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Gene Mapping of Morphological Traits in Chickens
Jingyi Li
Abstract (Public)

Chickens, one of the major protein sources in diets for humans, have a long cultural,
sport and religious history since their initial domestication during the neolithic period.
Darwin wrote of the importance of variation, which today we see for example in size of
body, length of shank, number of toes, distribution of feathers, comb types, and plumage
color patterns resulting in a plethora of breeds of chickens that differ in appearance.
Some of these traits are “simply” inherited, which in the molecular era facilitates the
study of relationships between DNA sequences and phenotypes. This dissertation focuses
on identification of differences in DNA sequences among chickens responsible for these
“simply” inherited phenotypes. The 12 phenotypes that were studied included 6 plumage
color patterns (Pattern, Columbian, Melanotic, mottling, Blue, and chocolate), 2 forms of
feathered-legs, polydactyly, dark brown eggshell color, vulture hock, and creeper.
Designed were ten 3-generation populations to produce 1,880 chickens. An additional
339 DNA samples from other populations were included. Of the 12 phenotypes, 8
involved genotyping of pooled DNA samples, a cost-effective initial screen to target
DNA sequences. This was followed by genotyping individual samples in 5 of the more
promising studies. Candidate genes identified as associated with these 5 phenotypes
underwent further studies which identified differences in DNA sequences associated with
4 of them (mottling, feathered-leg, Blue, and chocolate). These findings provide insights

of how DNA sequences contribute to the phenotypic appearance of animals.
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Gene Mapping of Morphological Traits in Chickens
Jingyi Li
Abstract (Academic)

Chickens exhibit considerable variation in morphological traits, with some
populations having undergone intensive selection for uniqueness and uniformity. These
populations are a source of experimental material to study the genetics of morphological
traits. An important first step in such studies is to map the genes and the causal mutations
that influence these traits. This research focused on gene mapping of 12 morphological
traits including 4 intra-feather color patterns (Pattern, Columbian, Melanotic, and
mottling), 2 inter-feather color patterns (Blue and chocolate), 2 forms of feathered-legs,
polydactyly, dark brown eggshell color, vulture hock, and creeper. Ten backcross and/or
F, populations were designed to produce 1,880 individuals. An additional 339 DNA
samples from other populations were included. The procedures for gene mapping were: 1.
Pooling of DNA samples of backcross or F, individuals based on their shared phenotypes,
followed by microarray assays for genotyping, a cost-effective initial screen for the
candidate genomic regions, 2. Linkage mapping to narrow the range of candidate genes, 3.
Sequencing to identify the candidate mutations, 4. Diagnostic tests to confirm the
association between the candidate mutation and the phenotype. Of the 12 traits studied, 3
(mottling, Blue, and chocolate) made progress into step 4. Complexities due to genomic
context, modifiers, and environmental factors precluded step 4 for the first form of the
feathered-leg gene, step 3 for the mapping of Melanotic, and earlier stages for the
mapping of Pattern, Columbian, dark brown egg, vulture hock, and the second form of

feathered-leg. These findings provide insights of the complexity of how background
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genome can influence the phenotypic expression of single genes (gene X genetic
background interactions) and an understanding of cellular and molecular mechanisms

involved in morphogenesis.
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Chapter 1
Introduction and literature review

Introduction

Morphogenesis, defined as structural changes observed during embryogenesis (Bard,
1990), involves the responsible cellular and molecular mechanisms (Yu et al., 2002).
Mapping of genes and the causal mutations that influence morphological traits are
important first steps in understanding these mechanisms. They, in turn, can trigger the
discovery of principles in morphology and thus have broad applications. Via phenotypic
selection, favorable genes that contribute to the fine details of the different morphological
traits are assumed to be fixed in backyard poultry flocks which exhibit a large variety of
inter-feather patterns, intra-feather patterns, and other morphological traits. Populations
of chickens varying in plumage patterns were established to provide a range of
experimental material for study. My dissertation focuses on mapping of 12 genes or loci
associated with morphological traits in chickens. They include genes or loci for 6
plumage color patterns, 2 feathered-legs genes, 1 each for polydactyly, dark brown egg,
vulture hock, and creeper. Plumage color patterns are reviewed in this chapter; other

traits are reviewed in Chapters 7, 8, and 11.

Literature review of plumage color patterns
Plumage color patterns are examples of morphological diversity (Prum and
Williamson, 2002). While chickens only deposit melanin (eumelanin and pheomelanin)

into feathers (Smyth, 1990), other avian species also deposit carotene into feathers



(Delhey et al., 2010). Thus, the mechanisms of feather color pattern formation are less
complex in chickens than they are in some other avian species.
Inter-feather patterns

Inter-feather or primary feather patterns are color patterns that involve all feather
tracts of the chicken. The color patterns include mapped genes such as extended black (E),
dominant white (/), recessive white (c), and silver (S). The causal mutations of these 4
genes primarily influence melanin production within the melanosomes (Kerje et al., 2003,
2004; Chang et al., 2006; Gunnarsson et al., 2007). Melanosomes are lysosome-related
organelles in melanocytes in which melanin pigments are synthesized and stored
(Loubéry et al., 2012). There are 2 major steps in the development of melanosomes. First,
from undifferentiated vesicles an immature and unpigmented premelanosome is formed
(stage 1), followed by elongation and formation of internal fibrils (stage II). Then, there is
the maturation of premelanosomes through synthesis of melanin with deposition on the
internal fibrils (stage III), which become heavily pigmented melanocytes (stage IV) (Chi
et al., 2006). Mature melanosomes containing melanin are transported through the
microtubule network to the periphery of the cell where they are transferred to
keratinocytes (Delevoye et al., 2011).

Baxter et al. (2009) has reviewed several genes. They include Microphthalmia-
Associated Transcription Factor (MITF), Paired Box Gene 3 (PAX3), and the SRY-box
containing gene 10 (SOX10), which are 3 transcription factors with central roles in the
main pathways and mechanisms involved in melanocyte development. MITF has been
termed the “melanocyte master regulator” and is required for melanocyte differentiation

and survival because it activates transcription of most of the melanogenic proteins. PAX3



is responsible for the early development of myoblasts and maintaining melanocyte stem
cells as well as serving as an upstream activator of MITF. SOX10 regulates specification
of melanocytes. It strongly activates MITF, acts synergistically with PAX3, and also
regulates expression of other melanogenic proteins.

Among those melanogenic proteins, we have a relatively better understanding of the
roles of melanocortin 1 receptor (MC1R), premelanosome protein (PMEL), tyrosinase
(TYR), tyrosinase-related-protein 1 (TYRP1), TYRP2 (also known as dopachrome
tautomerase, DCT), and solute carrier family 45, member 2, protein (SLC45A2). MCIR,
a transmembrane receptor expressed on the membrane of melanocytes, is equivalent to
the extended black (E) locus controlling plumage color in chickens (Kerje et al., 2003).
Alleles of the E locus (E, EX, ", ", ¢°, &', " and ¢”) can influence variation in inter-
and intra-feather patterns. Although the MCIR gene is relatively short and has only one
exon, there are abundant polymorphisms. Because none of those mutations has complete
association with the E locus (Kerje et al., 2003; Guo et al., 2010; Davila et al., 2014),
each mutation on the MCIR gene may affect pigmentation dependent on other mutations,
or on the genetic background specific to the breed of chicken. The binding of a-
melanocyte stimulating hormone (a-MSH) to MCI1R results in an induction of TYR and
increased eumelanin synthesis (Kerje et al., 2003), while the binding of Agouti signaling
protein (ASIP) to MC1R stimulates pheomelanin synthesis and inhibits eumelanin
synthesis as well as melanocyte differentiation (Oribe et al., 2012). Lin et al. (2013)
studied the formation of 3 other intra-feather patterns, namely arrays of offset dots,
spangling, and single lacing. They observed undifferentiated melanocytes present in

apigmented regions. The modulator, which is responsible for the undifferentiation, might



be secreted from adjacent mesenchyme. They suggested ASIP as one such modulator, so
that MC1R may be involved in formation of those intra-feather patterns.

A type I integral membrane protein, PMEL (also known as PMEL17), facilitates a
crucial role in the premelanosomes for the normal development of eumelanosomes by
restructuring stage I melanosomes into elongated and fibrillar structured stage I1
melanosomes (Kerje et al., 2004). In this way, eumelanosomes are elliptical and highly
structured, thus allowing melanin to be deposited in an orderly fashion. Without the
activity of PMEL, eumelanosomes are poorer in internal vesicles than pheomelanosomes,
which is opposite from the normal situation (Lamoreux et al., 1995). This alternation of
eumelanosome structure, however, has only a subtle effect on visible pigmentation
(Hellstrom et al., 2011). In contrast, insertions or deletions of several amino acids in the
PMEL transmembrane region are associated with dominant white, dun, and smoky color
variants in chickens (Kerje et al., 2004).

TYR is a membrane protein integrated on the stage I premelanosomes (Chang et al.,
2006). Highly activated TYR will recruit TYRP1 and TYRP2 to form the TYRP complex,
which is necessary for eumelanogenesis. The initial step in melanogenesis is to transform
tyrosine to dopaquinone via TYR. Dopaquinone can be transferred into pheomelanins
after several chemical reactions. It also can become eumelanin: either when dopachrome
is converted into 5, 6-dihydroxyindole (DHI) then complex quinone through the TYRP1
enzyme or when converted into DHI-2-carboxylic acid (DHICA) by TYRP2 and forms a
complex quinone which is catalyzed by TYRP1. The complex quinone is then
polymerized into eumelanin (Hearing, 2011). Neither TYRP1 nor TYRP2 are expressed

in cells producing pheomelanin and the TYRP complex is not formed on



pheomelanosomes (Lamoreux et al., 1995). Although TYR has a key role in both
eumelanogenesis and pheomelanogenesis, reduced tyrosinase activity affects
pheomelanogenesis more than eumelanogenesis (Lamoreux et al., 2001). Mutations on
the TYR gene have strong negative effects on pigmentation in chickens, i.e. albino
(Tobita-Teramoto et al., 2000) and recessive white (Chang et al., 2006).

SLC45A2, previously denoted as membrane-associated transporter protein (MATP),
acts as a sodium-proton exchanger located on the membrane of melanosomes, which
together with other exchangers regulates pH inside melanosomes (Ito and Wakamatsu,
2011). SLC45A2 may have the same mechanism as sucrose transporters in plants which
utilize the proton gradient to transport sucrose into the cytoplasm (Meyer et al., 2011).
Active SLC45A2 can increase intramelanosomal pH which is critical for TYR activity
and/or TYRP complex formation (Bin et al., 2015). Deletion of one nucleotide (106delT)
on the SLC45A42 gene results in a frameshift and a premature stop codon. This recessive
null mutation can be the causal mutation of sex-linked imperfect albinism in chickens
(Gunnarsson et al., 2007). Two other non-synonymous mutations (Tyr277Cys and
Leu347Met) were also associated with the silver phenotype in chickens (Gunnarsson et
al., 2007). This phenotype can be used in sex identification of chicks at hatch because
SLC45A42 is located on the Z chromosome.

Intra-feather patterns

Intra-feather or secondary feather patterns are color patterns that appear on

individual feathers (Figure 1.1). Only a few of the intra-feather pattern genes (e.g. sex-

linked barring and dark brown) have been mapped in chickens. Hypothetically, both of



these causal mutations affect the development and change the cell fate of melanocytes
(Hellstrom et al., 2010; Gunnarsson et al., 2011).

Barring is a pattern that consists of horizontal white and black bars on a single
feather vane, and its inheritance can be either autosomal or sex-linked (Hutt, 1949). In
sex-linked barring, premature melanocyte cell differentiation in the lower bulge of the
growing feather follicle leads to the formation of white bars lacking melanocytes on the
feather vane. Then, new melanocytes are recruited from stem cells to produce melanin
and form the next black bar. The results of such fluctuating distribution of melanocytes
cause the periodically striped pigment distribution on the feather vane, which results in
visible horizontal black and white barring (Lin et al., 2013). The progenitor distribution
pattern in the lower bulge may be caused by gain-of-function alterations in the cyclin-
dependent kinase inhibitor 2A/B (CDKN2A/B) tumor suppressor locus, because linkage
mapping has shown that CDKN2A/B is the sex-linked barring gene (Hellstrom et al.,
2010). Although sex-linked barring is probably the most studied intra-feather pattern in
chickens, additional research is necessary to unravel the mechanisms of intra-feather
pattern formation. Part of this reasoning is that while a single gene controls sex-linked
barring (B), expression of most other intra-feather patterns involve multiple genes and
can be affected by modifier genes.

Dark brown (Db), one of the genes involved in intra-feather pattern traits in chickens,
restricts eumelanin distribution and enhances expression of pheomelanin in certain parts
of the plumage (Moore et al., 1978). In this way, the dark brown mutation mainly affects
inter-feather patterns and it is associated with the SOX170 gene (Gunnarsson et al., 2011),

which should influence the inter-feather patterns reviewed above. However, the Db



mutation is also necessary for single lacing and spangling (two intra-feather patterns, that
will be reviewed in Chapter 4), together with pattern (Pg), columbian (Co), and melanotic
(MI) (Carefoot, 1986, 1992). Information is lacking on how changes in SOX10 expression
influence the distribution of plumage pigments in all feather tracts and also within the
vane of a single feather. The identification of genes or loci in charge of Pg, Co, and Ml
should further our understanding of how they interact during intra-feather pattern
formation.

Other pigmentation processes that may relate to both inter- and intra- feather pattern
formation include melanocyte migration and transferring of melanosomes from
melanocytes into feather keratinocytes. Melanocytes are differentiated from melanoblasts
which migrate dorsolaterally from the neural crest to their destination, which in the case
of feather pigmentation, are the feather follicles in the dermal tracts (Reedy et al., 1998).
Several mechanisms guarantee that melanoblasts migrate dorsolaterally: ephrin and its
receptor ephrin receptor B2 (EPHB2); Slit-family proteins (Slits) and its receptor
Roundaboutl (Robol), Robo2; endothelin3 (ET3) and its receptor endothelin receptor B
subtype 2 (EDNRB2). The expression of ephrin, Slits, and ET3 in the posterior of
somites and in the dorsolateral pathway excludes nonmelanoblast neural crest cells. That
these three receptors are expressed only in melanoblasts not only allows melanoblasts to
survive in ephrin, Slits, and ET3, but to act as chemoattractants to migrate dorsolaterally
(Harris and Erickson, 2007; Harris et al., 2008). Other factors present in the
dorsolaterally pathway that restrict the migration of nonmelanoblasts include spondins,
chondroitin sulfate proteoglycans, and PNA-binding molecules (Jia et al., 2005).

Kinoshita et al. (2014) presented strong evidence that the Arg332His substitution in the



EDNRB? gene was responsible for mottling (mo), an intra-feather pattern seen in some
Japanese breeds of chickens. This supports the thesis that the EDNRB?2 receptor is not
only important for melanoblast migration, but also for melanocyte differentiation and
proliferation even within the feather follicle and probably finally contributes to the
formation of intra-feather patterns. Other genes involved in melanocyte migration,
differentiation, and proliferation, such as EDNRBZ2, may be considered as candidate genes
for feather pigment pattern formations.

The distribution of pigments in feathers can also be regulated by (1) ability of
melanocyte translocations to locate matured melanosomes peripherally, (2) keratinocyte
phagocytic ability to transfer melanosomes from their neighboring melanocytes, and (3)
distribution and degradation of the transferred melanosomes by the recipient keratinocyte.
The first step is accomplished by melanocyte cytoskeletal elements, microfilaments, and
microtubules; and is regulated primarily by a-MSH (Boissy, 2003). A triprotein complex,
composed of a member of the RAS oncogene family (Rab27a), melanophilin (MLPH),
and myosin VA (MYOVA), is necessary to anchor melanosomes to the actin
cytoskeleton and thus facilitates their transport within the melanocyte (Nascimento et al.,
2003). Protease-activated receptor-2 (PAR-2) is located on the membrane of
keratinocytes and its activation results in increased phagocytic activity of keratinocytes
towards melanosomes. Keratinocyte growth factor and its receptor (KGF-KGFR)
signaling pathway are well-known factors that regulate keratinocytes’ phagocytosis via
an actin-dependent mechanism (Cardinali et al., 2008). Inside keratinocytes, the
translocation of melanosomes is also mediated by cytoskeletal elements and microtubule-

associated motor proteins. During translocation, melanosomes may be degraded by



keratinocytes using hydrolytic enzymes (Boissy, 2003). Any modifications that occur
during these processes may alter the distribution of pigments in the feather vane and
contribute to intra-feather pattern formations (Prum and Williamson, 2002). For example,
in chickens a single nucleotide mutation found in the MLPH gene is responsible for a
diluted pigmentation phenotype named lavender.

It is evident that there is considerable variation in plumage color patterns in chickens.
These morphological differences have fascinated poultry fanciers and breeders for
thousands of years. It is only during recent decades that the mechanistic respects could be
addressed via molecular methodology. In my dissertation, mapping populations were
formed using backcross and F, matings in an effort to discover the mechanisms of
morphological procedures. The next chapter describes the mating designs that were

employed and results are presented in Chapters 3 - 11.



Tables and figures

]

Stippling Pencilling Spangling Mottling Single Double Autosomal
Lacing Lacing Barring

Figure 1.1. Examples of intra-feather patterns. All feathers are breast feathers from hens.
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Chapter 2
General materials and methods

Animals

Procedures for this study were approved by the Institutional Animal Care and Use
Committee at Virginia Tech. Six mapping populations were constructed to map the 8
genes shown in Table 2.1. Each mapping population (Cross_1, Cross_2, ... Cross_6)
consisted of 2 parental populations (Fy), 1 crossbred population (F,), 1 back cross and/or
1 F, population. In either the back cross or F, population for each mapping population,
the objective was that phenotypic segregation would allow classification into groups
based on their shared phenotypes. In addition, samples of 315 chickens from 85 different
breeds and lines (Table 2.2) were used to measure associations between candidate
mutations and phenotypes. Among them, samples of 57 chickens from 23 different stocks
and populations of experimental lines were selected (Table 2.3) for individual

genotyping using 600K SNP arrays. Blood samples were collected at 4 weeks of age.

Genotyping of DNA pools

After isolation of DNA from blood (following Qiagen, Puregene Tissue Core Kit B,
DNA Isolation Protocol for Avian Blood, with minor modifications) for each individual,
23 samples of pooled DNA were constructed (Table 2.4). Each individual contributed
250 ng of DNA to a pool sample which was composed of all the DNA samples extracted
from individuals within a group. Genotyping of a group was via high-density 600K
chicken SNP genotyping array (by Affymetrix, 560,086 SNPs in total, used in Chapters

3,4, 5, and 10) or high-density 60K SNP Illumina iSelect chicken array (57,636 SNPs in
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total, used in Chapters 6, 7, 8, and 9). These arrays had an intensity reading for the 2
alleles (X and Y) at each SNP. The relative allelic frequencies (RAF) at each SNP for
each DNA pool were calculated as X / (X +Y), where X and Y represent the intensity
signals at the SNP's 2 alleles. An absolute RAF difference (absRAFdif) was calculated
for each SNP between the RAFs of 2 DNA pools (Wells et al., 2012) and the absRAFdif

values were plotted against the SNP genomic locations (see details in Table 2.4).

Linkage mapping and diagnostic test

Estimated allele frequencies from microarrays using pooled samples are arbitrary
because of microarray-based and pool-construction errors (Macgregor, 2007). Linkage
mapping was therefore necessary to refine the localization of the target gene, especially
when the absRAFdif plotting showed significant peak regions which contained multiple
candidate genes. Thus, the linkage mappings described in Chapters 5, 6, 7, 8, and 9
involved genotyping each individual in a population via the Kompetitive allele-specific
PCR assay (KASP) developed by LGC Genomics (Beverly, MA, USA;
www.lgcgenomics.com) (Semagn et al., 2014). From the markers involved in the SNP
chips used in this project, SNPs for linkage mapping were chosen from the genomic
regions either within or flanking the absRAFdif peak which had relatively high
absRAFdif values. Individual genotyping using KASP was also a procedure used to
detect SNPs found in the MCIR gene for data reported in Chapters 3 and 4. The KASP
assays were conducted with a mix of 2.5 ul of KASP V4.0 2X Mastermix (LGC

Genomics, Beverly, MA, US; www.lgcgenomics.com), 1.5 ul PCR grade water, 1 pl

DNA (50 ng/ul), and 0.07 pl of primers mix (12 pM each of allele-specific primer,
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carrying standard FAM or HEX compatible tails, and 32 uM of allele-flanking primer).
Amplifications using 2 protocols were carried out on Bio-Rad C1000 Touch™ Thermal
Cycler. The fluorescent signal was detected by a CFX384 Touch™ Real-Time PCR
Detection System. PCR amplification protocol 1 (KASP-1) began at 94 °C for 15 min, 10
cycles of 94 °C for 20 s and 61 °C (-0.6 °C/cycle) for 1 min each, followed by 26 cycles
of 94 °C for 20 s and 55 °C for 1 min each. KASP-2 began with 94 °C for 15 min, 10
cycles of 94 °C for 20 s and 66 °C (-0.6 °C/cycle) for 1 min each, followed by 26 cycles
of 94 °C for 20 s and 57 °C for 1 min each. KASP-3 began with 94 °C for 15 min, 10
cycles of 94 °C for 20 s and 58 °C (-0.6°C/cycle) for 1 min each, followed by 26 cycles
of 94 °C for 20 s and 52 °C for 1 min each. All 3 protocols ended with an endpoint
fluorescence reading after 37 °C for 1 min. Readings were analyzed by Bio-Rad CFX
Manager™ Software. Genotyping results for each sample were validated by at least 2
amplification runs. Details for these KASP assays are presented in Table 2.5. Pedigree
and genotyping information from the linkage mapping results were input into CRIMAP
software for analysis (Green et al., 1990) and genetic distances between each SNP and
the target gene were calculated.

The candidate mutations reported in Chapters 6 and 8 were also genotyped via the
same KASP assay. The samples were obtained from 310 chickens from 84 stocks and

experimental lines.

Individual genotyping using 600K SNP array

Most of the 57 individuals selected for individual genotyping using the 600K SNP

array had inferred genotypes of feather pattern, polydactyly, or feathered leg genes based
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on their phenotypes and breeds (Table 2.3). Each individual sample was genotyped via a
high-density 600K chicken SNP genotyping array. Results from each SNP for each
individual was either AA, AB, BB (3 genotypes), or No Call. All results were analyzed
using PLINK 1.07 software (Purcell et al., 2007; Author: Shaun Purcell; URL:

http://pngu.mgh.harvard.edu/purcell/plink/ ). There were 3 criteria for quality control:

excluding individuals with a call rate lower than 90% (PLINK commands, similarly
hereinafter: --mind 0.1), excluding SNPs with a call rate lower than 90% (--geno 0.1),
and excluding SNP with a minimal allele frequency less than 0.05 (--maf 0.05). After
quality control, 6 models were used for association analysis: Association (--assoc), Fisher
exact (--fisher), Cochran-Armitage Trend (--mode), Dominance (--model --fisher),
Genotypic (--model --fisher), and Recessive (--model --fisher). For each model, a p-value
was generated for each SNP to indicate the association between this SNP and the inferred
genotypes within all involved individuals. All p-values were —log transformed and plotted

against the SNP genomic locations.

PCR and sequencing

Polymerase chain reactions (PCR): 1 Blue and 1 Black Sumatra, 1 Blue and 1 Black
Ameraucana, 1 Black Langshan, and 1 splash phenotype chickens were used to sequence
MITF; 4 Chocolate Wyandottes and 4 Black Langshans were used to sequence TYRPI; 4
Mottled Houdans, 2 Mille Fleurs, and 3 Black Langshans were used to sequence
EDNRBZ2; 7 B (Wild-type) chickens (See Table 2.1), 16 Partridge Plymouth Rocks, 16
Silver Spangled Hamburgs, and 16 Silver Sebrights were used to sequence MCIR.

According to the MITF, TYRPI, EDNRB2, and MCIR DNA sequences of chicken
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(GenBank accession numbers NC 006099.3, NC _006127.3, NC_006091.3, and
NC _006098.3, respectively), 24 pairs of primers were designed by the Primer3Plus

webtool (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi), to amplify

and Sanger sequence the exons and UTR regions of chicken MITF, TYRP1, EDNRB2,
and MCIR. Sequences of the primers are shown in Table 2.6. The KAPA2G Robust
HotStart PCR system (Kapa Biosystems) was used with 1X KAPA2G GC Buffer, 0.2
mM dNTPs, 0.2 mM of each primer, 0.4 U of KAPA2G Robust HotStart DNA
Polymerase, and 50 ng of DNA in a total volume of 10 pl. A touchdown thermal cycling
protocol was used for all the PCR of 95 °C for 5 min, 16 cycles of 95 °C for 30 s, 68 °C
(-1.0 °C/cycle) for 30 s, and 72 °C for 30 s (60 s for reactions amplifying products longer
than 1 kb) each, followed by 24 cycles of 95 °C for 30 s, 52 °C for 30 s, and 72 °C for 30
s (60 s for reactions amplifying products longer than 1 kb) each. Amplifications were
carried out on a Bio-Rad C1000 Touch™ Thermal Cycler. PCR products were assessed
by agarose gel electrophoresis.

Sequencing: PCR products were purified before sending to the Biocomplexity
Institute at Virginia Tech for Sanger sequencing. Purifications were done with 1X
Exonuclease I Buffer, 2 U of Exonuclease, 0.08 U of Alkaline Phosphatase, and 5.82 pl
of PCR product in a total volume of 20 pl. A