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Background: Coat color is important for registration and maintenance of livestock. Standard coat color of Kuma-
moto sub-breed of Japanese Brown cattle is solid brown, but individuals with diluted coat color have been observed
recently. In this study, we attempted to identify polymorphism(s) responsible for coat color dilution by whole genome

Results: One of the diluted cattle possessed 7302 exonic polymorphisms which could affect genes'function. Among
them, 14 polymorphisms in 10 coat color-related genes were assumed to be specific for the diluted cattle. Subse-
guent genotyping with three diluted cattle and 74 standard cattle elucidated that PMEL p.Leu18del was the causative
polymorphism for coat color dilution in this sub-breed. Individuals with del/del type of this polymorphism showed
diluted coat color, but coat color of heterozygotes were intermediate with various dilution rates.

Conclusions: Coat color dilution of Kumamoto sub-breed was caused by PMEL p.Leu18del. The causative del allele
has been detected in several genetically distant cattle breeds, suggesting that PMEL p.Leu18del can be used as a DNA
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Background

Coat color is important for registration of livestock and
this phenotype is artificially controlled. Japanese Brown
cattle, one of Wagyu breeds, is divided into two sub-
breeds, Kumamoto and Kochi sub-breeds. Although coat
colors of both sub-breeds are brown as their names rep-
resent, their patterns are slightly different. Coat color of
Kumamoto sub-breed is solid brown, while extremities
of Kochi sub-breed are black [1, 2]. However, individuals
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with diluted, white coat color in Kumamoto sub-breed
have been found recently. Abnormal coat colors prevent
from registration; coat color dilution in Kumamoto sub-
breed has a negative influence on their characteristics.
Therefore, identifying the responsible polymorphism(s)
for coat color dilution of this sub-breed is required.
Plural genes have been reported to produce white
coat color. These genes are involved in various phenom-
ena such as melanin synthesis, melanosome transport,
and melanocyte development and differentiation [3].
For example, mutations in TYR (Tyrosinase) gene and
its related genes can stop melanin synthesis, leading
to diluted coat color called albinism in various species
[4-7]. Genes associating with protein-actin complexes
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controlling melanocyte transport are other candidates
for coat color dilution. Mutations in Miph (Melanophi-
lin), MyoSa (Myosin VA), and Rab27a (RAB27A, Mem-
ber RAS oncogene family) show diluted phenotype in
dogs, mice, and humans, respectively [8-10]. MITF
(Microphthalmia-associated transcription factor) is a
transcription factor that regulates coat color-related
genes, which mutations have also been shown to cause
coat color dilution in mice and horses [11, 12]. In cat-
tle, two polymorphisms (p.Leul8del and p.Gly22Arg)
in PMEL (Pre-melanosome protein) gene, associat-
ing with melanin deposition, have been identified as
candidate polymorphisms responsible for coat color
dilution (OMIA001545-9913). Because of the large
number of gene types involved in this phenotype, whole-
genome analysis was considered to identify candidate
genes responsible for coat color dilution in Kumamoto
sub-breed.

In this study, we conducted whole-genome analy-
sis by next-generation sequencing in order to elucidate
the responsible polymorphism(s) for coat color dilution
in Kumamoto sub-breed of Japanese Brown cattle. This
analysis was conducted under the hypothesis that the
coat color dilution in Kumamoto sub-breed might be
inherited recessively, due to relatively low frequency of
diluted cattle. Subsequently, effects of candidate poly-
morphisms on coat color were analyzed by genotyping.
The polymorphism identified in this study can be used as
a DNA marker to control cattle coat color.

Results

Whole genome sequencing

The whole genome sequencing identified 21,409 poly-
morphisms in exonic regions of the diluted cattle.
Among them, 7302 polymorphisms (6930 missense
mutations, 326 frameshift mutations, and 46 nonsense
mutations) were predicted to harm genes’ function.
Sixty-six of them might affect coat color, according
to “Color Genes” [13, 14] and “The Colors of Mice: A
Model Genetic Network” [15].

The diluted cattle possessed 28 homozygous coat
color-related polymorphisms, and, among them, 14 poly-
morphisms in 10 genes were assumed to be the diluted
cattle-specific (Table S1). We regarded the polymor-
phisms in USP13 (Ubiquitin-Specific Protease 13), LYST
(Lysosomal Trafficking Regulator), and PMEL genes
as candidates for coat color dilution (Table 1). LUSP13
gene encodes a deubiquitinating enzyme that regulates
MITF stability, one of the responsible factors for coat
color dilution [11, 12, 18]. LYST gene is the responsible
for Chediak-Higashi syndrome, an autosomal recessive
bleeding disorder with coat color dilution in Japanese
Black cattle, and Arg allele of p.His2015Arg leads its
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Table 1 Coat color-related genes with diluted cattle-specific
DNA polymorphisms identified by whole-genome analysis

BTA  Gene Phenotype of mutation mouse References

1 SOX2 Yellow coat color [16,17]
USPI13 MITF abnormality? 18]

3 LMXTA White belt, white spot coat color [19]
DOCK7 white spot coat color [20]

5 KRT75 Irregular aggregation of pigments [21]
PMEL Diluted coat color [22]

24 SMCHD1 Yellow coat color 23]

28 LYST Diluted coat color [24]

X GPC3 White spotting, belly spot coat color  [25]
NDP hyperpigmentation of the retinal pig-  [26]

ment epithelium

onset [27]. Mutations in PMEL gene have been reported
to cause coat color dilution in various species [28]. In
cattle, p.Leul8del and p.Gly22Arg, have been suggested
to cause coat color dilution [29, 30]. Therefore, poly-
morphisms in these genes (USP13 p.MetlVal, PMEL
p.Leul8del, p.Gly22Arg, p.Ser36Leu, p.Ala612Glu, and
LYST p.His2015Arg, p.Ala2575Val), were selected for
subsequent analysis.

Identification of the responsible polymorphism for coat
color dilution

To confirm specificity of the polymorphisms, genotyp-
ing with three diluted cattle and 74 standard cattle was
performed. This genotyping excluded USPI3 and LYST
genes from the candidates (Table 2). The genotypes of
USP13 p.MetlVal and LYST p.Ala2575Val were differ-
ent among the diluted cattle. Although the diluted cattle
had His/His type of LYST p.His2015Arg commonly, this
genotype does not cause coat color dilution [27]. Addi-
tionally, two cattle with standard coat color were Arg/Arg
type, suggesting that this polymorphism might not dilute
coat color of Kumamoto sub-breed.

All the diluted cattle possessed same genotypes of the
polymorphisms in PMEL gene. While parts of standard
cattle had the same genotypes of p.Gly22Arg, p.Ser36Leu,
and p.Ala612Glu with the diluted cattle, the del/del type
of p.Leul8del was detected only in the diluted cattle. This
data strongly suggested PMEL p.Leul8del was the causa-
tive of coat color dilution in Kumamoto sub-breed of Jap-
anese Brown cattle (Table 2).

Coat color dilution and PMEL p.Leu18del

To analyze the effect of PMEL p.Leul8del on coat color,
genotyping was conducted with 21 individuals of Kuma-
moto sub-breed, containing four diluted individuals, in
Aso Farm. In this family, all the individuals with diluted
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Table 2 Genotypes of candidate polymorphisms for coat color
dilution in Kumamoto sub-breed of Japanese Brown cattle

Polymorphism Genotype Diluted Standard
(n = 3) (n = 74)
USP13 p.Met1Val Met/Met - 39
Met/Val 2 26
Val/Vval 1 9
PMEL p.Leu18del Leu/Leu - 65
Leu/del - 9
del/del 3 -
p.Gly22Arg Gly/Gly 3 39
Gly/Arg - 18
Arg/Arg - 17
p.Ser36Leu Ser/Ser - 21
Ser/Leu - 39
Leu/Leu 3 14
p.Ala612Glu Ala/Ala - 12
Ala/Glu - 44
Glu/Glu 3 18
LYST p.His2015Arg His/His 3 67
His/Arg - 5
Arg/Arg - 2
p.Ala2575Val Ala/Ala 1 44
Ala/Val 2 11
Val/Val - 19

coat color were del/del type (Fig. S1). Although individu-
als with standard coat color had Leu/Leu or Leu/del type,
coat colors of heterozygotes were intermediate with vari-
ous dilution rates, suggesting this phenotype is inherited
in an incomplete manner (Fig. 1). Although p.Leul8del
is suggested to cause hypotrichosis, hereditary hair loss,
in Hereford and Holstein-Friesian crossbreeds [31], such
the phenotype was not observed in the individuals with
del/del type in Kumamoto sub-breed.

Discussion

The current study identified PMEL p.Leul8del as the
responsible mutation for coat color dilution in Kuma-
moto sub-breed of Japanese Brown cattle. This gene
encodes a pre-melanosome protein to form amyloid fib-
ers which function as scaffolds in melanin deposition
[32]. PMEL protein is first translocated to endoplasmic
reticulum and then undergoes multiple modifications to
form amyloid fibrils [33]. PMEL p.Leul8del was identi-
fied in the signal peptide domain, essential for translo-
cation, suggesting that amyloid fibrils formation might
be disrupted in the diluted cattle, because del/del type
of PMEL protein could not translocate to endoplasmic
reticulum. In fact, DSPP (Dentin Sialophosphoprotein)
p-Tyr6Asp in the signal peptide region abolishes the
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signal peptide function, and prevents DSPP protein from
entering endoplasmic reticulum, resulting in dentin dys-
plasia [34].

Mutations in the signal peptide domain of bovine
PMEL gene have been reported to dilute coat color in
several cattle breeds. The del allele of p.Leul8del has
been reported as the polymorphism causing coat color
dilution in Highland and Galloway cattle [29]. Artificially
del allele introduced Holstein-Friesian cattle have also
shown coat color dilution [35]. p.Gly22Arg is another
polymorphism identified in the signal peptide domain,
which was suggested to be involved in coat color dilution
of Charolais and Holstein-Friesian crossbred cattle [30].
Although the Arg allele has been reported to dilute coat
color, our results indicated that this polymorphism was
not involved in the diluted phenotype of Kumamoto sub-
breed, because individuals with standard coat color pos-
sessed Arg/Arg type.

In mice, PMEL gene is responsible for deposition of
brown or black eumelanin, not yellow or red pheomela-
nin [22]. Brown, standard coat color of Kumamoto
sub-breed is derived from the genotype of MCIR (Mel-
anocortin 1 receptor) gene, which encodes a receptor for
a-melanocyte-stimulating hormone to determine which
pigment is produced. Individuals in this sub-breed pos-
sess e allele (deficient type) of MCIR ¢.310G>- and/or
A allele of c.871G > A, both of which are suggested to be
loss-of-function mutations to predominantly produce
pheomelanin [36]. Although PMEL gene does not regu-
late pheomelanin synthesis [22], our data showed that
the PMEL abnormality might cause coat color dilution
of this sub-breed in a dose-dependent manner. That’s
maybe because MCIR deficiency does not stop eumela-
nin synthesis completely; coat of cattle with e/e type of
¢.310G > - contains a small amount of eumelanin [37].
Therefore, decrease of eumelanin ratio caused by the
PMEL polymorphism might dilute coat color of Kuma-
moto sub-breed.

Kumamoto sub-breed of Japanese Brown cattle was
developed by crossing with imported cattle (mainly
Simmental cattle) [38], suggesting del allele of PMEL
p.Leul8del was derived from these imported breeds.
Actually, the intensity of coat color in Fleckvieh cattle,
developed from Simmental cattle, is controlled by the
genome region around the PMEL gene [39], although
the responsible polymorphism is not elucidated. On the
other hand, the del allele was detected in Highland, Gal-
loway, and cross-breed of Hereford and Holstein-Friesian
cattle [29, 31]. Because Highland and Galloway cattle are
Scottish origin, they might share the del allele from their
ancestor. However, analysis with 19 microsatellite mark-
ers revealed that the genetic distance among Hereford,
Highland, Simmental, and Holstein-Friesian cattle is not
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Fig. 1 Coat color of Kumamoto sub-breed of Japanese Brown cattle and PMEL p.Leu18del. A Standard coat color of Kumamoto sub-breed is solid
brown, although individuals with abnormal, diluted coat color appear occasionally. BPMEL p.Leu18del could explain this phenotype. Individuals
with Leu/Leu type showed standard coat color, while del/del cattle diluted one. Coat colors of heterozygotes were intermediate with various
dilution rates, suggesting this phenotype is inherited in an incomplete fashion

close [40]. This data suggests that the del allele of PMEL
p-Leul8del occurred in the common ancestors of these
cattle and that this allele may be present in various cat-
tle breeds. Therefore, PMEL p.Leul8del can be used as a
DNA marker to control cattle coat color.

Conclusion

The del/del type of PMEL p.Leul8del diluted coat color
of Kumamoto sub-breed of Japanese Brown cattle. Coat
color of heterozygotes was intermediate with various
dilution rates, suggesting this phenotype might be inher-
ited in an incomplete manner. Because the del allele of
p-Leul8del has been detected in genetically distant cattle
breeds, this polymorphism can be used as a DNA marker
to control cattle coat color.

Materials and methods

Animals

The genomic DNA samples used in this study were
extracted from each bovine tissue using the standard phe-
nol-chloroform method. One of three diluted individuals
in Japanese Brown cattle, bred in Kumamoto Prefectural
Agricultural Research Center and Kumamoto Prefectural
Agricultural University, was chosen for whole-genome

analysis. To identify the diluted cattle-specific polymor-
phisms, we also analyze two groups of cattle with stand-
ard coat colors, pooled samples of five Japanese Brown
cattle and five Japanese Black cattle. These cattle were
selected considering consanguinity. Genomic DNA sam-
ples for this experiment were derived from meat which
commercially purchased from Toyozumi shokuniku, a
meat store in Kumamoto Prefecture.

Subsequently, we genotyped candidate polymorphisms
(USP13 p.MetlVal, PMEL p.Leul8del, p.Gly22Arg,
p.Ser36Leu, p.Ala612Glu, and LYST p.His2015Arg,
p.-Ala2575Val) for coat color dilution with the three
diluted cattle. These polymorphisms were selected
according to previous studies [18, 22, 24]. As negative
controls, genotypes of 74 Japanese Brown cattle with
standard coat color were analyzed, bred in Kumamoto
Station of National Livestock Breeding Center. Genomic
DNA samples of these 74 cattle were derived from blood.
Animal handling was performed under the guideline
of animal experiments in National Livestock Breeding
Center [41].

In Aso Farm of Tokai University, 21 Japanese Brown
cattle containing four diluted individuals were reared.
These cattle were offspring of two sires. To analyze the
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Table 3 Primer sequences and restriction enzymes for genotyping
Polymorphism Sequence (5’ — 3/) Tm (°c)® Enzyme Size (bp)
PMEL F: GGAAGGAAGAACAGGATGGATCT 55 Mboll Leu: 108,40, 18
p.Leul18del R: TAGGGAGAGAAAAACCAGAGCAG del: 146,18
p.Gly22Arg Fr ACTGTCAATGAGTAGCAGGATGTC 60 Sfel Gly: 244,190
R: TGCACCCAAATCTTCATGTG Arg: 434
p.Ser3éLeu F: AAGCCACAACTACCTGAC 60 AT Ser: 492
R: TAGGCCCATCATTGCTGAC Leu: 266, 226
p.Ala612Glu F: AGCCAGGATCAAGACCAAG 60 Bipl Ala: 319, 144
R: GATAGCTGTTAAGTAAGTGG Glu: 463
LYST F: GAAAATTACAGCAGAAGTCCTTGG 60 Fokl His: 66, 42
p.His2015Arg R: TGACAAACATAAGTATTAGTAGGAGG Arg: 108
p.Ala2575Val F: TACAGATTCACTTCAGTCGCCTGCT?® 60 Fun4HI Ala: 184, 24
R: TCTTGGAGGAAAATCTTCTCAAACACTAT Val: 208
USPI13 F-1st: TCGCCATTGGATTAAAAATAGCAGCGT 1st: 65 Eagl Met: 268, 65
p.Met1Val R-1st TACCGGGGAGTCGTAGGAGAAGG 2nd: 60 Val: 149, 132, 65

F-2nd: CAGCGTCCCCTTCACCAG
R-2nd ACTCGTTCTTGTAGACCCTG

F, R-1stand F, R-2nd: 1st and 2nd primer set for nested PCR

2 Underline indicates a mismatch nucleotide to introduce Fun4HI recognition site into the PCR product

® Annealing temperature for PCR reaction

effect of the most promising candidate polymorphism on
coat color, genotyping with these cattle was performed.
Blood samples of these cattle were collected for DNA
extraction with the approval (#191051) from Institutional
Animal Care and Use Committee at Tokai University.
Sperm samples of the two sires were provided by Kuma-
moto Prefectural Agricultural Research Center. Experi-
mental design was summarized in Table S2.

Whole genome sequencing

The TruSeq DNA PCR-Free kit (Illumina, San Diego,
CA) was used to prepare the libraries, and whole genome
sequencing was performed using Novaseq6000 (Illu-
mina) by 150bp paired-end reads according to the manu-
facturer’s workflow. Sequencing data was converted into
raw data for the analysis. The Illumina sequencer gener-
ated raw images utilizing sequencing control software
for system control and base calling through an integrated
primary analysis software called Real Time Analysis. The
base calls binary was converted into FASTQ utilizing
illumina package bcl2fastq. The FASTQ was trimmed,
mapped, and deduplicated by Trimmomatic-0.38 [42],
bwa Version: 0.7.12-r1039 and deduplicated by pic-
ard-tools-1.48/MarkDuplicates.jar, respectively. Indel-
Realigner, BaseRecalibrator, HaplotypeCaller, and
VariantFiltration by GenomeAnalysis TK-3.5 [43] were
used for realignment, recalibration, mutation call, and
mutation filtering. Annovar version.2.30 [44] was used
to add mutation annotation. The realignment referred
to ARS-UCDI1.2 (GCA_002263795.2) as a reference
sequence of bovine genome.

Genotyping

Genotyping for the polymorphisms identified in USP13,
PMEL, and LYST genes was performed by PCR-RFLP
method. PMEL p.Gly22Arg and LYST His2015Arg were
genotyped by the methods that other groups devel-
oped [27, 30]. The primer sets to amplify the regions
including the USP13 p.MetlVal, PMEL p.Leul8del,
p-Ser36Leu, p.Ala612Glu and LYST p.Ala2575Val were
designed based on the reference sequences (GenBank
NC_037328.1, NC_037332.1, and NC_037355.1, respec-
tively) by Oligo7 (Molecular Biology Insights, Vondel-
park, CO). To genotype the polymorphisms in PMEL and
LYST genes, Go-Taq® (Promega Corporation, Madison,
WI) was used as the PCR enzyme and PCR was per-
formed with the following conditions: 35 cycles at 95°C
for 30sec, annealing temperature for 30sec, and 72°C for
30sec. For USPI3 genotyping, Q5 High-Fidelity DNA
polymerase (New England BioLabs, Ipswich, MA) was
used. To amplify this region, nested-PCR method was
applied. The 1st and 2nd PCRs were performed under the
following conditions: 35 cycles at 98°C for 30sec, anneal-
ing temperature for 10sec, 72°C for 30sec. Subsequent
restriction enzyme reactions were performed at 37°C for
1h. All restriction enzymes were purchased from New
England Biolabs. Detailed information of genotyping was
listed in Table 3.

Abbreviations

TYR: Tyrosinase; Mlph: Melanophilin; Myo5a: Myosin VA; Rab27a: RAB27A,
Member RAS oncogene family; MITF: Microphthalmia-associated tran-
scription factor; USP13: Ubiquitin-Specific Protease 13; LYST: Lysosomal
Trafficking Regulator; PMEL: Pre-melanosome protein; DSPP: Dentin
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Sialophosphoprotein; MC1R: Melanocortin 1 receptor; JBr: Japanese Brown
cattle; JBI: Japanese Black cattle.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-022-08916-8.

Additional file 1: Table S1. DNA polymorphisms in coat color-related
genes identified by whole genome sequencing. Table S2. Number of
animals used in each experiment.

Additional file 2: Fig. S1. PMEL p.Leu18del is responsible for coat color
dilution in Kumamoto sub-breed of Japanese Brown cattle.

Acknowledgements

We thank Dr. Kazuhiko Imakawa at the Research Institute of Agriculture at
Tokai University for providing many, useful advice. We are grateful for the tech-
nical support provided by Support Center for Medical Research and Education
in Tokai University.

Authors’ contributions

SK coordinated the project, performed whole genome sequencing, analyzed
the data and wrote the manuscript. TH performed DNA extraction and
genotyping, and analyzed the data. TK, KK, SM, KS and KY performed animal
handling and sample collection. Sl supervised the whole genome sequencing
and revised the manuscript. AK and Tl supervised the project and revised the
manuscript. HM conceptualized the study, supervised the project and revised
the manuscript. All authors read, edited, and approved the final manuscript.

Funding
Part of this study was conducted with financial support from Research Insti-
tute of Agriculture in Tokai University.

Availability of data and materials

The datasets generated and/or analyzed during the current study are avail-
able in the DNA Data Bank of Japan (DDBJ) and European Variation Archive
(EVA) repository. Their accession numbers are DRR397986-DRR397988 and
PRJEB52445, respectively.

Declarations

Ethics approval and consent to participate

Our study was carried out in compliance with the ARRIVE guidelines, and any
anesthesia or euthanizing agent was not used in our study. All experimental
animal procedures complied with the animal management and welfare
regulations approved by the Institutional Animal Care and Use Committee of
Tokai University. This study was approved by the Institutional Animal Care and
Use Committee of Tokai University.

Consent for publication
Not applicable.

Competing interests
None of the authors has competitive conflict interests.

Author details

!Course of Agricultural Science, Graduate School of Agriculture, Tokai Univer-
sity, Kumamoto, Japan. “Department of Animal Science, School of Agriculture,
Tokai University, Kumamoto, Japan. >Kumamoto Office, Phoenix College, Tokai
University, Kumamoto, Japan. “Kumamoto Prefectural Agricultural University,
Kumamoto, Japan. *Kumamoto Prefectural Agricultural Research Center,
Kumamoto, Japan. ®kumamoto Station, National Livestock Breeding Center,
Kumamoto, Japan.

Received: 28 April 2022 Accepted: 28 September 2022
Published online: 07 October 2022

Page 6 of 7

References

1. HondaT, Fujii T, Nomura T, Mukai F. Evaluation of genetic diversity in Japa-
nese Brown cattle population by pedigree analysis. J Anim Breed Genet.
2006;123(3):172-9.

2. Sumio Y. Improvement and present state of Japanese Brown cattle and
prospect in the future. J Anim Genet Japan. 2007;35(2):141-6.

3. Bennett DC, Lamoreux ML. The color loci of mice--a genetic century. Pig-
ment Cell Res. 2003;16(4):333-44.

4. Beermann F, Orlow SJ, Lamoreux ML. The Tyr (albino) locus of the labora-
tory mouse. Mamm Genome. 2004;15(10):749-58.

5. Schmutz SM, Berryere TG, Ciobanu DC, Mileham AJ, Schmidtz BH, Fred-
holm M. A form of albinism in cattle is caused by a tyrosinase frameshift
mutation. Mamm Genome. 2004;15(1):62-7.

6. Imes DL, Geary LA, Grahn RA, Lyons LA. Albinism in the domestic cat
(Felis catus) is associated with a tyrosinase (TYR) mutation. Anim Genet.
2006;37(2):175-8.

7. UtzeriVJ, Bertolini F, Ribani A, Schiavo G, Dall'Olio S, Fontanesi L. The
albinism of the feral Asinara white donkeys (Equus asinus) is determined
by a missense mutation in a highly conserved position of the tyrosinase
(TYR) gene deduced protein. Anim Genet. 2016;47(1):120-4.

8. Bauer A Kehl A, JagannathanV, Leeb T. A novel MLPH variant in dogs with
coat colour dilution. Anim Genet. 2018:49(1):94~7.

9. Zhang H,Wu Z, Yang L, Zhang Z, Chen H, Ren J. Novel mutations in
the Myo5a gene cause a dilute coat color phenotype in mice. FASEB J.
2021,35(4):21261.

10. Ménasché G, Pastural E, Feldmann J, et al. Mutations in RAB27A cause
Griscelli syndrome associated with haemophagocytic syndrome. Nat
Genet. 2000;25(2):173-6.

11. Steingrimsson E, Copeland NG, Jenkins NA. Mouse coat color mutations:
from fancy mice to functional genomics. Dev Dyn. 2006,235(9):2401-11.

12. Hauswirth R, Haase B, Blatter M, Brooks SA, Burger D, Drogemdiller C, et al.
Mutations in MITF and PAX3 cause "splashed white" and other white spot-
ting phenotypes in horses. PLoS Genet. 2012;8(4):21002653.

13. Color Genes. http://www.espcrorg/micemut. Accessed 21 Aug 2019.

14. Baxter LL, Watkins-Chow DE, Pavan WJ, Loftus SK. A curated gene list for
expanding the horizons of pigmentation biology. Pigment Cell Mela-
noma Res. 2019;32(3):348-58.

15. Lamoreux ML, DelmasV, Larue L, Bennett D. The colors of mice, a model
genetic network. New Jersey: Wiley- Blackwell; 2010.

16. Dong S, Leung KK, Pelling AL, Lee PY, Tang AS, Heng HH, et al. Circling,
deafness, and yellow coat displayed by yellow submarine (ysb) and light
coat and circling (lcc) mice with mutations on chromosome 3. Genomics.
2002;79(6):777-84.

17. Kiernan AE, Pelling AL, Leung KK, Tang AS, Bell DM, Tease C, et al. Sox2 is
required for sensory organ development in the mammalian inner ear.
Nature. 2005;434(7036):1031-5.

18. Zhao X, Fiske B, Kawakami A, Li J, Fisher DE. Regulation of MITF stability by
the USP13 deubiquitinase. Nat Commun. 2011;2:414.

19. Millonig JH, Millen KJ, Hatten ME. The mouse Dreher gene LmxTa
controls formation of the roof plate in the vertebrate CNS. Nature.
2000;403(6771):764-9.

20. Blasius AL, Brandl K, Crozat K, Xia Y, Khovananth K, Krebs P, et al. Mice with
mutations of Dock7 have generalized hypopigmentation and white-
spotting but show normal neurological function. Proc Natl Acad Sci U S
A.2009;106(8):2706-11.

21. Chen J, Jaeger K, Den Z, Koch PJ, Sundberg JP, Roop DR. Mice express-
ing a mutant Krt75 (K6hf) allele develop hair and nail defects resembling
pachyonychia congenita. J Invest Dermatol. 2008;128(2):270-9.

22. Hellstrém AR, Watt B, Fard SS, Tenza D, Mannstrém P, Narfstréom K, et al.
Inactivation of Pmel alters melanosome shape but has only a subtle effect
on visible pigmentation. PLoS Genet. 2011;7(9):e1002285.

23. Blewitt ME, Gendrel AV, Pang Z, Sparrow DB, Whitelaw N, Craig JM, et al.
SmcHD1, containing a structural-maintenance-of-chromosomes hinge
domain, has a critical role in X inactivation. Nat Genet. 2008:40(5):663-9.

24. Runkel F, Bussow H, Seburn KL, Cox GA, Ward DM, Kaplan J, et al. Grey, a
novel mutation in the murine Lyst gene, causes the beige phenotype by
skipping of exon 25. Mamm Genome. 2006;17(3):203-10.

25. Chiao E, Fisher P, Crisponi L, Deiana M, Dragatsis |, Schlessinger D, et al.
Overgrowth of a mouse model of the Simpson-Golabi-Behmel syndrome
is independent of IGF signaling. Dev Biol. 2002;243(1):185-206.


https://doi.org/10.1186/s12864-022-08916-8
https://doi.org/10.1186/s12864-022-08916-8
http://www.espcr.org/micemut

Kimura et al. BMC Genomics

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2022) 23:694

Berger W, van de Pol D, Bachner D, Oerlemans F, Winkens H, Hameister

H, et al. An animal model for Norrie disease (ND): gene targeting of the
mouse ND gene. Hum Mol Genet. 1996;5(1):51-9.

Kunieda T, Nakagiri M, Takami M, Ide H, Ogawa H. Cloning of bovine LYST
gene and identification of a missense mutation associated with Chediak-
Higashi syndrome of cattle. Mamm Genome. 1999;10(12):1146-9.
Brunberg E, Andersson L, Cothran G, Sandberg K, Mikko S, Lindgren G. A
missense mutation in PMELT7 is associated with the silver coat color in
the horse. BMC Genet. 2006;7:46.

Schmutz SM, Dreger DL. Interaction of MC1R and PMEL alleles on solid
coat colors in Highland cattle. Anim Genet. 2013;44(1):9-13.

Gutiérrez-Gil B, Wiener P, Williams JL. Genetic effects on coat colour in cat-
tle: dilution of eumelanin and phaeomelanin pigments in an F2-back-
cross Charolais x Holstein population. BMC Genet. 2007;8:56.

Jolly RD, Wills JL, Kenny JE, Cahill JI, Howe L. Coat-colour dilution and
hypotrichosis in Hereford crossbred calves. N Z Vet J. 2008;56(2):74-7.
Watt B, van Niel G, Raposo G, Marks MS. PMEL: a pigment cell-specific
model for functional amyloid formation. Pigment Cell Melanoma Res.
2013;26(3):300-15.

Singh SK, Nizard C, Kurfurst R, Bonte F, Schnebert S, Tobin DJ. The silver
locus product (Silv/gp100/Pmel17) as a new tool for the analysis of
melanosome transfer in human melanocyte-keratinocyte co-culture. Exp
Dermatol. 2008;17(5):418-26.

Rajpar MH, Koch MJ, Davies RM, Mellody KT, Kielty CM, Dixon MJ. Muta-
tion of the signal peptide region of the bicistronic gene DSPP affects
translocation to the endoplasmic reticulum and results in defective
dentine biomineralization. Hum Mol Genet. 2002;11(21):2559-65.

Laible G, Cole SA, Brophy B, Wei J, Leath S, Jivanji S, et al. Holstein Friesian
dairy cattle edited for diluted coat color as a potential adaptation to
climate change. BMC Genomics. 2021;22(1):856.

Matsumoto H, Kojya M, Takamuku H, Kimura S, Kashimura A, Imai S, et al.
MCIR c310G>- and ¢.871G>a determine the coat color of Kumamoto
sub-breed of Japanese Brown cattle. Anim Sci J. 2020;91(1):e13367.
Dorshorst B, Henegar C, Liao X, Séllman AlImén M, Rubin CJ, Ito S, et al.
Dominant red coat color in Holstein cattle is associated with a missense
mutation in the Coatomer protein complex, subunit alpha (COPA) gene.
PLoS One. 2015;10(6):e0128969.

Ito S, Kanemaki M, Morita M, Yamada M, Tanabe Y, Nagamura T, et al.
Blood protein and blood group gene constitutions of Japanese Brown
cattle in Kumamoto and their genetic relationships with Korean and Sim-
mental cattle. Anim Sci J. 1988;59(5):433-45.

Mészaros G, Petautschnig E, Schwarzenbacher H, Sélkner J. Genomic
regions influencing coat color saturation and facial markings in Fleckvieh
cattle. Anim Genet. 2015;46(1):65-8.

Cymbron T, Freeman AR, Isabel Malheiro M, Vigne JD, Bradley DG. Micros-
atellite diversity suggests different histories for Mediterranean and north-
ern European cattle populations. Proc Biol Sci. 2005;272(1574):1837-43.
Yamamoto N, Yayou K, Ito S, Takei N. Relationship of be-havioral stress
responses and oxytocin receptor gene in Japanese Brown cow. J Warm
Regional Soc Anim Sci Japan. 2015;58(2):239-45.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu-
mina sequence data. Bioinformatics. 2014;30(15):2114-20.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernyt-

sky A, et al. The genome analysis toolkit: a MapReduce framework

for analyzing next-generation DNA sequencing data. Genome Res.
2010;20(9):1297-303.

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res.
2010;38(16):e164.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 7 of 7

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	PMEL p.Leu18del dilutes coat color of Kumamoto sub-breed of Japanese Brown cattle
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Whole genome sequencing
	Identification of the responsible polymorphism for coat color dilution
	Coat color dilution and PMEL p.Leu18del

	Discussion
	Conclusion
	Materials and methods
	Animals
	Whole genome sequencing
	Genotyping


	Acknowledgements
	References


