inbreeding (Tao et al., 2021).
Rodriganiez et al. (1998) observed that with 10% increase in inbreeding, 0.27 less piglets
were born in each litter of Large White pigs. Similarly, in Golden Retrievers, a statistically
negative correlation was observed between inbreeding and litter size traits, suggesting that
individuals with higher levels of inbreeding tends to have fewer puppies that were born

and later on weaned (Chu et al., 2019).
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2.5 INBREEDING AND INBREEDING DEPRESSION IN AMERICAN MINK

Even though inbreeding and its resultant inbreeding depression is well known among
livestock framers, there are few studies conducted in American mink regarding these
aspects. Demontis et al. (2011) studied inbreeding depression in the Danish farm of
American mink using microsatellite markers and discovered negative correlation (-0.55)
between inbreeding coefficient and litter size traits. This result led to the conclusion that
increased inbreeding decreases the number of kits born. In a study conducted on six
different mink farms of Norway, it was revealed that the reproductive trait (litter size at 3
weeks) was affected by inbreeding where inbred females produced 0.11 kits less than non-
inbred females (Johannessen et al., 2004). Recent study using genotyping by sequencing
data was performed in American mink where the average of the genomic estimates Frou
and Fyom was 0.13 and 0.15 respectively (Karimi et al., 2020). The study also revealed that
short segments of ROH (500 kb to 1 Mb) were higher in numbers compared to long ones
(>16 Mb) indicating that inbreeding might have happened in the studied population 50
generations ago. This corresponds to the approximate period of the beginning of
domestication of wild mink (Karimi et al., 2021). Moreover, these are the few studies
where inbreeding was the focus of the study in American mink. However, comparison
between the studies should be performed very cautiously because the methods used for

estimating the relatedness between the individuals and the studied population are different.

2.6 GAPS IN KNOWLEDGE
Color inheritance is one of the basic genetic studies that has been studied in wide range of
species ranging from humans to rodents. However, studies to acknowledge the genetic

mechanism involved in coat color variation in American mink is hardly few and most of
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them were done couple of decades ago. Similarly, studies involving inbreeding estimation
and inbreeding depression have also been infrequent in American mink. The negative effect
of inbreeding is well documented in a wide range of species. However, very few studies
performed to exhibit the effect of inbreeding on important traits of American mink is what
this study hopes to address. Similarly, with the rapid increase in genomic data availability,
the estimation of inbreeding has been more accurate and commonly used in livestock
species. Therefore, this thesis aims to fill the gaps and put forward a foundation regarding
all three aspects of American mink: coat color inheritance, the consequences of inbreeding

on reproductive traits, and the genomic assessment of inbreeding levels.
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CHAPTER 3: COAT COLOR INHERITANCE IN AMERICAN MINK!

3.1 INTRODUCTION

American mink (Neogale vison) is a semi-aquatic and carnivorous species belonging to
the Mustelidae family, and a native species to North America (Macdonald and Harrington,
2003). The fur produced by American mink is one of the most desirable furs due to the
astonishing variation in color and high quality, which resulted in its domestication in the
late 1800s in Canada (Morris et al., 2020). The domestication and breeding of mink in
captivity is primarily focused on the production of excellent-quality fur (Milanovi¢ et al.,
2013; Bowman et al., 2017). Due to the increase in demand for fur, farmed mink has been
bred intensively for selected traits such as fur color, size, and temperament (Belliveau et
al. 1999; Kruska and Sidorovich 2003). This increase in demand in the past decades can be
attributed to the color, shades, and texture of their fur (Amstislavsky and Ternovskaya,
2000). Thus, to meet the demand for fur, mink have been bred to produce an extensive

range of colors.

Other than color variation, characteristics of pelt size, color purity, and fur quality also play
significant roles in determining the price of a pelt (Kotodziejczyk and Socha, 2008;
Zielinski et al., 2016, Valipour et al., 2022). It is clear and understandable that production
is influenced by the market demand for a specific color or color combination.
Consequently, some mink farmers may focus on producing a particular color of fur,

whereas others may cross different color types (Karimi et al., 2021). Selective breeding of

! This chapter has been published in BMC Genomics Journal. Thapa et al., 2023. Coat color inheritance in
American mink. BMC Genomics, 24(1), 1-9.
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farmed mink has resulted in a broad range of colors commonly introduced as color phases

(Shackelford, 1948).

The color phases have arisen due to genetic mutations and farming practices (Cirera et al.,
2013; Manakhov et al.,, 2019). Presently, more than 35 color variations and their
combinations have resulted in more than 100 color types in American mink (Manakhov et
al., 2019). The immense interest in understanding the mechanism of color mutation led to
several genomic studies (Anistoroaei et al., 2013; Cirera et al., 2013, 2016; Manakhov et
al., 2019, 2020). Until now, out of the total color variations seen in American mink, only
eight have been linked with specific DNA mutations (Manakhov et al., 2022). During the
last decade, most studies have focused on identifying specific mutant genes rather than

investigating the color inheritance using pedigree-based approach in American mink.

However, studying the genetic basis of color inheritance is challenging as an in-depth
pedigree expanding up to several generations with the exact color identification and
recording is required. One prominent study by Shackelford (1949) investigated six coat
colors (Royal Silver, Colmira, Ebony, Aleutian, Green Eyed Pastel, and Goofus) in ranch-
based American mink and differentiated dominant with recessive color types. Over the past
decades, no research has been conducted using pedigree to understand the influence of
crossbreeding on the inheritance of specific colors. The genotypes of nine colors of
American mink including Pastel, raised in Poland were identified based on the similarity
of colors in other mammalian species (Wactawik et al., 2020), yet the color inheritance in

mink remains unclear.

This study aimed to investigate the inheritance of four colors (Dark, Pastel, Demi, and
Mahogany) in ranch-based American mink (Figure 3.1). The objectives of this pedigree-
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based study were to 1) investigate the crosses responsible for producing a specific color
type under different scenarios, and 2) determine the allelic pair (homozygous or

heterozygous) responsible for color type.

3.2 MATERIALS AND METHODS

3.2.1 ANIMAL CARE AND MANAGEMENT

The research work was approved by the Dalhousie University Animal Care and Use
Committee (certification# 2018-009 and 2019-012). The mink used in this study were
raised according to the Code of Practice for the Care and Handling of Farmed Mink
guidelines  published by the Canada  Mink  Breeders  Association
(https://www.nfacc.ca/pdfs/codes/mink code of practice.pdf, accessed on 9 October
2022) at the Canadian Center for Fur Animal Research (CCFAR), Dalhousie University,
Faculty of Agriculture (Truro, Nova Scotia, Canada). Mink were housed individually under
standard farming conditions, and their diets were regulated according to the production
cycle. Each annual production cycle (early March) started with mating between selected
males and females. These males and females were selected (late November) based on
criteria such as fur grade, disease history, weight, and litter size determining if animals
were either used for pelting or breeding. The breeding males and females were selected
from the same population and no new mink were introduced in the farm for the sole purpose
of breeding. Ideally, two mink (a male and a female) were kept in a single cage with ad
libitum feed. However, in the CCFAR, this was not practiced all the time. Some of them
were housed separately for feeding measurements. After the birth of the kits
(approximately 6-8 weeks), the kits were separated from the dam and housed either in pairs

or multiples (mostly same litter).
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3.2.2 COLOR RECORDING

Since mink fur quality is one of the main selection criteria, grading of fur quality in CCFAR
was usually performed on live mink in November or early December each year. Grading
requires a physical examination of fur where the guidelines provided by the North
American Fur Auctions (NAFA) were followed by an experienced technician (NAFA,
2014). The characteristics such as texture, density, nap length, and color were assessed
during grading. The color of a mink was recorded two times during its lifetime: at weaning
(6-8-week-old) and based on live grading in November. The color recorded during grading

was assigned as the final color type.

3.2.3 DATA COLLECTION

A pedigree containing 23,282 mink raised from 2003 to 2021 was used in this study. There
were eleven different color types in the pedigree, however, only four of them were used in
this study. The four colors were selected since a) they had the highest frequency (more than
3,000 animals per coat color) compared to other colors which were less than 500, and b)
these four colors had complete information available regarding the color of ancestors until

four generations.

Accordingly, 21,931 out of 23,282 mink were included in the study. There were 9,100
Dark, 5,161 Pastels, 4,312 Demi, and 3,358 Mahogany in the pedigree. These 21,931 minks

were from 1,403 sires and 3,533 dams in the pedigree data, tracing back to 16 generations.
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3.2.4 STATISTICAL METHODS

The pedigree data was inspected for all four colors extending up to four generations to
investigate ancestral color. The animals were grouped into three categories to evaluate
different types of mating strategies practiced at the farm. These categories were a) when
the coat color of offspring is similar to the color of the sire, b) when the coat color of
offspring is similar to the color of the dam, and ¢) when both of the parents (sire and dam)
and offspring have the same color. While grouping animals based on three categories, those

animals were not included if the color of either parent was unknown.

For the statistical analysis, the chi-squared test was used in R software version 4.2.0 using
the function chisq - test (R Core Team, 2022). Assessment of ancestral background until
four generations revealed that Dark and Pastel were the only color types with pure
backgrounds (all ancestors of the same color). Thus, it was hypothesized that those color
types were homozygous and produced only one colored phenotype when crossed based on
Mendelian inheritance. On the other hand, the heterozygous pair of gene was tested using

the following two Mendelian principles.

The two principles of Mendelian inheritance were considered to determine the allelic pairs
responsible for colors. Firstly, genes in charge of the specific color were considered
heterozygous (either sire or dam) and the other parent was considered recessive
homozygous (i.e., Aa x aa). Secondly, when both parents were considered heterozygous
(Aa x Aa). The expected 1:1 (from crossing Aa x aa) and 3:1 (from crossing Aa x Aa)
among the offspring based on the Mendelian ratio show a cross between heterozygote with
homozygote parent and crosses between two heterozygous parents, respectively (Sarfatti

etal., 1991; Roy et al., 1992).
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3.3 RESULTS

The overall parentage of Dark, Pastel, Demi, and Mahogany colored individuals in the
pedigree is shown in Figures 3.2, 3.3, 3.4, and 3.5, respectively. The pie charts (Figures
3.2a, 3.3a, 3.4a, and 3.5a) depict the overall parentage of all four-color types under five
different conditions. These conditions are: 1 = Sire is of the same color as offspring, 2 =
Dam is of the same color as offspring, 3 = Both sire and dam of the same color as offspring,
4 = Neither sire nor dam is of the same color as offspring, and 5 = Color not identified in
sire or dam or both. Dark, Pastel, and Mahogany colors were produced more frequently
when both of the parents were of the same color. On the contrary, Demi colored offspring
were produced more frequently (32.47 %) when Demi color dams were used (Figure 3.4a).
The least number of offspring (0.59 % Dark and 2.23 % Pastel) were produced when none
of the parents were of the same color. In the case of Demi coloration, the overall parentage
suggests that few Demi-colored offspring (10.90 %) were produced when used as sires.
When both parents of Mahogany color were mated, highest numbers of Mahogany colored

offspring (37.94 %) were produced.

The mating of two parents of Dark, Pastel, Demi, and Mahogany color is shown in Figures
3.2b., 3.3b., 3.4b., and 3.5b. respectively. The offspring of two Dark parents resulted in the
production of 99.38 % Dark, and 0.62 % of other colors (Figure 3.2b). The parentage of
Pastel color individuals also followed a similar pattern as Dark color individuals, where
98.35 % of Pastel and 1.65 % of other colors were observed (Figure 3.3b). Mating two
Demi parents resulted in the segregation of offspring, where 85.24 % of the offspring were

Demi, 8.39 % were Mahogany, and 6.37 % were others (Figure 3.4b). Mating two
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Mahogany parents resulted in the segregation of offspring where, 77.59 % Mahogany,

followed by 19.55 % Demi and 2.86 % other color were observed (Figure 3.5b).

The production of variety of colored offspring when Dark, Pastel, Demi, and Mahogany
were used as both sires and dams is shown in Figures c, and d. In the case of Dark coat
color, 1.48 % and 1.16 % of Dark colored offspring were used when used as sires and dams
of the same color respectively (Figure 3.2¢, and 3.2d). Similarly, Pastel color when used
as sires produced 4.19 % and when used as dams produced 5.3 % Pastel colored offspring
(Figure 3.3c, and 3.3d). However, these numbers were higher when Demi and Mahogany
were used as sires and dams alternatively. When used as sires Demi offspring produced
10.93 % and when used as dams produced 32.5 % of Demi offspring (Figure 3.4c, and
3.4d). Approximately similar number of offspring were recorded when Mahogany colored

sires (18.16 %) and dams (18.19 %) were used (Figure 3.5¢c, and 3.5d).

Due to incomplete information about the color of either sire or dam and sometimes both,
the color inheritance pattern of some individuals was not accurately identified. These
individuals that were considered as “color not identified in sire or dam or both” group,
accounted for 18.23 % of Dark color, 12.09 % of Pastel color, 13.82 % of Demi color, and

10.39 % of Mahogany color offspring.

When the same-colored parents were mated, the production of other colored offspring was
found to be the highest for Demi and Mahogany. These findings suggest that among all
four colors, at least two (Demi and Mahogany) were heterozygous. Similarly, the ancestral
background also proposed that these colors had diverse colored ancestors until four
generations. To verify this hypothesis, the breeding results of crossing (Ax B) and
reciprocal crossing (B x A) of Dark, Pastel, Demi, and Mahogany were performed, and the
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results are shown in Table 3.1. The statistically significant results (P value less than 0.05)
shown in Table 3.1 demonstrated that the genes responsible for Dark, Pastel, Demi, and
Mahogany colors have met the expected ratios (1:1 and 3:1) and thus can be considered

heterozygous.

The ancestral background revealed that the ancestors of all four colors’ offspring were
sometimes limited to a specific color and, most of the time, were diverse. Few individuals
of Dark and Pastel were produced by mating sire and dam of the respective colors only
(pure cross). On the other hand, Demi and Mahogany color mink ancestors were

remarkably diverse in their background.

These results exhibiting the production of offspring from diverse colored ancestors
demonstrated that the inheritance of coat color was considerably more than the

involvement of a few sets of genes.
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3.4 DISCUSSION

We found that mating sire and dam of the same color produced offspring of variety of
colors. However, the probability of obtaining offspring of the same color as that of the
parents was over 75 % for all four-color types. This study also showed that using one of
the parents with the desired color in offspring will probably result in the production of that

color. These findings were further verified by retracing the pedigree up to four generations.

The mating of same-color parents (Dark and Pastel) produced Dark offspring at 99.38 %,
and Pastel offspring at 98.35 % of the time. A study on Pastel coat color inheritance in
sables (Martes zibellina) also showed that the mating of both parents of Pastel color
produced offspring with Pastel fur coats only (Manakhov et al., 2021). The breeding results
of green-eyed Pastel individuals in Ontario, Wisconsin in 1941 showed that using the same
color for sire and dam resulted in the production of only green-eyed Pastel phenotypes
(Shackelford, 1949). On the same farm, when green-eyed Pastel was crossed with Dark
individuals, both Dark and green-eyed Pastel color individuals were observed
(Shackelford, 1949). Similarly, offspring produced by crossbreeding Pastel and black
sables followed the 1:1 ratio corresponding to Mendelian inheritance (Manakhov et al.,
2021). The heterozygous nature of alleles responsible for Pastel color was also reported by
Eklund et al. (1968) and Shackelford (1949) while crossing Ebony and Pastel color sire
and dam respectively. It was concluded that all Pastel-colored mink in the ranch in
Wisconsin originated from the heterozygous pairs (Shackelford and Cole, 1947). Similarly,
we also observed that crossing Pastel color individuals, irrespective of sex, with individuals
of any other color followed both 1:1 and 3:1 ratios suggesting that Pastel color individuals

produced by crossbreeding are indeed heterozygous.
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Since the beginning of the domestication of wild mink, Dark color pelts have always been
in high demand and are known as the standard color. These standard minks are almost Dark
in color and is considered genetically a dominant color (Kidd et al., 2009; Bowman et al.,
2017). This explained the highest number of Dark color offspring produced (99.31 %)
when Dark color was characteristic of both sires and dams in our study. To the best of our
knowledge, there is no report about the crosses determining the genetic component
underlying Dark color. Other than pure crossing (sire and dam of the same color),
crossbreeding of Dark color with other color types was frequently practiced in mink
breeding to produce new color phases such as Mahogany (Shackelford, 1948). The
heterozygous genes responsible for Dark color is demonstrated in our research where both

1:1 and 3:1 ratio was followed in the respective crosses analyzed.

In the case of Demi and Mahogany, the mating of sires and dams of the same color
produced 14.76 % and 22.41 % of other color offspring rather than Demi and Mahogany
respectively. Additionally, the production of Demi and Mahogany colored offspring in the
pedigree when neither parent was of the same color revealed that both Demi and Mahogany
colors might be produced as the result of crossbreeding and their heterozygous nature. The
pedigree file analysis of the ancestors aided in the findings that the antecedents of the
present Demi and Mahogany color in mink were from various colorations. The genomic
studies in the same population using the whole genome sequence (WGS) data characterized
Demi and Mahogany as highly admixed color types with observed heterozygosity of 31.12

% and 30.93 %, respectively (Karimi et al., 2021).

The origin of Mahogany color in mink is attributed to the crossbreeding of brown and black

mink lines which justifies its higher heterozygosity level (Bowman et al., 2017). The exact
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origin of Demi color mink is not mentioned in the literatures, but it is considered that
crossbreeding might have resulted in coloration. Moreover, it has been evident that Demi
and Mahogany color types have small genetic distances (Karimi et al., 2021). The small
genetic distance can be attributed to the common ancestors in recent generations (Higgs
and Derrida, 1992). To further investigate this, the comparison of Demi and Mahogany
colors within themselves was conducted. It was shown that the crossing of Demi and
Mahogany irrespective, of sex, produced the offspring of either color notably. Furthermore,
mating sire and dam of Demi color produced Mahogany color offspring 8.39 % of the time.
This scenario was also noted while Mahogany-colored sires and dams resulted in Demi-
colored offspring 19.55 % of the time (Figure 3.4b, 3.5b). This might signify that the genes

responsible for both of these colorations might be pleiotropic.
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3.5 CONCLUSION

The overall crosses analyzed provided valuable insight into the color type of parents which
could be selected to produce offspring with desired coat colors. In general, mating parents
with the same color results in the production of offspring with the same color most of the
time. Similarly, using either sire or dam with the same desired color in offspring may also
be advisable. However, the production of a specific color in offspring when none of the
parents are of the same color as the offspring demonstrated that the inheritance of coat
color is complicated. Furthermore, heterozygous genes responsible for color type have
assisted the understanding of color inheritance in American mink. Even though coat color
is termed a qualitative trait (Nguluma et al., 2022), the mutation of genes responsible for
coat color and pleiotropic effect on morphological and physiological traits has made the

genomic study of color inheritance in American mink necessary.
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Table 3.1 Crossing of sire and dam with alternate colors and reciprocal crossing along with

the production of offspring.

The table also shows the P-value for the expected ratios of heterozygosity 1:1 and 3:1.

P-value for P-value for

Sire color Dam color Offspring color 1:1 3:1
D NON-D
D NON-D 134 650
NON-D D 106 470 <0.00002 <0.00001
P NON-P
P NON-P 215 747
NON-P P 272 609 <0.00002 <0.00001
DE NON-DE
DE NON-DE 470 340
NON-DE DE 1400 860 <0.00002 <0.00001
M NON-M
M NON-M 609 844
NON-M M 610 499 <0.00002 < 0.00001
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a) Dark American mink c) Demi American mink

b) Pastel American mink d) Mahogany American mink

Figure 3.1 Photographs of American mink showing four types of coat colors.
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Figure 3.2 Types of crosses involved in the production of Dark-colored American mink.

a. The overall parentage of Dark-colored offspring where; 1 = Sire is Dark, 2 = Dam is
Dark, 3 = Both sire and dam are Dark, 4 = Neither sire nor dam is Dark, and 5 = Color not
identified in sire or dam or both. b. mating sire and dam of the Dark color in American
mink. c. production of Dark color offspring when sire is Dark, and dam is of a different
color. d. production of Dark color offspring when dam is Dark, and sire is of a different

color. D = Dark, P = Pastel, DE = Demi, M = Mahogany, SD = Stardust, and B = Brown.
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Figure 3.3 Types of crosses involved in the production of Pastel-colored American mink.

a. The overall parentage of Pastel-colored offspring where; 1 = Sire is Pastel, 2 = Dam is
Pastel, 3 = Both sire and dam are Pastel, 4 = Neither sire nor dam is Pastel, and 5 = Color
not identified in sire or dam or both. b. mating sire and dam of the Pastel color in American
mink. c. production of Pastel color offspring when sire is Pastel, and dam is of a different
color. d. production of Pastel color offspring when dam is Pastel, and sire is of a different
color. D = Dark, P = Pastel, DE = Demi, M = Mahogany, SD = Stardust, BOS = Breath of

Spring, B = Brown, WB = Winter Blue, and W = White.
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Figure 3.4 Types of crosses involved in the production of Demi-colored American mink.

a. The overall parentage of Demi-colored offspring where; 1 = Sire is Demi, 2 = Dam is

Demi, 3 = Both sire and dam are Demi, 4 = Neither sire nor dam is Demi, and 5 = Color

not identified in sire or dam or both. b. mating sire and dam of the Demi color in American

mink. c. production of Demi color offspring when sire is Demi and dam is of a different

color. d. production of Demi color offspring when dam is Demi and sire is of a different

color. D = Dark, P = Pastel, DE = Demi, M = Mahogany, SD = Stardust, BOS = Breath of

Spring, B = Brown, W = White, and S = Sapphire.
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Figure 3.5 Types of crosses involved in the production of Mahogany-colored American

mink.

a. The overall parentage of Mahogany-colored offspring where; 1 = Sire is Mahogany, 2 =
Dam is Mahogany, 3 = Both sire and dam are Mahogany, 4 = Neither sire nor dam 1is
Mahogany, and 5 = Color not identified in sire or dam or both. b. mating sire and dam of
the Mahogany color in American mink. c. production of Mahogany color offspring when
sire is Mahogany and dam is of a different color. d. production of Mahogany color offspring
when dam is Mahogany and sire is of a different color. D = Dark, P = Pastel, DE = Demi,

M = Mahogany, SD = Stardust, B = Brown.
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CHAPTER 4: ESTIMATION OF INBREEIDNG DEPRESSION IN
REPRODUCTIVE TRAITS OF AMERICAN MINK

4.1 INTRODUCTION

The breeding of pairs of individuals who have greater genetic affinity than the average pair
of individuals in a population is known as inbreeding (Wright et al., 2008; Curik et al.,
2014). The inbreeding coefficient (F) is defined as the likelihood that two alleles from a
randomly sampled locus are identical by descent (Falconer and Mackay, 1996).
Genetically, inbreeding is responsible for increased homozygosity for both desirable and
undesirable genes (Baneh et al., 2019). Moreover, the increased homozygosity results in
increased frequency of homozygous deleterious genotypes which were present previously
as recessive allele and masked by the presence of dominant allele (Tanchev, 2016; Doekes
et al., 2019; Sumreddee et al., 2021). This phenomenon is the genetic mechanism involved
in inbreeding depression (Charlesworth, 1990; Kardos et al., 2016). Inbreeding depression,
which has been observed in all livestock species, causes a decrease in the mean value of

traits such as fitness and performance (Jarnecka et al., 2021).

Reproductive traits are considered important in all livestock species (Koster and Visser,
2021) since without acceptable reproductive performance, any progress made in
production performance could be overshadowed. In mink production, the overall economic
efficiency is determined by reproductive performance. Moreover, inbreeding depression is
often seen in reproductive traits (Crnokrak and Roff, 1999; Howard et al., 2017). Despite
the negative relationship between inbreeding and reproductive performance, we still know

very little about inbreeding and its effects on reproductive traits of American mink. Among
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the limited available reports, a study conducted in Norway where the average inbreeding
coefficient was 1.27%, revealed that inbred American mink females produced 0.11 fewer
kits compared to the non-inbred females (Johannessen et al., 2004). Similarly, decrease in
the litter size at second counting was reported in Danish farmed mink with the increasing

level of inbreeding coefficient (Demontis et al., 2011).

The study of inbreeding and inbreeding depression in livestock species is not limited to
reproductive performance but has been studied with respect to numerous phenotypes.
Traits such as milk production, fat, and protein yields were significantly reduced with 1%
increase in inbreeding in Holstein and Jersey dairy cattle (Pryce et al., 2014). In swine,
with every 10% increase of inbreeding coefficient, growth traits such as weight at 120 days
and average daily gain decreased by 5.37% and 6.49%, respectively (Fernandez et al.,
2002). In addition, inbreeding is responsible for recessive genetic diseases such as hip

dysplasia and congenital heart anomalies in dogs (Bell, 2011).

The understanding of inbreeding, its effects, and practices to avoid it is crucial in livestock
breeding programs. Measuring inbreeding is also an essential component of research in
ecology, evolution, and conservation biology due to the profound effects of inbreeding on
population dynamics and individual fitness (Kardos et al., 2015). Similarly, to run a
sustainable mink farm, farmers greatly depend upon high quality producing and
reproducing individuals. Thus, the objectives of this study were to: (1) assess inbreeding
in the American mink population using pedigree information, and (2) estimate the impact

of inbreeding (inbreeding depression) on reproductive traits of American mink.
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4.2 MATERIALS AND METHODS
The Dalhousie University’s Animal Care and Use Committee (certification# 2018-009, and
2019-012) approved the proposed work. The Code of Practice for the Care and Handling of
Farmed Mink requirements were followed while rearing the mink used in this study (Turner

etal., 2013).

4.2.1 ANIMAL MANAGEMENT AND PEDIGREE
All mink used in this study were born from 2010 until 2020 at the Canadian Center for Fur
Animal Research (CCFAR) at Dalhousie University, Faculty of Agriculture (Truro, Nova

Scotia, Canada).

The annual production cycle (early March) starts based on phenotypic selection of mink as
breeders. Selection criteria were based on their fur grades, disease history, weight, and litter
sizes. Similarly, in November (or early December) mink were selected for either pelting or
breeding for the next breeding season (Karimi et al., 2018). The male and female mink
chosen for breeding were both selected from the existing population, without any new mink
being brought in specifically for breeding purposes. A male and a female were kept in a
single cage for breeding. Once the kits were born, typically around 6-8 weeks later, they
were taken away from their mothers and placed in separate housing units, often with their

littermates or in pairs.

Female mink were mated multiple times (maximum 3 times) to ensure conception.
However, the same males were used if more than one mating was required 9 days after the

first mating. The kits were born from late April to mid-May (whelping season).
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Immediately after birth, the number of kits were recorded and weighted. Similarly, 24
hours after birth, the total number of kits alive was recorded. Finally, at the time of weaning
(6 weeks) when kits were separated from their dams, the number of kits was counted and
weighted (Karimi et al., 2018). A total of 18,372 individuals with pedigree information

raised since 2010 were included in this study.

4.2.2 MEASURED AND DERIVED TRAITS

The information on reproductive traits were collected based on gestation length (GL),
number of kits born (TB), number of kits alive after 24 hours of birth (LB), number of kits
alive at weaning (LW). The gestation length is measured in the number of days from mating
to parturition (Karimi et al., 2018). The two traits measured in percentage were survival
rate at birth (SB) and weaning (SW). Both parameters (SB and SW) were calculated by
dividing the number of kits alive at birth and number of kits alive at weaning by total
number of kits born and total number of kits alive at birth times hundred, respectively. The
weight of kits was recorded in grams (g) as average kit weight per litter at birth (AWB),
and average kit weight per litter at weaning (AWW). The reproductive data set consists of

4,723 dams with reproductive records collected each year from 2010 to 2021.

4.2.3 MEASURES OF INBREEDING

The inbreeding coefficient was estimated for each individual. Pedigree information was
analyzed, and inbreeding coefficients (Fpep) were estimated using the CFC (Coancestry,
Inbreeding (F) and Contribution) 1.0 software (Sargolzaei et al., 2006). The individuals

were categorized based on the level of inbreeding generated by the software into the
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following groups: 0,0 <F<5,5<F<10,10<F<15,15<F<20,20<F<25,25<F<
30, and >30. The first category (F =0) included non-inbred individuals whereas the
remaining categories included inbred individuals with the respective level of inbreeding

coefficients.

4.2.4 ESTIMATION OF BREEDING VALUES

The breeding value of an individual is defined as the average effects of the genes that are
passed on from its parents (Werf, 2015). The breeding value is used to rank individuals
where the highest one is termed as “high genetic merit” and the process to identify these
individuals is known as breeding value prediction (Groen, 2000). The breeding values for
traits including reproductive traits were estimated for all individuals using individual’s own
and relative information based on the best linear unbiased prediction (BLUP) method

fitting within a univariate animal model using ASReml 4.1 (Butler et al., 2017):
y=Xb+Za+ Wpe +e,

where y is the vector of phenotypes of interest (reproductive traits); b is the vector of fixed
effects; X is design matrix for fixed effects; Z is the incidence matrix that relates additive
genetic effect to the phenotypes; a is the vector of random additive genetic effects or their
breeding values; pe and W are the vector of random permanent environmental effects and
the incidence matrices relating the permanent environmental effects respectively; the
vector of random residual effects was denoted by e. The random effects were presumed to

be independent and normally distributed:

a ~N(0, Ac3), pe ~ N(0, I6Z,.), and e ~ N(0, I'63),
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where o2 is the additive genetic variance, crz)e is the random permanent environmental

variance, and o2 is the residual variance, A is the additive relationship matrix, and I is an
identity matrix. Fixed effects used in this study were: a) age of dam (1, 2, and 3), b) color
(11 distinct color types), ¢) number of mating (1-4 mating/breeding), d) origin of the dam
(CCFAR, combination (both CCFAR and donated), and donated), and e) year (2010 to

2020). Moreover, only significant effects (P<0.05) were used.

4.2.5 ESTIMATION OF INBREEDING DEPRESSION

The effect of inbreeding on reproductive traits of American mink was estimated using two
methods. Firstly, the effects of inbreeding on reproductive traits were calculated by
regressing the phenotypic values on inbreeding coefficients as a standard approach for
estimating inbreeding depression (Saura et al., 2015). Inbreeding depression was estimated

separately for each trait using the following univariate model:

y=Xb+BF+Za+e,

where, y 1s the vector of phenotypes of interest in the mink population (reproductive traits);
b and a are the vector of fixed effects and random additive genetic effect respectively; p is
the regression coefficient on F. The vector of inbreeding coefficients (based on pedigree)
is denoted by F. X, is the incidence matrix relating the phenotypic observations to fixed
effects; and Z, is the incidence matrices linking phenotypic observations and random

additive genetic effects. Additionally, e is the vector of random residual effects. Random
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effects were assumed to be independent and follow normal distribution. a ~ N(0, Ac2), pe

~N(0, Ioj,) and e ~ N(0, Io3).

The statistical analyses were performed using ASReml 4.1 software (Butler et al., 2017)
and only significant effects (P<0.05) were used in the analyses. Secondly, the Pearson
correlation coefficient was estimated to quantify the extent of relationship between Fpep
and EBV of the studied traits. The correlation was calculated in R software version 4.2.0

(R Core Team, 2022).

4.3 RESULTS

4.3.1 DESCRIPTIVE STATISTICS

The descriptive statistic for each trait is presented in Table 4.1 showing the number of
records, mean, standard deviation (SD), range, and coefficient variation (CV). The GL
ranged from 32 to 69 days with an average of 46.04 for the period of ten years. The litter
size traits of TB, LB, and LW had average values of 6.45, 5.67, and 4.25, respectively,
showing a decrease in average number of kits from birth to weaning. The average weight
of the kit during birth was 12.03 g. The final weight was calculated at weaning which was
observed to be 353.78 g on average. The average weight of kits was observed to be a
minimum of 5 g at birth and 586 g at weaning. The mean values for survival at birth and
weaning were 86.89% and 90.03% respectively. Among all the traits, LW had the highest

CV of 54.83 and GL had the lowest CV was of 9.17.
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4.3.2 INBREEDING ESTIMATES OF THE POPULATION

As shown in Table 4.2, out of the total mink present in the CCFAR, 69.60% were inbred
and 30.40% were non-inbred. Among the inbred, 65.41% of individuals’ inbreeding levels
did not exceed 5%. Similarly, fewer individuals (0.01%) had inbreeding level in the range
of 20% to 25%. Additionally, 4.09 % of individuals had inbreeding level more than 5%
and less than 20%. The maximum level of inbreeding (25% to 30%) was found in 16
individuals which accounts for 0.09% of the total population. Additionally, there were no

individuals with inbreeding coefficient of greater than 30%.

The number of individuals with the highest Fpep is illustrated in Table 4.3. In comparison
to the number of inbred individuals of the population (69.60%), only fewer had the highest
Frep in the respective years. The highest level was 28.51% in the year 2017 with only one
individual. However, in the year 2011, nine individuals had an inbreeding level of 12.01%
which was the highest number of individuals in ten years. The trend of average Fpep from
2010-2020 is shown in Figure 4.1. The mean Fpep were maximum in 2014 (2.8%), 2015
(2.6%), and 2016 (2.8%) compared to the other years (below 2.5%). Moreover, it is crucial
to note that the average Fpep did not exceed 3% for ten years. Figure 4.2 shows the number
of dams and their respective inbreeding levels. There were fewer dams with Fpep above

10%.

4.3.3 ESTIMATION OF INBREEDING DEPRESSION

The results yielded from the first method to estimate inbreeding depression is shown in
Table 4.4 where the regression coefficients for all the traits were statistically non-
significant (P>0.05) and had high standard errors. Secondly, Pearson’s correlation

coefficient was used to evaluate the direction and strength of the relationship between EBV
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of the studied traits and Fpep (Table 4.5). The correlation values for each of the traits were
very low ranging from —0.17 to 0.11 and all of them were statistically significant (P<0.05).
The lowest correlation was observed for LB (-0.17) and the highest was for TB (0.11). The
correlation coefficient values were —0.16 and 0.08 for weight traits AWB and AWW
respectively. For both the survival rates at birth and at weaning the correlation vales were

0.02.

4.4 DISCUSSION

In the studied population, pedigree information was used to estimate inbreeding coefficient.
The pedigree analysis gave an insight to the distribution of inbreeding in the studied
population where the highest number of individuals (65.41%) had Fpep in the range of 0 <
F <5 (Table 4.2) followed by the individuals that were the product of non-related mating
(30.40%). Only 0.69% of mink had inbreeding level above 10%. This result is not
uncommon as avoiding the mating of closely related individuals is one of the major

breeding strategies of the CCFAR farm.

The average inbreeding coefficient (Fpep) was 0.02. It is important to consider that the
average inbreeding has remained below 3% throughout the years in the CFFAR farm
(Figure 4.1). The primary reason for this is the use of software called ZooEasy (version
13.05) for selecting compatible sires and dams according to the extent of their relationships.
This software estimates inbreeding percentage for the offspring in advance, which is
considered a useful tool for selecting possible mates in mink farms. Among other

phenotypical selection criteria such as fur color, quality, purity, and disease resistance, the
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coefficient of relationship between prospective parents below 3% was an additional

requirement in this farm.

The average Fpep over the years did not fluctuate, however an increasing trend of mean
Frep was observed from 2013 to 2016, and this might be because of the outbreak of
Aleutian disease (AD) in the time frame of 2014 (Karimi et al., 2018). As a result of the
outbreak, only few individuals were phenotypically selected as breeders that were AD
resistant. Moreover, inbreeding is more prone to small population where mating between
relatives is recurrent (Keller and Waller, 2002). The sharp decline in Fpep after 2016, might
be due to the introduction of new males in the population during the same year. The reason
for this might be the reduced mating of closely related individuals, which eventually
decreases inbreeding (Strandén and Peura, 2007; Pike et al., 2021). There have been very
few studies on estimating inbreeding and inbreeding depression in American mink. For
instance, Demontis et al. (2011) reported inbreeding rates in the range of 0.017 to 0.52 in
Danish farmed mink. The inbreeding range in our studied population was lower (0.001 to
0.28) than the Danish study (Demontis et al. 2011). One important factor to consider is that
the rate of inbreeding is greatly dependent upon effective population size, genetic drift, and
the selection and mating strategy opted by the farm (Matyas, 2004; Kokko and Ots, 2006;

Duthie and Reid, 2016).

The standard procedure to estimate inbreeding depression in livestock species is to regress
the phenotype on the individual pedigree inbreeding coefficients (Leroy, 2014). The
regression coefficient is defined as the inbreeding depression experienced by the phenotype
(Dorostkar et al., 2012; Leroy, 2014). In this study the regression coefficients were all

statistically non-significant (P>0.05) with high standard errors. Similar observations were
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also reported by Hermas et al. (1987) and Miglior et al. (2008) in reproductive performance
of Guernsey cattle, and three different dairy cattle breeds (Ayrshire, Jersey, and Brown
Swiss), respectively. The effect of inbreeding on sperm quality, feed efficiency, and
carcass traits in beef cattle using regression analysis was found to be non-significant
(Carolino and Gama, 2008; Dorado et al., 2017). The non-significant regression coefficient
along with high standard errors observed in the above-mentioned studies were likely the
result of sampling error associated with small sample sizes (Keller and Waller, 2002). In
our population, there were very few individuals with high inbreeding coefficients, which
explains the results obtained from the first method. High standard errors observed from the
regression method indicated that little can be inferred from the regression coefficients

(Hermas et al., 1987).

On the other hand, potential purging of harmful alleles might also explain the non-
significant inbreeding depression observed in our study. Purging is a phenomenon where
the frequencies of deleterious recessive alleles decrease significantly over time due to
selection practices either natural or artificial (Hedrick and Dorado, 2016). Since mink,
similar to other livestock species, are subjected to strong artificial selection based on
phenotypes, those individuals that are fit and qualified as per the selection guideline are

only selected.

The second method used to assess inbreeding depression was based on the correlation
coefficient between EBV of the studied traits and Fpep. In contrast to the regression
method, all correlation coefficients were statistically significant, but the values were low
(-0.17 to 0.11). The results suggested that inbreeding might affect breeding value of the

litter size traits (LB and LW) and both body weight traits (AWB and AWW), but the effects
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were extremely small (Table 4.5). Moreover, these estimates were in agreement with the
concept that inbreeding and resultant increased homozygosity might have negative effects
on reproductive traits. In contrast to this study, a strong negative correlation (R = -0.53)
between inbreeding coefficient and litter size at second counting was observed, suggesting
that inbreeding decreases litter size at second counting in farmed mink (Demontis et al.,
2011). However, the range of inbreeding in the studied population was higher (0.01 to 0.52)

than ours (0.01 to 0.28).

The level of inbreeding is subjected to vary depending on the population and the
consequences are also dependent upon the age of inbreeding where ancient inbreeding is
considered to have lesser effect than recent inbreeding (Sumreddee et al., 2021). In our
studied population, the average Fpep has always remained below 3% over a decade and
avoiding mating of closely related individuals has been one of the crucial breeding
objectives resulting in no recent inbreeding. Similarly, the level of inbreeding might also
lead to variation of inbreeding depression exerted by the trait. It was discovered that
pregnancy rate decreased, and dystocia rate increased significantly (-6.37 and 1.67%,
respectively) when F was greater than 25% compared to 12% (Recio et al., 2007) in
Holstein cattle. In contrast, our studied population had very few numbers (0.69%

individuals had Fpep above 10%) of highly inbred individuals (Figure 4.2).

The two methods (regression and correlation of EBV with traits) suggests that there was
no inbreeding depression on the farm. However, the statistically non-significant result does
not necessarily mean that there was no inbreeding depression at all. This might be due to
small sample size, environmental variation, and low level of inbreeding in the population.

It is very important to interpret the results of this study based on the overall context and
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limitations. The high standard errors observed in this study can be overcome by increasing

sample size hence increasing the accuracy of the results.

In this study, we used pedigree information to estimate inbreeding and inbreeding
depression on the traits. However, there are potential drawbacks of the pedigree method
which can be compensated by using genomic information. With the availability of genomic
information in livestock species, there have been remarkable studies focused on the
genomic estimation of inbreeding. On the contrary, very few studies have been conducted
on American mink using genomic information. Therefore, in the next chapter (Chapter 5),
inbreeding will be estimated using genomic information that would accurately estimate the

true level of inbreeding in the population.
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4.5 CONCLUSION

The results suggest that inbreeding and the resultant inbreeding depression on reproductive
traits does not appear to be a common problem in the CCFAR farm at present. It is highly
likely that the current practices to avoid mating of closely related individuals are effective.
Further investigation of inbreeding involving a new population with different management
practices and including other traits is equally important in American mink. These findings
prove that with simple management practices, the harmful effects of inbreeding that can

drastically influence the farm’s future can be mitigated.
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Table 4.1 Descriptive statistics for reproductive performance traits in American mink.

Traits! Number of 4o SD Range CV (%)
records
GL (days) 3,491 46.04 422 32-69 9.17
TB 3,513 6.45 2.68 1-17 41.56
LB 3,513 5.67 2.61 0-14 46.04
LW 2,516 4.25 2.33 0-10 54.83
SB (%) 3,409 86.89 22.45 0-100 25.83
SW (%) 3,178 90.03 16.03 0-100 17.8
AWB (g) 1,224 12.03 2.45 5-23.86 20.36
AWW (g) 1,100 353.78 63.59 140-586 17.97

IGL = gestation length, TB = total number of kits born; LB = number of kits alive after 24
hours of birth; LW = number of kits alive at weaning, SB = survival rate at birth, SW =
survival rate at weaning, AWB = average kit weight per litter at birth, and AWW = average

kit weight per litter at weaning, SD = Standard deviation, CV = Coefficient of variation.
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Table 4.2 Number of mink along with the percentage with different levels of Fpep.

Inbreeding coefficient Percentage of

No. of individuals

(FPED) in % individuals
0 5,584 30.40
0<F<S5 12,016 65.41
5<F<10 644 3.50
I0<F<15 101 0.55
I5<F<20 8 0.04
20<F <25 3 0.01
25<F<30 16 0.09
>30 0 0

Total 18,372 100

Total inbred 12,788 69.60
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Table 4.3 Number of individuals with the highest level of inbreeding coefficient (Fpep)

over the years.

Year Maximum Number
FreD
2010 15.24 7
2011 12.01 9
2012 10.87 6
2013 10.43 7
2014 13.09 6
2015 7.61 1
2016 26.51 3
2017 28.51 1
2018 25.62 5
2019 6.65 4
2020 26.67 3
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Table 4.4 Regression coefficient (f) between Fpep and phenotypes along with their

standard errors (SE).

Traits! B (+SE)

GL (days) 7.25 (8.87)
TB -1.4 (5.47)
LB -1.17 (5.57)
LW -1.17 (5.11)

SB (%) -50.67 (26.34)

SW (%) -22.67 (15.77)
AWB (g) -0.67 (3.74)
AWW (g) -213.35(120.87)

IGL = gestation length, TB = total number of kits born; LB = number of kits alive
24 hours of birth; LW = number of kits alive at weaning, SB = survival rate at birth,
SW = survival rate at weaning, AWB = average kit weight per litter at birth, and

AWW = average kit weight per litter at weaning.
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Table 4.5 Correlation coefficients between Fpep and EBV of traits.

Traits' Correlation coefficient (P-value)

GL (days) 0.02 (0.001) *

TB 0.11 (0.001) *

LB 20.17 (0.001) *

LW 20.08 (0.001) *
SB (%) 0.02 (0.01) *
SW (%) 0.02 (0.01) *

AWB (g) 20.16 (0.0005) *

AWW (g) 20.08(0.0005) *

*P<0.05 !GL = gestation length, TB = total number of kits born; LB = number of kits alive
24 hours of birth; LW = number of kits alive at weaning, SB = survival rate at birth,

SW = survival rate at weaning, AWB = average kit weight per litter at birth, and

AWW = average kit weight per litter at weaning.
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Figure 4.1 The average inbreeding in the farm in the respective years from 2010 to 2020.

The average was observed to be 0.02. The highest level of inbreeding was observed in the

years 2014 and 2016 whereas the lowest was 1.5 in the year 2019.
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Figure 4.2 Number of female mink selected as dams and their coefficients of inbreeding.
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CHAPTER 5: INBREEDING ESTIMATES IN AMERICAN MINK USING
GENOTYPE DATA

5.1 INTRODUCTION
Avoiding mating of genetically related individuals is one of the major concerns of livestock
production. The mating of individuals who share one or more recent ancestors is known as
inbreeding (Curik et al., 2014). The increased homozygosity as the result of inbreeding has
been associated to reduced individual performance commonly known as inbreeding
depression and decreased population viability (Charlesworth and Willis, 2009). Therefore,
estimating, monitoring, and managing inbreeding is one of the most important practices in

operations of animal breeding.

The degree of inbreeding is measured by the inbreeding coefficient (F) and is defined as the
probability of two alleles at any locus being identical by descent (IBD) (Falconer and
Mackay 1996). The inbreeding coefficient is regarded as a principal parameter to realize the
extent of relationship between individuals in a population (Raya et al., 2015). Traditionally,
inbreeding was methodically computed using pedigree information (Fpep), and it is based
on the probability of finding two identical copies of genes originating from the same

ancestor at any locus via parental pathways (Hernédndez et al., 2021).

The availability of high-throughput single nucleotide polymorphism (SNP) genotyping
tools that can examine numerous SNPs across the genome has created new prospects for
directly calculating the level of inbreeding (Peripolli et al., 2017). Inbreeding coefficient
based on the excess of homozygosity (Fuom), which measures the population's departure

from expected homozygosity, can be calculated using genomic data. (Nasner et al., 2021).
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Fuom has been used as one of the genomic estimators of inbreeding in American mink
(Karimi et al., 2021), river buffalo (Ghoreishifar et al., 2020), cattle (Zhang et al., 2015),

pig (Schiavo et al., 2021), and chicken (Yuan et al., 2022).

Runs of Homozygosity (ROH) are the long stretches of homozygous segments recognized
first by Broman and Weber in 1999 in humans (Curik et al., 2014). These segments are
considered to provide a better estimate of the identical chromosomal segments, known as
autozygous inherited from a common ancestor (Broman and Webber, 1999; Yoshida et al.,
2020). These long stretches of homozygous segments might have resulted from reduction
in population size, mating between close relatives, and/or selection (Falconer and Mackay,
1996; Yuan et al., 2022). The identification and classification of ROH can provide valuable
information about population demography, diversity, structure, and history (Peripolli et al.,
2017; Yuan et al., 2022). One of the most prominent uses of the classification of ROH based
on the length is to define the age of inbreeding. Long ROH may indicate recent inbreeding
(Keller et al., 2011), whereas short ROH might indicate ancient inbreeding (Marras et al.,

2015).

The inbreeding coefficient derived from ROH (Fron) is considered the most accurate
estimator of individual inbreeding level (Purfield et al., 2012; Zhang et al., 2015; Hasler et
al., 2017; Schéler et al., 2020; Zhang, et al., 2022). This might be the reason why Fron has
been studied in a wide range of species such as humans (Kirin et al., 2010; Fatma et al.,
2023), cattle (Marras et al., 2015; Mulim et al., 2022), pig (Schiavo et al., 2021; Zhang et
al., 2022), and poultry (Marchesi et al., 2018; Heidaritabar et al., 2022). Similarly,
inbreeding rates were estimated in American mink using ROH, however, the lack of

availability of chromosome-scale genome assembly limited the exploration of longer ROH
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(Karimi et al., 2021). The recent development of a chromosome-level genome assembly
(Karimi et al., 2022) and very limited number of studies aimed at estimating Fron in
American mink has been one of the major bases for this study. Therefore, the objectives of
this study were to; 1) estimate inbreeding using genomic data, 2) evaluate the distribution
of different lengths of ROH in all chromosomes, and 3) calculate the correlation between

Fron, different lengths of ROH, Fpep and Frowm.

5.2 MATERIALS AND METHODS
The proposed work was approved by the Dalhousie University Animal Care and Use
Committee (certification# 2018-009, and 2019-012). The mink were cared for according to
the Code of Practice for the Care and Handling of Farmed Mink guidelines published by the

Canada Mink Breeders Association (Turner et al., 2013).

5.2.1 ANIMALS AND MANAGEMENT
The annual production cycle (early March) starts based on phenotypic selection of mink as
breeders. Selection criteria were based on their fur grades, disease history, weight, and litter
sizes. Similarly, in November (or early December) mink were selected for either pelting or
breeding for next season (Karimi et al., 2018). The distinction between pelting and breeding
was determined by the procedure commonly known as grading. Those mink selected for
pelting were euthanized in November as winter fur starts developing in August. Mink used
in this study were euthanized in November of 2021. In total, 1,413 mink were raised from

2018 to 2020 and used in this study. Similarly, pedigree information containing complete

56



ancestral information of 23,282 mink were also used. The pedigree depth was estimated

using CFC software 1.0 (Sargolzaei et al., 2006).

5.2.2 SAMPLE COLLECTION AND GENOTYPING
DNA was isolated from the tongue tissue sample using DNeasy Blood and Tissue Kit
(Qiagen, Hilden, Germany). To measure the quality and quantity of extracted DNA samples,
ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE) was used.
The 280/260 ratio which measures the purity of DNA ranged from 1.7 to 2.0 for all the
samples. High-quality DNA was normalized to the required concentration (50 ng/uL).
Finally, Axiom Affymetrix Mink 70K panel (Neogen, Lincoln, Nebraska, USA) was used
for genotyping of 1,413 individuals. All the procedures were carried out in accordance with

the manufacturer’s protocol.

A total of 62,375 SNPs were genotyped for all 1,413 individuals. Genotype quality control
was performed in PLINK v1.09 (Purcell et al., 2007) using the parameters to exclude:
individuals and SNPs with call rates <90%, SNPs with Hardy—Weinberg Equilibrium
(HWE) (P < 107°) and remove sex chromosome. After quality control, a total of 50,902

SNPs on autosomal chromosomes of 1,413 individuals remained for subsequent analyses.

5.2.3 DEFINITION, DISTRIBUTION OF RUNS OF HOMOZYGOSITY AND
INBREEDING (Fron)

Runs of Homozygosity were examined in PLINK v1.09 (Purcell et al., 2007) using the

sliding window approach and the function --homozyg. The sliding window approach
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scanned through the genotype data to detect homozygous segments for each individual
(Howrigan et al., 2011). The following parameters and thresholds were applied to define the
ROH segment: (i) a minimum length of 1 Mb, (i1) a minimum of 50 SNPs, (iii) a minimum
density of one SNP per 100 kb, (iv) a maximum of one heterozygous call within an ROH,
(v) a maximum gap of 1000 kb between consecutive SNPs, and (vi) scanning window of 50
SNPs, with a maximum of one heterozygote per window. Obtained ROH were further
classified into five categories based on their lengths: (i) 1-2 Mb, (ii) 2-4 Mb, (ii1) 4-8 Mb,

(iv) 8-16 Mb, and (v) > 16 Mb.

To analyze the overall distribution of ROH in the population, the mean number of ROH per
individual, the mean total length of ROH per individual, and the Fron for each individual
were estimated. Fron was calculated following the method proposed by McQuillan et al.

(2008):

YLROH
~ LAUTO’

Frou:

where LROH is the total length of an individual’s ROH and LAUTO is the total length of
the autosomal genome covered by SNPs. Based on the distribution of five different lengths
of ROH (i) 1- 2 Mb, (ii) 2 - 4 Mb, (iii) 4 - 8 Mb, (iv) 8 - 16 Mb, and (v) > 16 Mb), Fron was
estimated (FroH 1-2 Mb, FROH 2-4 Mb, FROH 4-8 Mb, FROH 8-16 Mb, @and Frown > 16 b, respectively) for

each individual.

5.2.4 GENOMIC INBREEDING BASED ON EXCESS OF HOMOZYGOSITY (Fraom)
The second method to estimate inbreeding was based on the genome-wide excess of
homozygosity (From). FrHom was calculated in PLINK v1.09 (Purcell et al., 2007) and is the
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moment estimator based on the expected and observed individual homozygosity (Purcell et

al., 2007; Alemu et al., 2021). It was calculated using the following formula:

O-E

FroM = ——
HOM = T

where, O, and E are the number of observed and expected homozygotes, respectively

(Zhang et al., 2015).

5.2.5 PEDIGREE BASED INBREEDING MEASURE (Fpep)
The CFC 1.0 (Coancestry, Inbreeding (F) and Contribution) software (Sargolzaei et al.,
2006) was used to estimate Fpep by analyzing the pedigree information. Pearson's
correlation was used to assess the strength and direction of relationship between Fron, From,
and Fpep. Additionally, the correlations between Fruowm, and Fpep, were calculated for five
different lengths of Fron. The correlation coefficients were calculated in R software version

4.2.0 (R Core Team, 2022).

5.3. RESULTS

5.3.1 CHARACTERISTICS OF RUNS OF HOMOZYGOSITY
The number and average length of ROH per individual are one of the most important
characteristics of the ROH structure. Irrespective of the length, ROH was identified in all
individuals. The mean (+SD) number of ROH per individual was 149.61(%13.82). Similarly,
on average (£SD), 4.74 (£4.63) Mb of ROH was present across individuals. The longest
segment of ROH was 88.58 Mb. Among the five classes of ROH, (Table 5.1) the smallest

segment (1-2 Mb), was found in 20.41% of the total ROH length and segments with the
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length greater than 16 Mb, covered only 2.69% of the total ROH length. Similarly, ROH of
the length 2- 4 Mb was the most abundant throughout the genome (40.30%). Shorter ROH
fragments (ROH 12 b and ROH 2.4 mp) accounted for almost 60% and medium ROH (ROH
4-sMb and ROH s.16 mv) covered approximately 35% (Table 5.1) of all ROH detected. Figure
5.1 displays the variation in the number of segments that made up the total length of the
genomic regions covered by ROH in individuals (each dot represents an individual), despite
these regions being the same length. As shown in Table 5.2, out of the total ROH (204,539),
the highest number of ROH was found on chromosome 1 (16.63%), followed by
chromosomes 3 (13.99%), 6 (13.34%), 4 (12.65%), and 2 (12.28%). However, the lowest
number of ROH was found on chromosomes 8 and 9 (Table 5.2). The chromosome-wise
distribution of ROH also revealed that all chromosomes had fewer percentages of long
stretches (> 16 Mb) of homozygous regions compared to smaller segments (ROH 1.2 m» and
ROH 2.4 mp). The percentage of chromosomes covered by ROH is demonstrated in Figure
5.2 and 5.3, which shows an uneven distribution of ROH. The highest genomic coverage by
ROH was found on chromosome 10 (9.12%), while the lowest coverage was on

chromosome 7 (1.75%).

5.3.2 INBREEDING COEFFICIENTS
The distributions of three inbreeding coefficients (Fron, Fnom, and Fpep) are shown in Figure
5.4. The average Fron was 0.28 and the values ranged from 0.12 to 0.57. Similarly, the
average inbreeding coefficient of genomic estimates of excess of homozygosity (Faom) was
-0.03 and ranged from -0.28 to 0.31. The pedigree-based estimates (Fpep) ranged from 0 to

0.39 with a mean value of 0.02. The descriptive statistics of inbreeding coefficients along
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with the number of individuals based on five different lengths of Fron, Fron, Fuom, and

Fpep are summarized in Table 5.3.

5.3.3 PEARSON CORRELATIONS AMONG INBREEDING COEFFICIENTS
The pairwise correlations among Fron, Fuom, Frep, and different lengths of Frou are
presented in Table 5.4. The highest correlation was observed between Fron, and Frowm (0.72).
The lowest and insignificant correlation (P>0.05) was found between small-length Fron
(Frow 1-2 Mb, FrOH 2-4 Mb) With both Fpep and Faom. The correlation between different lengths
of Fron with Fpep ranged from -0.08 to 0.35. Similarly, the correlation between different
lengths of Fron with Faom ranged from -0.002 to 0.43. It was revealed that the correlation
among all inbreeding measures increased with the increasing length of ROH. Interestingly,

the correlation of Fpep with both genomic estimators of inbreeding was found to be 0.34.

5.4 DISCUSSION

ROH was identified in the genome of American mink and classified based on the length
into five classes of 1-2 Mb, 2-4 Mb, 4-8 Mb, 8-16 Mb, and >16 Mb. We observed a higher
number of shorter segments (1-4 Mb) in the genome, which accounted for 60.71% of all
ROH. On the other hand, longer fragments greater than 16 Mb were fewer in number
(2.69%). It is evident that short ROH reflects ancient parental relatedness (Szpiech et al.,
2013; Liu et al., 2022). The highest prevalent of short ROH in the present study correlates
with current working mechanism of the farm where mating between related individuals is
seldom practiced resulting in considerably less related sires and dams in the population.

Similarly, the more common the shorter fragments are, it is more likely that inbreeding
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events happened in the population generations ago showcasing the demographic history of
the given population (Goszczynski et al., 2018). Moreover, the decline in effective
population size was suspected to have happened 100—200 years ago corresponding to the

rough period where wild mink were domesticated (Hu et al., 2023).

Nevertheless, inbreeding in ancient parents might not be the sole reason for the highest
number of small ROH. A great deal of shorter ROH detected in this study could also be
explained by the high degree of LD (Ferencakovi¢ et al., 2013; Marras et al., 2015). In
American mink, high level of LD (average r* in the range of 0.37 to 0.40) was observed
between adjacent markers (Hu et al., 2023). It is important to consider that short ROH (less
than 4 Mb), must be interpreted cautiously as they might not be directly related to
autozygosity (Ferencakovi¢ et al., 2013). Interestingly, the increase in homozygosity
among individuals can also be a result of selection (Forutan et al., 2018). Furthermore,
demographic events such as population bottleneck, and genetic drift might also result in

long stretches of homozygous segments in the genome (Gorssen et al., 2021).

The long stretches of homozygous segments were randomly distributed throughout the
chromosome in this study. Among all 14 chromosomes, the highest ROH is found in
chromosome 1. It is understandable as chromosome 1 is the longest chromosome (317.07
Mb) in American mink (Karimi et al., 2022). The distribution of ROH irrespective of the
length was found to be highest in chromosomes 1, 2, 3, 4, 6, and 11. The LD for these
chromosomes was reported to be more than 0.30 (Hu et al., 2023). This might be because
frequent ROH are often due to high LD (Mamun et al., 2015) as the limited recombination

results into extended regions of homozygosity (Bosse et al., 2012).
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The genomic regions harboring high frequencies of ROH, are known as “ROH islands”
(Curik et al., 2014; Beishova et al., 2022). These islands might foster genes that are
associated with economically important traits that have been selected intensely during
breeding (Ospina et al., 2022). Higher number of ROH on chromosomes 1, 2, 3, 4, 6, and
11 indicate that these regions might harbor important genes of American mink as human
and livestock population studies have revealed the existence of principal genes in genomic
regions with high ROH (Kim et al., 2013; Cardoso, et al., 2020; Beishova et al., 2022).
However, the identification of candidate genes within ROH islands has yet to be performed

in American mink.

Limited literature is available regarding inbreeding level in American mink population. In
Danish farm mink, the pedigree-based inbreeding was estimated to be in the range of 0.01
to 0.52 (Demontis et al., 2011). Our observation for average Fron, From, and Fpep was 0.28
and -0.03, and 0.02 respectively. Karimi et al. (2021) discovered an average of 0.13 and
0.15 for Fron and Fuom in the American mink population, respectively. These observations
were contradicting to our findings which is likely explained by a difference in sample size,
methodology to detect ROH, HOM, and the filtration used for genotyping. Most
importantly, it is important to consider that inbreeding level is greatly dependent on the
breeding programs opted for by the farm (selection and mating strategies) and population
size (Kokko and Ots, 2006; Duthie and Reid, 2016). The negative value of Faom denotes
that an individual’s average homozygosity is lower than the population's predicted
homozygosity under HWE (Wang, 2014; Xu et al., 2021). Additionally, the negative value
indicates that inbreeding has been successfully avoided by the farm (Curik et al., 2014;

Karimi et al., 2020). This is true because the CFFAR's inbreeding rate has consistently
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been less than 3% on average over the years. The main cause of this is the adoption of
"ZOOEASY" software (version 13.05), which allows for the selection of appropriate sires
and dams based on the degree of their relationships obtained from their pedigree

information.

The relationship among inbreeding coefficients revealed that the correlation among
genomic inbreeding coefficients (Fron and Fuom) was higher (0.72) compared to the
pedigree-based (Fron and Fprep, From and Fpep) estimator (0.34). Similar results were also
observed by Karimi et al. (2021), where the correlation of Fron with Fanom was 0.85, and
0.47 between Fron and Fpep. Moderate correlations between Fpep and genomic inbreeding
coefficients (Fpep and Fron) observed in our study could be attributed to the immense
difference in the distribution of inbreeding predicted by pedigree versus genomic data
(Table 5.3). The low correlation in our study was in agreement with a similar correlation
(0.30) observed between Fpep and Fron in cattle (Hernandez et al., 2021) and 0.31 for
purebred line C in turkey (Adams et al., 2021). In contrast, a high correlation of 0.82 was
observed by Zhang et al. (2015). This might be due to the difference in population size,
parameters used to define ROH, and depth of the pedigree. The highest pairwise correlation
(0.72) among the different inbreeding coefficient estimates (Fron and Fuom) was in
accordance with other studies; 0.83 in sheep (Bérénos et al., 2016), and 0.95 in pig (Shi et
al., 2020). This might be because, the actual fraction of the genome that is homozygous
can be determined by directly measuring homozygosity (Shi et al., 2020; Karimi et al.,
2021). Similarly, with the increasing length of ROH, more homozygous genotypes are
observed. This might account for the increased correlation between Fron and Fuom with

the increasing length of ROH.
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The increasing correlation from -0.08 to 0.35 and -0.002 to 0.43 for both Fpep and From
respectively with the increasing lengths of ROH was observed in this study. Similar to our
observations, Hernandez et al. (2021) also observed a negative correlation of smaller Fron
lengths (Fron 1-2 Mb, Fron 2-4) with Fpep and Fraowm in the cattle population, attributing to the
fact that short ROH might not reflect the proportion of the genome that is IBD. As longer
ROH are considered to arise due to recent inbreeding, and Fpep are to give better of estimate
of recent inbreeding the correlation between long Fron and Fpep seems to be increased
(Doekes et al., 2019). In addition, we used pedigree information from 16 generations which
aided in the increased correlation between Fpep and Fron of the longest length. This finding
has also been reported in dairy cattle where the correlation between Fpep and Fron was
increased with the increased information of the ancestors (Purfield et al., 2012; Marras et

al., 2015).

Our main objective was to present genomic-based inbreeding work as a framework and
guidance for future studies regarding ROH in mink. Future studies involving larger
population would be highly valuable for advanced genomic studies in American mink.
Thus, the study of ROH is very broad as it gives valuable information not only about the
extent of the relationships among individuals but also about population history,
demographics, and the identification of candidate genes responsible for economically

important traits.
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5.5 CONCLUSION

ROH of five different lengths was estimated and inbreeding coefficients based on these
lengths were calculated in American mink population. Both long and short ROH lengths
were detected, however short fragments were higher in frequency. In addition to the ROH-
based inbreeding, the genomic inbreeding based on excess of homozygosity was estimated.
The correlation among the genomic estimates was higher than between genomic and
pedigree estimates. These results are the first to be found after the availability of
chromosome scale of genome assembly in American mink, providing an insight to the

genomic architecture of inbreeding.
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Table 5.1 Different lengths of runs of homozygosity (ROH) along with the percentage

covered of the total ROH length.

ROH length %

1-2 Mb 20.41
2-4 Mb 40.30
4-8 Mb 26.43
8-16 Mb 10.17
>16 Mb 2.69
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Table 5.2 Chromosome-wise distribution of runs of homozygosity (ROH).

Chromosome Length (Mb) ROH (%)
1 317.04 16.63
2 240.42 12.28
3 235.65 13.99
4 231.36 12.65
5 167.25 2.44
6 224.56 13.34
7 207.08 2.44
8 144.01 2.07
9 101.7 1.68
10 75.57 4.75
11 220.35 9.7
12 148.69 3.38
13 152.77 2.45
14 46.74 2.29

Total 100
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Table 5.3 Descriptive statistics of inbreeding coefficients based on runs of homozygosity

(Fron), excess of homozygosity (Fuom), pedigree (Fpep) and different lengths of ROH

Inbreeding estimates Mean Median Min Max Number
Fron 0.28 0.28 0.12 0.57 1,413
Fron 1-2 Mb 0.02 0.02 0.01 0.03 1,410
From 2-4 Mb 0.06 0.06 0.04 0.13 1,410
Frona-8 Mo 0.08 0.08 0.04 0.15 1,410
From 8-16 Mb 0.06 0.06 0 0.14 1,409
From>16 Mb 0.04 0.03 0.01 0.21 1,360
Friom -0.03 -0.03 -0.28 0.31 1,413
Frep 0.02 0.01 0 0.39 14,226
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Table 5.4 Pearson’s correlation coefficients among all inbreeding coefficients.

Frou Froni12mb  Fron2-4mb  Frou4-8 Mb Frous-16Mb  FroOH >16 Mb Fpep
FreD 0.34% -0.08 -0.02 0.14 * 0.27 * 0.35 *
From 0.72%* -0.002 -0.13 0.06* 0.23* 0.43* 0.34*
*P<0.05
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a) Inbreeding coefficient based on runs of homozygosity (Fron), b) Inbreeding coefficient
based on excess of homozygosity (Fuom), and c) Pedigree-derived inbreeding coefficient

(FreD),
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CHAPTER 6: GENERAL CONCLUSION, RECOMMENDATIONS AND
LIMITATIONS

6.1 GENERAL CONCLUSION

The overall aesthetic appearance, wide range of color variation, and excellent features such
as durability, softness, warmness, etc. is what makes the fur produced by American mink
one of the most desirable furs in the world. Coat color is one of the most important
characteristics of American mink that is why mink industry is highly driven by color. The
market of mink is dependent upon the demand as per the customer’s preference. Generally,
uniform coat colors are preferred. However, patterns and sometimes mixed colors are also
in demand. Moreover, breeders in the mink industry understand that color plays a crucial
role in determining the final value of the pelt. Thus, selecting parents as per the desired
coat color in offspring is given the utmost attention in mink breeding industries. If only
there were multiple studies where many variations of coat colors were extensively studied
to understand the color inheritance, it would have been immensely beneficial for the mink
industry. Thus, this gap is what we wanted to address through the first study of this thesis.
To understand color inheritance of four different color types (Dark, Pastel, Demi, and
Mahogany), pedigree information of 23,282 individuals were used. The findings of the first
study indicated that mating sire and dam of the same color yields offspring of the same
color more than 75% of the time. This phenomenon was observed in all four-color types.
Additionally, it was observed that to obtain the desired color in offspring, we can consider
using either sire or dam of the same color. This implies that the likelihood of producing the

expected coat color increases by selecting either of the parent with desired color type even
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if same color sire and dam are not available. Similarly, the understanding of color
inheritance also includes the determination of the allelic pair (homozygous or
heterozygous) responsible for color type. To test if the genes were homozygous or
heterozygous, two Mendelian ratios were tested. These ratios were 1:1 and 3:1, which are
expected ratios when the genotypes of the parents were considered to be Aa x aa and
Aa x Aa, respectively. The results shows that all four colors followed the expected 1:1 and
3:1 ratios suggesting that the color types were heterozygous and were produced as a result
of crossbreeding. This finding was further verified by further looking back at the pedigree
until four generation where the ancestors of almost all the color types were diverse and
only few individuals belonging to the Dark and Pastel color types had the same coat color
ancestors. The discovery of the results implies that color inheritance among the mink
population is highly consistent and predictable. Farmers can utilize this knowledge and
select sire and dam of particular color type as per the demand in the market and maintain
the desired coat color within the population thus, maximizing the value and profitability of

their mink production.

The importance of carefully crafted selection and mating strategy is not only limited to
color but also greatly reduces the mating between related individuals. Mating between
related individuals, commonly known as inbreeding, results in inbreeding depression
where the overall biological fitness of an animal is reduced. The harmful consequence of
inbreeding is largely known among all livestock producers. That is why avoiding
inbreeding is one of the major aspects of animal breeding programs. In contrast to other
livestock species, there is a notable scarcity on studies focused on investigating inbreeding

depression on fitness traits of American mink. Additionally, there have been few studies
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utilizing both pedigree and genomic information for estimating inbreeding in mink.

Addressing this existing gap is the objective of the second and third study of this thesis.

The pedigree information of 23,282 and genomic information of 1,413 individuals were
used to estimate pedigree-based inbreeding (Fpep) and two genomic based inbreeding
(Fron, Fruom) coefficients, respectively. Similarly, the reproductive records of 4,723 dams
were used to investigate the effect of Fpep on the reproductive traits. The traits were,
gestation length (GL), total born (TB), total kits alive after 24 hours of birth (LB), total kits
alive at weaning (LW), survival rate at birth (SB), survival rate at weaning (SW), average
kit weight per litter at birth (AWB) and average kit weight per litter at weaning (AWW).
Two different methodologies were employed to estimate inbreeding depression on
reproductive traits. Using the first method, where phenotypes were regressed on Fpep, it
was discovered that the regression coefficients were non-significant (P>0.05) with high
standard errors. Likewise, using the second method, it was observed that all the correlations
between Fpep and estimated breeding value (EBV) of the traits were significant (P<0.05)
but were small and ranged from -0.17 to 0.11. Furthermore, the average inbreeding
estimates were calculated as 0.28, -0.03, 0.02 for Fron, From, and Fpep, respectively. It was
revealed that ROH was randomly distributed, short ROH (1-4 Mb) were present in higher
frequency (60.71%) throughout the genome, and chromosome 1 had the highest number of
ROH. In total, 204,539 ROH were identified in the autosomal chromosomes where siding

window approach was used.

Based on the findings; a) higher number of short ROH, b) negative average Frowm, and c)
lower average Fpep, we implied that mating between genetically related individuals has

been successfully avoided by the farm. This is further backed up by the observations
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regarding inbreeding depression, where both methods showed no inbreeding depression

exists in the farm at the present.

Relying solely on phenotypes for selection and the absence of specific breeding program
is what makes the mink breeding prone to mating between related individuals and
consequently harmful effects on fitness traits. However, based on the observations of the
chapters 4 and 5, it is safe to say that the 3% threshold that the farm has been using was
effective where the mating between genetically related individuals is seldom practiced.
This is exemplary considering the farm because the CCFAR is a small-scale non-
commercial farm. The farm does not introduce new mink to the population frequently so
that the selection of individuals for breeding is performed from the same population. In
general, the current working mechanism of the farm is highly recommendable and can be
employed by any other livestock farms without any challenges. Most importantly, no
additional resources are required to adopt the practices. Therefore, by leveraging the
observations derived from this thesis, other farms can imitate the methodologies to improve
the production and achieve breeding goals while minimizing additional resource

requirements.

Overall, studying color inheritance, estimating inbreeding, and inbreeding depression gave
valuable and broader insights from transmission of coat color traits to understanding
inbreeding and its effects on the traits. We hope that these results empower both farmers
and future researchers to further expanse their efforts eventually leading to continuous
improvement and advancement of breeding practices eventually benefiting their respective

sectors.
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6.2 RECOMMENDATIONS

a) The coat colors in American mink are very diverse and has many variations. Since only
four-color types were studied in this thesis, further studies including diverse array of colors
is necessary which will result into more comprehensive understanding of coat color

inheritance in American mink.

b) Estimating inbreeding and inbreeding depression in this thesis was performed in a small
population and conclusions were derived based on the findings. However, a large
population or several populations with different management practices might also provide

a divergent prospective regarding inbreeding in American mink population.

c¢) The focus of this thesis was on reproductive traits. Reproductive traits are indeed one of
the most important traits but, it is also crucial to recognize the impact of inbreeding on
traits beyond reproduction. Additionally, all the traits in this thesis were from the earlier
stages of life. The extended scope to investigate inbreeding depression on later stage traits
such as fur quality, growth rate, longevity, disease resistance, sperm quality, quantity, feed

efficiency, environmental adaptation etc. can uncover more about the effects of inbreeding.

d) Finally, in this thesis pedigree derived inbreeding coefficient was used to estimate
inbreeding depression. However, utilizing genomic information to assess the impact of
inbreeding on principal traits of American mink could accurately determine the effects of

inbreeding and identify the potential markers involved in the effect.
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6.3 LIMITATIONS

a) In Chapter 3, we used pedigree records to categorize individuals based on color type.
Since color is objective, it is necessary to acknowledge that the human’s perception of color
might introduce variations. This subjectivity might lead to inconsistency while
categorizing an individual based on color. In contrast, using a spectrophotometer might
account for this variation which might result in accurate identification of individuals

depending on the color type.

b) In Chapter 4, avoiding mating of closely related individuals is one of the breeding
objectives of the farm, which might have played an obvious role in the absence of large
numbers of highly inbred individuals and the lack of inbreeding depression for
reproductive performances. The strategic selection of prospective sires and dams based on
the extent of relationship (not exceeding 3%) might have significantly reduced the negative

impacts of inbreeding in the studied population.

¢) In chapter 5, we had only 1,413 individuals with genotype information. The smaller
sample size might not accurately represent the overall distribution of ROH in the
population. A universal limitation across literatures where ROH is used is the lack of
consistency in the parameters defining ROH segments which makes comparison between
studies very difficult. Lastly, we genotyped 1,413 individuals using SNP chip which was
derived from the WGS of 100 individuals. These SNPs were selected from few individuals
so the resultant genotyped SNPs are not random SNPs. This phenomenon might lead to

bias as a result of using already confirmed SNPs commonly known as “ascertainment bias".
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