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Whole-genome selective sweep analyses identifies the region and candidate
gene associated with white earlobe color in Mediterranean chickens
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ABSTRACT We compared the genomes of multiple
domestic chicken breeds with red and white earlobes
to identify the differentiated regions between groups
of breeds differing in earlobe color. This was done
using a selective sweep mapping approach based on
whole-genome sequence data. The most significant
selective sweep was identified on chromosome 11,
where the white earlobe chicken breeds originated
from Mediterranean share a common haplotype, and
where multiple candidate genes are located. The most
plausible functional candidate gene is the Melanocor-
tin 1 Receptor (MC1R), a receptor known to regulate
pigmentation in the skin and hair, and it is also the

gene with the strongest positional support from the
haplotype-based analyses. It, however, still needs to be
explored experimentally to identify effects also on
chicken earlobe color variation. Our study is the first
exploration of the genetic basis of white earlobe color
in Mediterranean chickens using a selective sweep
mapping method based on whole-genome sequencing
data and shows its value for identifying likely func-
tional genes mediating the pigmentation in earlobe. It
also indicates a potential novel role of MCIR in birds
and exemplifies how selection on fancy traits has
influenced the genome during formation of the modern
chicken breeds.
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INTRODUCTION

The earlobe is a tissue on the face of chicken located
next to the ear. Chicken breeders have selected popula-
tions based on color of this morphologic character, like
for comb and feather color, often making it one of the
breed defining traits. Across breeds, it however displays
many different color and size variations resulting from
the long-term selection on these earlobe traits. Cur-
rently, the most common colors in the world-wide
domestic populations are red and white while other col-
ors including yellow, turquoise, purple-blackish exist but
in a smaller number of breeds. For some breeds the color
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of eggshell has been identical with the color of earlobe,
but there is no genetic relationship between the color of
earlobe and eggshell. Few studies exist on the inheri-
tance of earlobe color, but its genetic basis has been
reported to be complex and earlier studies have reported
different patterns of association in different breeds
(Wragg et al., 2012; Nie et al., 2016). Sex-linked domi-
nant inheritance has been observed in some studies
(Wragg et al., 2012; Nie et al., 2016), whereas other
studies have reported that white earlobe color in breeds
like leghorn is mainly autosomally inherited with at least
2 contributing loci (Warren, 1928).

Using genetic mapping, many loci contributing to
trait variations have been identified in the last 20 yr
(Kijas et al., 1998; Mundy, 2005; Gunnarsson et al.,
2007; Guo et al., 2016). For instance, studies of pigmen-
tation have successfully identified many genes with key
roles in determining the color of, for example, the coat
(Dunn, 1922; Kijas et al., 1998; Kerje et al., 2004), skin
(Vage and Boman, 2010; Dorshorst et al., 2011), and
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eggshell (Wang et al., 2013; Chen et al., 2020) in ani-
mals. Most of these studies have used genome wide asso-
ciation and linkage mapping analyses. Recently, high-
density genotyping and whole-genome sequencing analy-
ses have provided new opportunities to screen for selec-
tion signals across the genome and these have been
widely used in population genomic studies to pin-point
signals that in many cases overlap with known causal
gene regions (Qanbari et al., 2019; Guo et al., 2021).
These results have thus on one side validated the likely
contributions of variants identified in earlier mapping to
selection responses in populations and further showed
its potential as a powerful approach to unravel the
genetic basis of selected traits.

This study aims to identify the genetic basis for the
white earlobe color variations in the Mediterranean-origin
chicken including White Leghorn and Black Minorca
using a selective sweep based mapping method. By con-
trasting whole-genome sequence data from multiple red
and above 2 white earlobe breeds highlighted multiple
putative signals of selection in the genome. One promis-
ing functional candidate pigmentation gene is located in
the most strongly selected region, suggesting its potential
involvement in the regulation of white earlobe coloration.

MATERIALS AND METHODS
Sample Information

In total, 14 chicken populations were included in this
study, 13 domestic breeds and the Red Junglefowl. All
samples were whole-genome sequenced and the details of
how this was done are available in our previous studies
(Guo et al., 2019, 2021). Among the 14 analyzed popula-
tions, 55 chickens were from the White Leghorn
(n = 41) and Black Minorca (n = 14) breeds having
white earlobes. In total, 219 chickens with red earlobes
were included from 11 breeds: Black Cochin (n = 10),
Buff Cochin (n = 9), Partridge Cochin (n = 4), Domi-
nique (n = 10), Langshan (n = 32), LangshanUS
(n = 10), Light Brahma (n = 21), Liyang (n = 32),
Recessive White (n = 32), and 2 White Plymouth Rock
(n = 59) derived selection lines (the Virginia low- and
high-weight selected lines; LWS and HWS). All sam-
ples were sequenced individually. The average genomic
coverage for the sequence data is 8.

Population Comparisons

The population difference was compared based on
allele frequency differences between the white
(Mbreeds = 2) and red (npeeqs = 11) earlobe groups using
VCFtools (Danecek et al., 2011). The statistics used to
compare the populations were the fixation index (Fy),
Pi-diversity, Tajima’s D and the allele frequency. The
window size for the whole-genome Fst calculations was
20 kb. For the regional analyses with Pi-diversity and
Tajima’s D, a window size of 5 kb was used to acquire
higher resolution in the target region.

Selection signatures were also sought on all chromo-
somes using the haplotype-based approach implemented
in HapFLK (Fariello et al., 2013). Red Junglefow] was
used as the outgroup. The hapFLK scores were calcu-
lated for each population and whole-genome P values
were calculated and plotted in R (R Core Team, 2013).
The haplotype cluster frequencies for the most signifi-
cant region on chromosome 11 were calculated and
plotted using R.

Variant Screening in Candidate Selective
Sweep Regions

Putative causal variants were evaluated in the candi-
date region on chromosome 11 by filtering the 66,111
SNPs identified in the whole-genome sequencing based
on the allele frequency in the groups of breeds with white
and red earlobes. Only SNPs with allele frequency above
0.95 in 1 group, and below 0.05 in the other were kept.
The results were shown in Table S1. Structural varia-
tions scanning using the bam files from chromosome 11
was done using the Breakdancer (Fan et al., 2014) with
the options “-a-q 20 -r 6.”

RESULTS

We estimated the genomic divergence, and screened
for signals of selection, between red and white
earlobe chicken populations using multiple analytical
approaches. The results from these are presented in the
sections below.

Estimating Population Divergence by the
Fixation Index (Fs)

The fixation index (Fy) was estimated between red
(nbreeds = 115 NMindividuals = 55) and white (nbreeds =2
Tindividuals — DD) earlobe chickens using available whole-
genome sequencing data. Undersampling here was
implied to reduce the size by randomly selecting equal
number chickens from each red earlobe population. The
strongest Fg; signal was observed on Chromosome 11
(Figure 1) where the 2 White Plymouth Rock derived
selection lines (the Virginia LWS and HWS lines) and
white earlobe chickens displayed a high degree of
fixation.

A Haplotype-Based Selective Sweep
Analysis Identifies a Strong Selective Sweep
on Chromosome 11

A selective sweep analysis using a haplotype-based
method (Fariello et al., 2013) was also performed based
on all available individuals from the red (npreeqs = 11;
Nindividuals — 219) and white (nbrocds = 2; Mindividuals = 55)
populations. And the results showed a strong selection
signal on chromosome 11 (Figure 2). We then further
looked into the most strongly associated region on
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Figure 1. Estimated genome-wide divergence between red and white earlobe chicken breeds. The genome-wide divergence was estimated as Fst
in whole-genome sequence data between red (n = 55) and white earlobe (n = 55) chickens. The horizontal golden dashed line is the 97.5th percentile.
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Figure 2. Whole-genome selection scan using the haplotype-based method hapFLK. The x-axis represents the position on the genome, while the
y-axis represents the —logl0(P value). A fixed P value threshold of 1 x 107 is utilized to identify loci with strong associations.
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Figure 3. Region on chromosome 11 with the strongest selection signal in the genome-wide analyses. The Y-axis represents the Fst (A), Pi (B),
the —log10(P value) from the HapFLK analysis (C) and Tajima’s D (D) in chickens with red and white earlobe color. The X-axis gives the location
on chromosome 11 in Mb.
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chromosome 11 (Figure 3A), where the highest peak is
located around 19 Mb. Two genes, SPG7 and MCIR,
are located in this region and both overlap with the high-
est signal in the Fst, and the HapFLK, analyses
(Figure 3C). MCIR is known to control hair color
(Valverde et al., 1995; Raimondi et al., 2008) in humans
and coat/plumage color in animals (Kijas et al., 1998;
Kerje et al., 2003; Mundy, 2005).

The Same Candidate Region on
Chromosome 11 Supported Also by
Analyses Using Tajima’s D and Pi

Selection in the population was further explored via a
measure of nucleotide diversity in the populations (Pi)
and an index based on difference of the genetic diversity
(Tajima’s D). These analyses were performed to explore
the robustness of the selection signals to the assumption
of the analyses and provide further insights to the geno-
mic basis of the selection signals in the genome related
to the selection for earlobe color. To this end, the allele
frequency changes, nucleotide diversity, and Tajima’s D
was evaluated for the candidate regions on chromosome
11 (Suppl. Figure 1, Figure 3B and D), and chromosome
4 (Suppl. Figure 2). The lack of Pi diversity and lower
values (<0) of Tajima’s D at the target locus around
19 Mb in the white earlobe chicken breeds suggests a
selective sweep there. A comparison of the differences
between the Fst, HapFLK, Pi and Tajima’s D between
red and white earlobe color chickens on chromosome 4
around the 72 Mb region was also performed. Here, the
signal appears driven by fixation in the red earlobe
breeds (Suppl. Figure 2C). However, the selection signa-
ture is not as strong as on chromosome 11 and there is
no clear evidence of haplotype selection around the same
region.

Haplotype Divergence Among Red and White
Earlobe Breeds in the Selected Chromosome
11 Region

The haplotype-based selection analysis identified a
slightly different shape of the peak than the Fst analysis
(Figure 3A and C). The haplotype analysis method
screened for selection signals among all included popula-
tions without dividing them into red and white earlobe
breeds. Thus, further analyses of the haplotypes in this
region within and across the populations would help
clarifying the basis for the detected selection signal at
the haplotype level. As illustrated in Figure 4, one major
haplotype (Figure 4, red color) was only detected and
present at high frequencies in the 2 white earlobe breeds
White Leghorn and Black Minorca, suggesting a selec-
tive sweep around the MC1R gene region. In the SPG7
gene region, 2 haplotypes (Figure 4, green and dark
green) were at high frequency in the 2 white earlobe
breeds, but were also present in red earlobe breeds
including the Dominique and the White Plymouth Rock
derived HWS and LWS selection lines. This haplotype

distribution among the breeds suggests the MCIR gene
as the main positional candidate for the earlobe color.

Screening the Suggested Selective Sweep
Region on Chromosome 11 for Positional
Candidate Causal Variants

The candidate selective sweep region on chromosome
11 was screened for putative functional variants that
might cause the red to white earlobe color change.
In total, 66,111 SNPs were detected in this region
(18,000,048—-20,218,607 bp). Of these, 4 SNP alleles
were found to be near fixation (derived allele frequency
>95%) in the 2 white earlobe breeds while at very low
frequencies (derived allele frequency <5%) in the red ear-
lobe breeds (Table S1). None of the SNPs was found to
be near fixation in red while presenting low derived allele
frequency in the white. A screen for structural variants
was performed using Breakdancer (Fan et al., 2014), but
none of those detected were unique to either of the 2
color groups.

DISCUSSION

Extensive variation exists for coat, plumage and skin
color among breeds of domestic animals. This makes
them useful models to study the effects of individual
and combinations of genes on pigmentation within and
across species. Many contributing genes, and causal
mutations in these, have been discovered making use of
the recent innovations in both whole-genome sequencing
and bioinformatics. One of the central pigmentation
genes is MC1R, which controls coat color in dog (Ander-
son et al., 2020), pig (Kijas et al., 1998), sheep (Klung-
land et al., 1999), horse (Marklund et al., 1996), as well
as the feather color in chicken (Kerje et al., 2003), Japa-
nese quail (Nadeau et al., 2006), and Eleonora’s falcon
(Gangoso et al., 2011).

Most domestic breeds of chicken have red earlobes,
while white earlobes are found in some breeds including
those with Mediterranean origin. One reason for this
divergence in color is that the trait has been selected by
breeders to give particular breeds a distinct appearance.
The coloring/no-color distinction in the earlobe is often
consistent with the coloring/no-color feature of the egg
shell, but no evidence has yet been provided to show
that these 2 characters are genetically linked (Warren,
1928). The co-occurrences of these 2 color-related traits
might therefore be more related to the origin of the
breeds (Warren, 1928).

Previous studies have explored the genetics of earlobe
color in several breeds. In the Rhode Island Red, it was
reported to be a polygenic and sex-linked trait in GWAS
using a 600K SNP-chip (Luo et al., 2018). In the Qin-
gyuan Partridge chicken, multiple associations were
detected both on the autosomes, and the Z chromosome,
using a Reduced-Representation Genome Sequencing
approach (Nie et al., 2016). No overlapping loci, genes
or variants were detected in these studies, which might
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Figure 4. Haplotype cluster frequencies in the selective sweep peak region on chromosome 11. The x-axis provides the chromosomal location and
the y-axis the frequency (0—1) of each haplotype cluster. The 2 breeds that have white earlobe are listed on the top. The region of gene SPG7 is
pointed by the orange bar while the location of MC1R gene is pointed by pink bar.

be due to i) there being different causal variants in the
breeds (Warren, 1928), i) mutations in different genes/
pathways might lead to the trait or iii) that the density
and information of the genetic markers were too low in
the previous studies to explore the key loci in sufficient
detail.

Here, we aimed to explore the genetic basis of earlobe
color variation by comparing the full extent of genetic
variation between white earlobe breeds of Mediterranean
origin with multiple other red earlobe breeds. Previous
research utilizing a cross between White Leghorn and
Jersey Black Giant breeds suggested that the primary

factors influencing earlobe color are located on autoso-
mal chromosomes (Warren, 1928). Therefore, our study
solely focused on analyzing the autosomal chromosomes
to elucidate the genetic basis of earlobe color variation.
The selective sweep mapping approach used in the cur-
rent study is conceptually different from the genome-
wide association approach taken in the earlier studies
mentioned above (Nie et al., 2016; Luo et al., 2018).
Putative selected regions were here identified as those
that were highly divergent between the evaluated
breeds, accounting for the population structure by
combining multiple breeds with different origins, but
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with similar earlobe colors, in 2 groups, and then using
different population-genetic approaches to manage and
compare the genomic structures among the populations.
A strong signal, that was stable in most analyses, was
found in a region on chromosome 11. There, white and
red earlobe breeds were highly differentiated, but despite
this no obvious causative mutation was detected in the
target region or genes. Two candidate functional genes
(Figure 3), SPG7 and MC1R, overlap the peak. Genetic
variation in SPG7 has been reported be associated with
hereditary spastic paraplegia in human (Sanchez-Ferrero
et al., 2013) while no studies have linked it with pigmen-
tation. For MC1R, a well-known connection with colora-
tion has been established in many studies in animals
(Kijas et al., 1998; Everts et al., 2000; Kerje et al., 2003;
Mundy, 2005). Our results indicate that MC1R is also a
key gene for regulating chicken earlobe color.

A second putative selective sweep was detected on
chromosome 4 (Suppl. Figure 2) and this overlapped
with a weakly associated region reported in previous
study (Wragg et al., 2012). In that study 10 white vs. 47
red earlobe chickens were contrasted by using genotypes
obtained from the 60K SNP array analyzed for a sliding
window size of 20 kb. Few SNP markers (n = 1,649)
located on chromosome 11 were present on that 60K
SNP array with no markers located on/near MCIR and
only 3 close to SPG7. Hence, discovering the selection
signal is likely to have been more difficult using such a
sparse SNP dataset. In the putative sweep region on
chromosome 4, the selective sweep is due to fixation in
many of the red earlobe breeds (Suppl. Figure 2), sup-
ported by the low Tajima’s D and high Fst detected at
around 71.8 Mb on this chromosome. In a 1 Mb region
surrounding this selection signal (70.8—72.8 Mb), there
is only 1 well-annotated protein coding gene (PCDH?7),
which has no known function related to pigmentation.

CONCLUSIONS

Herein, to detect selection signatures for earlobe color
in the domestic chicken, we used whole-genome sequenc-
ing to perform a selective sweep mapping analysis. A
robust signal was detected on chromosome 11 in Medi-
terranean-origin breeds, overlapping the key pigmenta-
tion gene MC1R, making this gene a key candidate for
regulating pigmentation of the chicken earlobe.
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