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The genetic diversity is an important research area for biodiversity. The candidate 

genes for highly varied coat color of the laboratory mouse (house mouse, Mus musculus)

and other rodents are promising subjects for the research of genetic diversity in wild 

populations.

We described the coat color variation of house mice in Asia by using Munsell Soil 

Color Charts and found it is consistent with Gloger’s rule, i.e., individuals of 

endothermic animals are darker in humid habitats than those in drier habitats.  Dorsal 

coat color ranged from yellow through brown to black, whereas ventral coat color 

ranged from white to black.  Dorsal coat color varied less than the ventral color.  In 

our samples, the variation in coat color in natural populations was far less than that has 

been observed in the laboratory.  We found a significant correlation between the 

lightness variable of dorsal coat color and precipitation.  Mice with dark coat color 

were observed in more humid and closed habitats (darker background color), and pale 

coat color in drier, more open habitats (lighter background color).  This result might 

imply the role of concealment as a selective force affecting dorsal coat color in house 

mice. 

We screened insertional mutations in intron 1 of a coat color candidate gene – 

Agouti, in wild mouse populations. These insertions were found to be caused by 

transposition of endogenous retroviruses (ERVs).  The frequency of retrotransposition 

in Agouti’s intron 1 is not low and the insertion site is very conserved.  No association 

between the retrotransposition and the variation of coat color or body weight was found.  

The insertional mutations may be non-deleterious alleles, therefore maintaining a 

certain frequency in wild populations. 

On the other hand, the molecular genetic changes associated with adaptive 

morphologies remain an interesting puzzle in evolutionary biology.  Previous studies 

have shown that mutations in the coding regions of another coat color candidate gene, 

melanocortin 1 receptor (Mc1r) underlies coat color variation in a wide range of animal 

species.  However, the effects of regulatory regions of Mc1r on coat color variation 

still remains unclear.  In this study, we obtained the upstream sequences of the Mc1r

gene from Pére David’s vole (Eothenomys melanogaster).  No association was found 

between the coat color variation and the polymorphisms in either regulatory or coding 
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sequences.  This implies that there may be other genes, acting alone or in concert with 

Mc1r, underlying coat color variation in Pére David’s vole. 

Keywords: Mc1r, Agouti, coat color, Gloger’s rule, 5’RACE, Mus musculus,
Eothenomys melanogaster
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1.1

Stearns and Hoekstra(2000) 21

(lineage)

(phenotype-genotype relationship)

( )

( ) ( ) (regulatory region)

(Steiner, Weber & Hoekstra, 2007; Wlasiuk & Nachman, 2007)

( )

(artificial selection)

(warfarin) (Kohn, Pelz & Wayne, 2000; Kohn, Pelz & 

Wayne, 2003)

(Wootton et al., 2002) Nachman, et al. (2003)

PNAS (natural selection) -

 (Chaetodipus intermedius)

- Mc1r

(point mutation) (Linkage disequilibrium)

Mc1r Mundy et al. (2004)

Rosenblum et al. (2004) Mc1r

allele coding mutation Mundy et al. (2004)

( )
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( )

Rompler et al. (2006)

Mc1r

( 1)

Hoekstra et al. (2006) beach mouse (Peromyscus polionotus)

Mc1r (

)

Mc1r Agouti beach mouse (Steiner et al., 

2007) (gene-gene interaction)

genome

Mc1r (Kerns et al., 2003; 

MacDougall-Shackleton, Blanchard & Gibbs, 2003; Mundy & Kelly, 2003; Rosenblum 

et al., 2004) Agouti (Kerns et al., 2003) TYRP1 (Guibert et al., 2004)

(genotype) (phenotype)

Mc1r

Mc1r -

(Hoekstra & Nachman, 2003; Nachman, 2005)

Mc1r

Mc1r

1.2

Stearns and Hoekstra(2000)
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(Ortolani, 1999; Stoner, Bininda-Emonds & Caro, 2003a)

(photoprotection) (Stoner et al., 

2003a)  (Ortolani, 1999; Stoner et al., 2003a; 

Stoner, Caro & Graham, 2003b)

(Burtt, 1981; 

Cloudsley-Thompson, 1999; Caro, 2005)

(Ortolani, 1999) (Stoner et al., 2003b)

(Stoner et al., 2003a)

oldfield mice  (Sumner, 1926; Kaufman, 1974; Belk & Smith, 1996)

1.3

(melanin)

(eumelanin) (pheomelanin)

(melanocyte) (hair bulb)

(L-tyrosine) ( 2) active tyrosine 

transporter (L-phenylalanine)

(DHI-eumelanin > DHICA-eumelanin)

(DHI-eumelanin > DHICA-eumelanin)

DHICA-eumelanin

(Hearing, 2000)

tyrosinase

(hydroxylation) L-DOPA (L-dihydroxyphenylalanine) L-DOPA
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tyrosinase (dehydrogenation) dopaquinone Mn2+ Cu2+

DOPA dopaquinone leukodopachrome

(oxidation/reduction reactions) DHI (5,6-dihydroxyindole)

DHICA (5,6-dihydroxy-indole-2-carboxylic acid) tyrosinase Tyrp1

(tyrosinase-related protein 1) DHI-eumelanin DHICA-eumelanin

DHI-eumelanin DHICA-eumelanin

(heterogeneous polymers)

tyrosinase

L-DOPA L-DOPA tyrosinase dopaquinone

dopaquinone (precursor)

dopaquinone cysteine glutathione cysteinyldopa

glutathionyldopa ( cysteinyldopa melanosome cysteine active

membrane transporter glutathione active membrane transporter

cysteine glutathione

dopaquinone

cysteinyldopa glutathionyldopa

dopaquinone dopachrome

(melanosome)

(eumelanosome) (pheomelanosome)

(fibrillar matrix)

(vesiculoglobular matrix)

4 (Slominski et al., 2004) matrix

matrix

(melanized) pH

(proton pump) pH

tyrosinase L-DOPA (melanogenesis)

(rate-limiting step) pH
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phenomelanogenesis tyrosinase eumelanogenesis

(dendritic cells) (neural

crest)

(Hearing & Tsukamoto, 1991; Hearing, 

2000) (ultraviolet light, UVL)

tyrosinase mRNA 2~3

tyrosinase 20~100 (  melanocyte stimulating 

hormone, MSH) Agouti protein melanogenic regulators( 3)

MSH tyrosinase

(posterior pituitary) (melanocortin 1 

receptor, Mclr) protein kinase A cAMP

tyrosinase ( tyrosinase gene 20 )

tyrosine Agouti

protein MSH Mc1r Agouti Mc1r cAMP

tyrosinase Tyrp1 Tyrp2 (Dct) silver pinkeyed-dilution

(>50%) tyrosine

1.4

20

W.E. Castle

(Silvers, 1979) 1866

(Gregor Mendel 1822-1884)

(Henig, 2000)

(Melanocyte)

Mc1r (Melanocortin-1 receptor) ( 3) Mc1r (MSH,

melanocyte-stimulating hormone)

2
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Mc1r Mc1r MSH

MSH Mc1r

Agouti protein

Mc1r gain-of-function ( )

loss-of-function ( )

Mc1r (point

mutation) (Robbins et al., 1993) (Klungland

et al., 1995; Joerg et al., 1996) (Marklund et al., 1996; Rieder et al., 2001)

(Kijas et al., 1998) (Vage et al., 1999; Vage et al., 2003) (Vage et al., 

1997) (Everts, Rothuizen & van Oost, 2000; Newton et al., 2000; Schmutz et al., 

2003; Kerns et al., 2004) (Eizirik et al., 2003) (Takeuchi et al., 1996b; Kerje et 

al., 2003; Ling et al., 2003) ( 1) Mc1r

(Chaetodipus intermedius) (Hoekstra & 

Nachman, 2003; Nachman et al., 2003) (Peromyscus polionotus) (Hoekstra et 

al., 2006) (Panthera onca) (Herpailurus yaguarondi) (Eizirik et al., 

2003) (Ursus americanus) (Ritland, Newton & Marshall, 2001)

(Mammuthus primigenius) (Rompler et al., 2006) Mc1r

(Majerus & Mundy, 2003) (Mundy et al., 2003) (Rosenblum et al., 

2004) ( ) Mc1r

- (candidate gene)

Mc1r 100 (Mus

musculus) (Jackson, 1994; Barsh, 1996; Nakamura et al., 2002; Bennett & 

Lamoreux, 2003) 50 (clone)

(neural crest)

(i.e., Kit, Kitl, Edn3, Ednrb) (melanin)

(i.e., Tyr, Tyrp1, Dct) (melanogenesis) (i.e., Pomc1, Mc1r, Agouti,

Mitf) (i.e., Silver, Pink-eyed dilution, Ap3)

(i.e., Mlph, Myo5a, Rab27a) (i.e.,
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Mc1r, Agouti)

Mc1r Agouti 2 (epistatic interaction)

(pigment)

(Silvers, 1979) Mc1r Agouti

Mc1r 1992 (Mountjoy et al., 1992)

7 transmembrane domain G-coupled receptor protein

1 exon (Klungland & Vage, 

2000; Rees, 2000; Sturm, Teasdale & Box, 2001; Klungland & Vage, 2003; Majerus & 

Mundy, 2003; Mundy et al., 2003)

(nonsynonymous mutation) (Mus musculus) (Gallus

gallus) (Coereba flaveola) Mc1r Glu92Lys

(Robbins et al., 1993; Takeuchi et al., 1996a; Takeuchi et al., 1996b; Theron et 

al., 2001; Kerje et al., 2003; Ling et al., 2003) (Perognathus flavescens)

(Stercorarius parasiticus) ( : His233Gln; 

: Arg230His) (Hoekstra & Nachman, 2003; Nachman et al., 

2003; Hoekstra, Drumm & Nachman, 2004; Mundy et al., 2004; Hoekstra, Krenz & 

Nachman, 2005; Nachman, 2005) (nonsynonymous 

mutation) –

1 Mc1r Agouti

Agouti dermal papillae cells

Mc1r antagonist(Lu et al., 1994)

Agouti (Agouti-signaling protein, ASIP)

(Dinulescu & Cone, 

2000)

Agouti protein 131 transmembrane domains
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N-terminal region Pro-rich central region Cys-rich C-terminal 

region C-terminal Mc1r antagonism Agouti

glycosylated Mc1r

exons exon2 exon3 exon4 coding exons

exon1 non-coding exon 4 exon1A exon1A'

exon1B exon1C (Bultman, Michaud & Woychik, 1992; Vrieling et al., 1994)

Agouti 5 transcript 1B 1C untranslated exon

5 transcript 1A 1A' 5'-untranslated exons

(Vrieling et al., 1994)

Agouti Mc1r ( ) Mc1r allele

Agouti antagonist Agouti

1.5

(Mus musculus)

(Eothenomys melanogaster)

( )

Agouti gene intron 1

retrotranspon Mc1r

regulatory coding regions 5’UTR
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1 -
Animal Gene Mutant Association Reference 

Mc1r His183Gln *** 

Mc1r Leu98Pro *** 

House mice 

Mc1r Glu92Lys *** 

Robbins, et al. 1993 

Tobacco mice Mc1r Ser69Leu *** Robbins, et al. 1993 

Mc1r Cys18Arg *** 

Mc1r Trp109Arg *** 

Mc1r Trp160Arg *** 

Pocket mice 

Mc1r His233Gln *** 

Hoekstra, et al. 2004 

Hoekstra & Nachman, 

2003

Nachman, et al. 2003 

Cat Agouti 123-124 *** Eizirik, et al. 2003 

Jaguar Mc1r 301-315 *** Eizirik, et al. 2003 

Jaguarundi Mc1r 283-306 * Eizirik, et al. 2003 

Mc1r Arg306ter *** Newton, et al. 2000 

Mc1r Arg306ter *** Schmutz, et al. 2002 

Mc1r  - Kerns, et al. 2003 

Agouti Arg96Cys *** Kerns, et al. 2004 

Dog

Agouti  - Kerns, et al. 2003 

Mc1r Cys125Arg *** Fox

Agouti exon2 *** 

Vage, et al. 1997 

Mc1r Ala240Thr *** 

Mc1r Leu99Pro *** 

Pig

Mc1r Asp121Asn * 

Kijas, et al. 1998 

Cattle Mc1r 771 or 772 *** Joerg, et al. 1996 

Mc1r Met73Lys *** Vage, et al. 1999 

Mc1r Met73Lys *** Vage, et al. 2003 

Sheep

Mc1r Asp121Asn *** Vage, et al. 2003 

Mc1r Ser83Phe *** Marklund, et al. 1996 

Mc1r C901T * Rieder, et al. 2001 

Horse

Agouti 2174-2184 *** Rieder, et al. 2001 

Black bear Mc1r Tyr298Cys *** Ritland et al, 2001 
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Mc1r Glu92Lys *** Takeuchi, et al. 1996a,b 

Mc1r Cys33Try *** Takeuchi, et al. 1996b 

Chicken

Mc1r Glu92Lys * Kerje, et al. 2003 

Mc1r Thr16Ala *** 

Mc1r Asp38Ile *** 

Mc1r Ile111Val *** 

Mc1r Arg157Gln *** 

White-winged 

fairy-wrens 

Mc1r Ile166Val *** 

Doucet, et al. 2004 

Arctic skua Mc1r Arg230His * Mundy et al, 2004 

Bananaquit Mc1r Glu92Lys *** Theron, et al. 2001 

Lesser snow geese Mc1r Val85Met * Mundy et al, 2004 

Eastern fence 

lizard

Mc1r His208Tyr * Rosenblum, et al. 2004 

Lesser earless 

lizard

Mc1r Val168Ile * Rosenblum, et al. 2004 

Little striped 

whiptail

Mc1r Thr170Ile * Rosenblum, et al. 2004 

Desert horned 

lizard

Mc1r  - Rosenblum, et al. 2004 

California legless 

lizard

Mc1r  - Rosenblum, et al. 2004 

Side-blotched

lizard

Mc1r  - Rosenblum, et al. 2004 

Common 

gartersnake

Mc1r  - Rosenblum, et al. 2004 

* *** (100%) -
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1

1 gene  1 phenotype 

1 gene  multiple phenotype 2 genes  1 phenotype 

multiple genes  multiple phenotypes 

whole genome  organism 

Regulatory or coding mutation 

Dominant or recessive alleles 

Few genes or QTL 

Palaeontology

Parallel evolution 

Continuous or discrete trait 
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2 (Melanin)
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3 (melanin synthesis)



14

Barsh, G.S. (1996). The genetics of pigmentation: From fancy genes to complex traits. 

Trends Genet. 12, 299-305. 

Belk, M.C. & Smith, M.H. (1996). Pelage coloration in oldfield mice (Peromyscus

polionotus): antipredator adaptation? J. Mammal. 77, 882-890. 

Bennett, D.C. & Lamoreux, M.L. (2003). The color loci of mice - a genetic century. 

Pigment Cell Res. 16, 333-344. 

Bultman, S.J., Michaud, E.J. & Woychik, R.P. (1992). Molecular characterization of the 

mouse agouti locus. Cell 71, 1195-1204. 

Burtt, E.H. (1981). The adaptiveness of animal colors. Bioscience 31, 723-729. 

Caro, T. (2005). The adaptive significance of coloration in mammals. Bioscience 55, 

125-136.

Cloudsley-Thompson, J.L. (1999). Multiple factors in the evolution of animal coloration. 

Naturwissenschaften 86, 123-132. 

Dinulescu, D.M. & Cone, R.D. (2000). Agouti and agouti-related protein: Analogies 

and contrasts. J. Biol. Chem. 275, 6695-6698. 

Eizirik, E., Yuhki, N., Johnson, W.E., Menotti-Raymond, M., Hannah, S.S. & O'Brien, 

S.J. (2003). Molecular genetics and evolution of melanism in the cat family. 

Curr. Biol. 13, 448-453. 

Everts, R.E., Rothuizen, J. & van Oost, B.A. (2000). Identification of a premature stop 

codon in the melanocyte-stimulating hormone receptor gene (MC1R) in 

Labrador and Golden retrievers with yellow coat colour. Anim. Genet. 31, 

194-199.

Guibert, S., Girardot, M., Leveziel, H., Julien, R. & Oulmouden, A. (2004). 

coat colour dilution in french cattle breeds is not correlated with the TYR, 



15

TYRP1 and DCT transcription levels. Pigment Cell Res. 17, 337-345. 

Hearing, V.J. (2000). The melanosome: The perfect model for cellular responses to the 

environment. Pigment Cell Res. 13, 23-34. 

Hearing, V.J. & Tsukamoto, K. (1991). Enzymatic control of pigmentation In mammals. 

FASEB J. 5, 2902-2909. 

Henig, R.M. (2000). The monk in the garden : the lost and found genius of Gregor 

Mendel, the father of genetics. Boston: Houghton Mifflin. 

Hoekstra, H.E., Drumm, K.E. & Nachman, M.W. (2004). Ecological genetics of 

adaptive color polymorphism in pocket mice: geographic variation in selected 

and neutral genes. Evolution 58, 1329-1341. 

Hoekstra, H.E., Hirschmann, R.J., Bundey, R.A., Insel, P.A. & Crossland, J.P. (2006). 

A single amino acid mutation contributes to adaptive beach mouse color pattern. 

Science 313, 101-104. 

Hoekstra, H.E., Krenz, J.G. & Nachman, M.W. (2005). Local adaptation in the rock 

pocket mouse (Chaetodipus intermedius): natural selection and phylogenetic 

history of populations. Heredity 94, 217-228. 

Hoekstra, H.E. & Nachman, M.W. (2003). Different genes underlie adaptive melanism 

in different populations of rock pocket mice. Mol. Ecol. 12, 1185-1194. 

Jackson, I.J. (1994). Molecular and developmental genetics of mouse coat color. Annu.

Rev. Genet. 28, 189-217. 

Joerg, H., Fries, H.R., Meijerink, E. & Stranzinger, G.F. (1996). Red coat color in 

Holstein cattle is associated with a deletion in the MSHR gene. Mamm. Genome

7, 317-318. 

Kaufman, D.W. (1974). Adaptive coloration in Peromyscus polionotus: experimental 

selection by owls. J. Mammal. 55, 271-283. 



16

Kerje, S., Lind, J., Schutz, K., Jensen, P. & Andersson, L. (2003). Melanocortin 

1-receptor (MC1R) mutations are associated with plumage colour in chicken. 

Anim. Genet. 34, 241-248. 

Kerns, J.A., Newton, J., Berryere, T.G., Rubin, E.M., Cheng, J.F., Schmutz, S.M. & 

Barsh, G.S. (2004). Characterization of the dog Agouti gene and a nonagouti 

mutation in German Shepherd Dogs. Mamm. Genome 15, 798-808. 

Kerns, J.A., Olivier, M., Lust, G. & Barsh, G.S. (2003). Exclusion of melanocortin-1 

receptor (Mc1r) and Agouti as candidates for dominant black in dogs. J. Hered.

94, 75-79. 

Kijas, J.M.H., Wales, R., Tornsten, A., Chardon, P., Moller, M. & Andersson, L. (1998). 

Melanocortin receptor 1 (MC1R) mutations and coat color in pigs. Genetics 150, 

1177-1185.

Klungland, H. & Vage, D.I. (2000). Molecular genetics of pigmentation in domestic 

animals. Current Genomics 1, 223-242. 

Klungland, H. & Vage, D.I. (2003). Pigmentary switches in domestic animal species. In 

Melanocortin System: 331-338. New York: New York Acad Sciences. 

Klungland, H., Vage, D.I., Gomezraya, L., Adalsteinsson, S. & Lien, S. (1995). The 

role of melanocyte-stimulating hormone (MSH) receptor in bovine coat color 

determination. Mamm. Genome 6, 636-639. 

Kohn, M.H., Pelz, H.J. & Wayne, R.K. (2000). Natural selection mapping of the 

warfarin-resistance gene. Proc. Natl. Acad. Sci. U. S. A. 97, 7911-7915. 

Kohn, M.H., Pelz, H.J. & Wayne, R.K. (2003). Locus-specific genetic differentiation at 

Rw among warfarin-resistant rat (Rattus norvegicus) populations. Genetics 164, 

1055-1070.

Ling, M.K., Lagerstrom, M.C., Fredriksson, R., Okimoto, R., Mundy, N.I., Takeuchi, S. 



17

& Schioth, H.B. (2003). Association of feather colour with constitutively active 

melanocortin 1 receptors in chicken. Eur. J. Biochem. 270, 1441-1449. 

Lu, D.S., Willard, D., Patel, I.R., Kadwell, S., Overton, L., Kost, T., Luther, M., Chen, 

W.B., Woychik, R.P., Wilkison, W.O. & Cone, R.D. (1994). Agouti protein is 

an antagonist of the melanocyte-stimulating-hormone receptor. Nature 371, 

799-802.

MacDougall-Shackleton, E.A., Blanchard, L. & Gibbs, H.L. (2003). Unmelanized 

plumage patterns in old world leaf warblers do not correspond to sequence 

variation at the melanocortin-1 receptor locus (MC1R). Mol. Biol. Evol. 20, 

1675-1681.

Majerus, M.E.N. & Mundy, N.I. (2003). Mammalian melanism: natural selection in 

black and white. Trends Genet. 19, 585-588. 

Marklund, L., Moller, M.J., Sandberg, K. & Andersson, L. (1996). A missense mutation 

in the gene for melanocyte-stimulating hormone receptor (MC1R) is associated 

with the chestnut coat color in horses. Mamm. Genome 7, 895-899. 

Mountjoy, K.G., Robbins, L.S., Mortrud, M.T. & Cone, R.D. (1992). The cloning of A 

family of genes that encode the melanocortin receptors. Science 257, 1248-1251. 

Mundy, N.I., Badcock, N.S., Hart, T., Scribner, K., Janssen, K. & Nadeau, N.J. (2004). 

Conserved genetic basis of a quantitative plumage trait involved in mate choice. 

Science 303, 1870-1873. 

Mundy, N.I. & Kelly, J. (2003). Evolution of a pigmentation gene, the melanocortin-1 

receptor, in primates. Am. J. Phys. Anthropol. 121, 67-80. 

Mundy, N.I., Kelly, J., Theron, E. & Hawkins, K. (2003). Evolutionary genetics of the 

melanocortin-1 receptor in vertebrates. In Melanocortin System: 307-312. New 

York: New York Acad Sciences. 



18

Nachman, M.W. (2005). The genetic basis of adaptation: lessons from concealing 

coloration in pocket mice. Genetica 123, 125-136. 

Nachman, M.W., Hoekstra, H.E. & D'Agostino, S.L. (2003). The genetic basis of 

adaptive melanism in pocket mice. Proc. Natl. Acad. Sci. U. S. A. 100, 

5268-5273.

Nakamura, M., Tobin, D.J., Richards-Smith, B., Sundberg, J.P. & Paus, R. (2002). 

Mutant laboratory mice with abnormalities in pigmentation: annotated tables. J.

Dermatol. Sci. 28, 1-33. 

Newton, J.M., Wilkie, A.L., He, L., Jordan, S.A., Metallinos, D.L., Holmes, N.G., 

Jackson, I.J. & Barsh, G.S. (2000). Melanocortin 1 receptor variation in the 

domestic dog. Mamm. Genome 11, 24-30. 

Ortolani, A. (1999). Spots, stripes, tail tips and dark eyes: predicting the function of 

carnivore colour patterns using the comparative method. Biol. J. Linn. Soc. Lond.

67, 433-476. 

Rees, J.L. (2000). The melanocortin 1 receptor (MC1R): More than just red hair. 

Pigment Cell Res. 13, 135-140. 

Rieder, S., Taourit, S., Mariat, D., Langlois, B. & Guerin, G. (2001). Mutations in the 

agouti (ASIP), the extension (MC1R), and the brown (TYRP1) loci and their 

association to coat color phenotypes in horses (Equus caballus). Mamm.

Genome 12, 450-455. 

Ritland, K., Newton, C. & Marshall, H.D. (2001). Inheritance and population structure 

of the white-phased "Kermode" black bear. Curr. Biol. 11, 1468-1472. 

Robbins, L.S., Nadeau, J.H., Johnson, K.R., Kelly, M.A., Rosellirehfuss, L., Baack, E., 

Mountjoy, K.G. & Cone, R.D. (1993). Pigmentation phenotypes of variant 

extension locus alleles result from point mutations that alter MSH receptor 



19

function. Cell 72, 827-834. 

Rompler, H., Rohland, N., Lalueza-Fox, C., Willerslev, E., Kuznetsova, T., Rabeder, G., 

Bertranpetit, J., Schoneberg, T. & Hofreiter, M. (2006). Nuclear gene indicates 

coat-color polymorphism in mammoths. Science 313, 62. 

Rosenblum, E.B., Hoekstra, H.E. & Nachman, M.W. (2004). Adaptive reptile color 

variation and the evolution of the Mc1r gene. Evolution 58, 1794-1808. 

Schmutz, S.M., Berryere, T.G., Ellinwood, N.M., Kerns, J.A. & Barsh, G.S. (2003). 

MCIR studies in dogs with melanistic mask or brindle patterns. J. Hered. 94, 

69-73.

Silvers, W.K. (1979). The coat colors of mice. New York: Springer-Verlag. 

Slominski, A., Tobin, D.J., Shibahara, S. & Wortsman, J. (2004). Melanin pigmentation 

in mammalian skin and its hormonal regulation. Physiol. Rev. 84, 1155-1228. 

Stearns, S.C. & Hoekstra, R.F. (2000). Evolution : an introduction. London ; New York: 

Oxford University Press. 

Steiner, C.C., Weber, J.N. & Hoekstra, H.E. (2007). Adaptive variation in beach mice 

produced by two interacting pigmentation genes. PLoS. Biol. 5, 1880-1889. 

Stoner, C.J., Bininda-Emonds, O.R.P. & Caro, T. (2003a). The adaptive significance of 

coloration in lagomorphs. Biol. J. Linn. Soc. Lond. 79, 309-328. 

Stoner, C.J., Caro, T.M. & Graham, C.M. (2003b). Ecological and behavioral correlates 

of coloration in artiodactyls: systematic analyses of conventional hypotheses. 

Behav. Ecol. 14, 823-840. 

Sturm, R.A., Teasdale, R.D. & Box, N.F. (2001). Human pigmentation genes: 

identification, structure and consequences of polymorphic variation. Gene 277, 

49-62.

Sumner, F.B. (1926). An analysis of geographic variation in mice of Peromyscus 



20

polionotus group from Florida and Alabama. J. Mammal. 7, 149-184. 

Takeuchi, S., Suzuki, H., Hirose, S., Yabuuchi, M., Sato, C., Yamamoto, H. & 

Takahashi, S. (1996a). Molecular cloning and sequence analysis of the chick 

melanocortin 1-receptor gene. Biochimica Et Biophysica Acta-Gene Structure 

And Expression 1306, 122-126. 

Takeuchi, S., Suzuki, H., Yabuuchi, M. & Takahashi, S. (1996b). A possible 

involvement of melanocortin 1-receptor in regulating feather color pigmentation 

in the chicken. Biochimica Et Biophysica Acta-Gene Structure And Expression

1308, 164-168. 

Theron, E., Hawkins, K., Bermingham, E., Ricklefs, R.E. & Mundy, N.I. (2001). The 

molecular basis of an avian plumage polymorphism in the wild: a 

melanocortin-1-receptor point mutation is perfectly associated with the melanic 

plumage morph of the bananaquit, Coereba flaveola. Curr. Biol. 11, 550-557. 

Vage, D.I., Fleet, M.R., Ponz, R., Olsen, R.T., Monteagudo, L.V., Tejedor, M.T., 

Arruga, M.V., Gagliardi, R., Postiglioni, A., Nattrass, G.S. & Klungland, H. 

(2003). Mapping and characterization of the dominant black colour locus in 

sheep. Pigment Cell Res. 16, 693-697. 

Vage, D.I., Klungland, H., Lu, D. & Cone, R.D. (1999). Molecular and pharmacological 

characterization of dominant black coat color in sheep. Mamm. Genome 10, 

39-43.

Vage, D.I., Lu, D.S., Klungland, H., Lien, S., Adalsteinsson, S. & Cone, R.D. (1997). A 

non-epistatic interaction of agouti and extension in the fox, Vulpes vulpes. Nat.

Genet. 15, 311-315. 

Vrieling, H., Duhl, D.M.J., Millar, S.E., Miller, K.A. & Barsh, G.S. (1994). Differences 

In Dorsal And Ventral Pigmentation Result From Regional Expression Of The 



21

Mouse Agouti Gene. Proc. Natl. Acad. Sci. U. S. A. 91, 5667-5671. 

Wlasiuk, G. & Nachman, M.W. (2007). The genetics of adaptive coat color in gophers: 

coding variation at Mc1r is not responsible for dorsal color differences. J.

Hered.

Wootton, J.C., Feng, X.R., Ferdig, M.T., Cooper, R.A., Mu, J.B., Baruch, D.I., Magill, 

A.J. & Su, X.Z. (2002). Genetic diversity and chloroquine selective sweeps in 

Plasmodium falciparum. Nature 418, 320-323. 



22

(National Institute of Genetics, NIG)

Journal of Zoology ( )

Title: Variation of coat color in house mice (Mus musculus) throughout Asia 

Abstract

Coat color variation due to melanin pigment synthesis in house mice (Mus 

musculus) in Asia is described and found to be consistent with Gloger’s Rule which 

states that individuals of endothermic animals are darker in humid habitats than those in 

drier habitats.  Three properties of coat color (hue, value and chroma) were measured, 

and a lightness variable was derived from a principal components analysis using 428 

skin specimens representing three subspecies from 85 localities.  Dorsal coat color 

ranged from yellow through brown to black, whereas ventral coat color ranged from 

white to black.  Dorsal coat color varied less than the ventral color.  In our samples, 

the variation in coat color in natural populations was far less than that has been 

observed in the laboratory.  We found a significant correlation between the lightness 

variable of dorsal coat color and precipitation.  Dark coat color was observed in more 



23

humid and closed habitats (darker background color), and pale coat color in drier, more 

open habitats (lighter background color).  This result might imply the role of 

concealment as a selective force affecting dorsal coat color in house mice.  We also 

discussed other selective forces that could affect the coat color variation in house mice, 

like resistance to bacterial degradation and thermoregulation.  In addition, the color 

spectra of the dorsal pelage among the three subspecies were different, the major 

distinction being the environmental background color of the habitats in which they are 

distributed.

Keywords: Gloger’s rule, coat color, crypsis, Mus musculus, protective color 

Introduction

Coat color is an important phenotypic characteristic in mammals because it is an 

intermediary for an individual to interact with environments and with other animals.  

Therefore coat color is tightly associated with an individual’s survival and fitness.  

Adaptive significance of coloration in animals can be explained by several selective 

forces (Burtt, 1981; Cloudsley-Thompson, 1999).  Yet, for mammals, many of the 

working hypotheses concerning the adaptive value of coat color were proposed more 

than 100 years ago and the field has progressed little since then (Caro, 2005).  

Recently, these hypotheses have attracted interest, and are again being explored and 
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tested (e.g., Ortolani, 1999; Stoner, Bininda-Emonds & Caro, 2003a; Stoner, Caro & 

Graham, 2003b; Nachman, 2005; Hoekstra, 2006; Hoekstra et al., 2006).  The three 

most important adaptive factors influencing coat coloration in mammals are 

concealment, thermoregulation, and communication.  For example, after removing the 

confounding effects of shared ancestry, pale coloration of lagomorphs has been strongly 

associated with open habitats serving the purpose of protective coloration (Stoner et al., 

2003a).  Similarly, coat color patterns provide crypsis for carnivores (Ortolani, 1999).   

Coloration may also be related to thermoregulation.  Stoner et al. (2003a) found that 

dark coloration on extremities in lagomorphs might help conserve body heat in cold 

environments.  In addition, coat color plays a role in animal communication.  For 

example, dark ear tips in lagomorphs (Stoner et al., 2003a) and carnivores (Ortolani, 

1999) have been shown to be useful signals for individual recognition, whereas 

conspicuous tail colors offer a similar function in artiodactyls (Stoner et al., 2003b). 

Despite the fact that many coat color variants due to melanin synthesis and 

distribution have been well documented in laboratory mice (Silvers, 1979; Bennett & 

Lamoreux, 2003), we know little about coat color variation in wild house mice from 

which laboratory strains were originally derived.  We know even less about the 

adaptive significance of coloration in wild mice.  Taking advantage of a large series of 

wild mouse specimens housed in the National Institute of Genetics in Japan, we 
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document coat color variation in natural house mouse populations collected from areas 

spanning a large geographic range across Asia and evaluate in the house mice the 

applicability of Gloger’s rule which demonstrates that mainly in birds the darker 

pigmented individuals tend to reside in more humid regions and the paler ones in drier 

areas (Gloger, 1833; Zink & Remsen, 1986).  In addition, we explore the potential role 

of coat color variation as it relates to an environmental factor (precipitation) throughout 

the geographic range of these specimens.   

Materials and Methods 

We analyzed 428 specimens of house mice (Mus musculus) housed in the National 

Institute of Genetics (NIG) in Japan.  The specimens were collected from 1980 to 1997 

from 85 localities distributed throughout 16 Asian countries (Fig. 1).  These localities 

lie between latitude 60° N and 7° S, and between longitude 60° E and 151° E.  

Countries, number of localities in each, and sample sizes are as follows: China (42 sites, 

242 mice), India (four sites, 26 mice), Indonesia (two sites, four mice), Iran (one site, 

two mice), Japan (five sites, 22 mice), South Korea (two sites, 11 mice), Mongolia (one

site, five mice), Nepal (two sites, seven mice), Pakistan (three sites, 13 mice), the 

Philippines (two sites, 11 mice), Russia (eight sites, 53 mice), Sri Lanka (four sites, five 

mice), Taiwan (one site, two mice), Thailand (one site, one mouse), Uzbekistan (four 
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sites, 11 mice), and Vietnam (three sites, 13 mice). 

Two researchers (Y-C Lai and H-T Yu) independently determined the coat color of 

each mouse skin by comparing them to Munsell Soil Color Charts.  In case of 

disagreement between the two researchers, a consensus was reached by re-examining 

the coat color together.  The Munsell Soil Color Charts use tristimulus color scores 

(hue, value, and chroma) to depict colors.  Hue indicates whether a color looks Red, 

Yellow, Green, Blue, or Purple; value indicates the color’s lightness, and chroma 

indicates its strength or departure from a neutral color of the same lightness.  The 

Munsell system is based on human perception, and therefore the outcome may not 

reflect actual visual effects, either among individual mice or between the mice and their 

predators (Endler, 1990; Bennett, Cuthill & Norris, 1994).  Nevertheless, the 

standardized color schemes are still very useful for studies to analyze the color variation 

(Taylor, Meester & Rautenbach, 1990; Holt, Maples & Savok, 2003; Taylor, Kumirai & 

Contrafatto, 2005).  For a quantitative analysis, we converted the three Munsell 

readings to numerical values following a method developed for forensic purposes 

(Sugita & Marumo, 1996).  The conversion primarily affects hue which uses discrete 

integers to represent specific hues (see Table 1 in Sugita & Marumo, 1996).  To further 

characterize the coat color, principal components analysis (PCA) was used to reduce the 

three color variables (hue, value and chroma) into a single variable (PC1) that represents 
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the largest proportion of variation in coat color and lightness of the coat color (also see 

results).

To evaluate Gloger’s rule, which predicts that animals in more humid areas tend to 

be darker, we used correlation analysis to analyze coat color (PC1) in relation to 

precipitation, a climate factor that is known to be involved in the evolution of coat color 

(Gloger’s rule; see in Zink & Remsen, 1986).  Precipitation data were taken from the 

CPC Merged Analysis of Precipitation (CMAP; 

http://www.cdc.noaa.gov/cdc/data.cmap.html) (Xie & Arkin, 1997).  The data set is 

grid by latitude and longitude (2.5° × 2.5°), and covers from 88.75° N to 88.75° S and 

from 1.25° E to 358.75° E.   

Subspecies designations were recorded from museum specimen labels.  However, 

only three subspecies were recognized for purposes of analyses, i.e., M. musculus 

musculus, M. musculus castaneus, and M. musculus bactrianus, and we did not further 

distinguish more subspecies under M. musculus musculus proposed by Tsuchiya et al. 

(1994).  Moreover, because the nuclear genome of M. musculus molossinus originated 

from M. musculus musculus, we assigned the hybrid subspecies (Yonekawa et al., 1994) 

distributed in Japan to M. musculus musculus.  In addition, we recorded the sex from 

specimen labels, yielding 224 males, 197 females, and 7 specimens of unknown sex.  

We used Kruskal-Wallis test to examine the difference in coat color distribution among 
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the three subspecies described above.  In addition, multiple regression analysis was 

used to account for the variance in lightness among mice, based on the precipitation and 

subspecies variables.  Two indicator variables (Montgomery & Peck, 1982), subsp1 

(coded 1 for M. musculus castaneus and 0 for others) and subsp2 (coded 1 for M.

musculus bactrianus and 0 for others) will be required to incorporate the three levels of 

subspecies.  Partial R2 was used to distinguish the relative importance of the two 

independent variables.  

Results

Overall dorsal coat showed fewer color types (21 types or direct Munsell readings) 

than ventral coat color (33 types) in the mice we examined.  Dorsal color variation 

ranged from yellow through brown to black whereas ventral color varied from white to 

black (Fig 2).  This trend held true even at a single locality.  We found 1.54 ± 0.94 

(mean ± S.D.) color types on the dorsum and 1.98 ± 1.95 types on the ventrum for the 

85 localities.  This difference is significant (t-test, t168 = -2.36, p = 0.019). 

From the perspective of direct Munsell readings, value and chroma contained 

much more variation than hue, as reflected by the standard deviation (S.D.) and the 

coefficient of variation (CV) of the three Munsell readings: value, S.D. = 1.021, CV = 

31.5%; chroma, S.D. = 1.096, CV = 26.6%; hue, S.D. = 0.096, CV = 2.4%.  The 
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results suggest that value and chroma contribute to the majority of variation in house 

mouse coat color.  PCA reduced the three Munsell readings into a single variable (PC1 

= 0.93 × value + 0.92 × chroma + 0.26 × hue) that represents the largest proportion of 

the variation (59.3%) in coat color (Table 1).  Taken together, PC1, in general, can be 

interpreted as lightness of coat color.  The higher the value of PC1, the higher the 

Munsell scores for value and chroma (i.e., more light-yellow); the lower the value of 

PC1, the lower the Munsell score for value and chroma (i.e., more dark brown).      

The standardized PC1 variable (lightness) between male and female were not 

significantly different (t-test, t 419 = 0.729, p = 0.466).  We, therefore, analyzed the 

data combining two sexes.  The correlation between the standardized PC1 variable 

(lightness) and precipitation was highly significant (r = -0.47, p<0.0001) (Fig. 3).  

Precipitation explained 21.6% of the variation (R2 = 0.216) in coat color.  Paler coats 

were found in dry habitats, darker coats in more humid environments.  Even within 

subspecies, the relationship was still significant (M. musculus musculus: r = -0.22, p = 

0.026; M. musculus castaneus: r = -0.34, p < 0.0001; M. musculus bactrianus: r = -0.81, 

p < 0.0001).  The pattern corresponds to Gloger’s rule, which can be simply stated as 

animals in relatively humid environments are darker than their conspecifics in relatively 

dry areas.   

Dorsal coat colors among the three subspecies were significantly different from 
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one another (Fig. 4, Kruskal-Wallis test 2
2=71.47, p< 0.0001).  Among the three 

subspecies, M. musculus castaneus and M. musculus bactrianus occupy the darker end 

and the lighter end of the spectrum, respectively, whereas M. musculus musculus shows 

an intermediate distribution in color pattern.   

The standardized multiple regression model, PC1 (lightness) = -0.37 × 

precipitation -0.14 × subsp1 + 0.09 × subsp2, indicated that the precipitation variable 

can explain more of the variation (21.59 %) in coat lightness in mice (partial R2 = 

0.2159) than the two subspecies indicator variables (1.24 % variance for subsp1, and 

0.81% variance for subsp2).  However, the regression coefficients of all three variables 

are significant (precipitation, t 424 = -6.86, p<0.0001; subsp1, t 424 = -2.54, p = 0.011; 

subsp2, t 424 = 2.13, p = 0.034). 

Discussion 

The variation in coat color among wild house mice, as demonstrated here, is 

substantial.  Furthermore, we have shown that house mouse coat color variation 

follows Gloger’s rule.  While the Gloger’s rule is verified in many endothermic 

species, especially in birds (Gloger, 1833; Zink & Remsen, 1986; Hayes, 2001; Hayes, 

2003), the causes were not readily known so far.  Several non-mutually exclusive 

hypotheses can account for the plumage color variation in birds consistent with 
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Gloger’s rule (see in discussion in Burtt & Ichida, 2004).  Here we explore some 

explanations for the coat color variation in wild house mice.   

The protective coloration can be one of most compelling explanations for the 

pattern despite a potential anthropogenic bias in analyzing the color perception (Endler, 

1990; Bennett, Cuthill & Norris, 1994).  The concealment effect has been 

demonstrated true in small rodents, such as, pocket mice (Chaetodipus intermedius)

(Hoekstra & Nachman, 2003; Hoekstra, Drumm & Nachman, 2004) and oldfield mice 

(Peromyscus polionotus) (Smith, Carmon & Gentry, 1972; Belk & Smith, 1996) that 

their coat colors resemble soil background colors, supporting this hypothesis.  These 

cases are convincing because predation experiments were conducted in field enclosures 

and confirmed that background color matching could increase survival rate in rodents 

(Dice, 1947; Kaufman, 1974).  Furthermore, in Mus musculus, experimental evidence 

shows that both aerial (Kaufman & Wagner, 1973) and terrestrial (Brown, 1965) 

predators selectively prey on conspicuously colored individuals.  Here, we adopt a 

conventional notion that precipitation reflects the environmental background color.  

Higher precipitation means higher vegetation density (i.e., shade) and darker soil color 

(i.e., saturated with moisture), both contributing to a darker background color.  In 

contrast, lower precipitation means a lighter background color.  Consequently, the 

significant correlation between coat color and precipitation (r = -0.47, p<0.0001) (Fig. 
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3), suggests that coat color variation in wild house mice results, in part, from a selective 

effect of crypsis.  Additionally, less variation in dorsal color among individuals also 

suggests that the dorsal color is the major target for predation.  To sum up, background 

matching will minimize differences between an animal’s coloration and its surroundings; 

therefore, we consider that it is one of the rational explanations for the variation in coat 

color that we observed in the wild-caught house mice.   

Recently the concealment explanation was found to be confounded by bacterial 

resistance in bird (Burtt & Ichida, 2004).  Because bacteria are more abundant and 

active in humid environments and because the dark pigment, eumelanin resists bacterial 

degradation better than light pigment, pheomelanin (Hearing, 2000; Burtt & Ichida, 

2004; Goldstein et al., 2004), the coat color variation in wild house mice following the 

Gloger’s rule, likewise, might be a response to the selection to resist bacterial 

degradation.  However, this explanation is less likely to be valid for the house mice 

because the color variation in the dorsum did not correspond to that of the venter.  If 

the bacterial resistance had been an important factor, the selection force would have had 

similar effects on the dorsal and ventral coloration.  However, rigorous experiments 

should be conducted to confirm the bacterial effect like in song sparrows (Burtt & 

Ichida, 2004).           

Still, thermoregulation may play a partial role on the coat color variation.  The 
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endothermic animals in cold climate tend to be darker for maintaining body temperature, 

because the dark coat color can absorb solar radiation more effective than the pale one 

(Cloudsley-Thompson, 1999; Caro, 2005).  If the thermoregulation argument were true, 

a negative correlation may exist between the lightness of coat color (standardized PC1) 

and latitude, which inversely reflects annual temperature.  This is only true in the 

subspecies of M. musculus musculus (r = -0.183, p<0.0001, data not shown), and yet the 

latitude (indirectly temperature) factor can account just 3.3% of the variation (R2 = 

0.033).  Therefore, the thermoregulation argument is uncertain for the mouse mice, 

perhaps because animals can employ tactics without involving radiation to maintain 

body temperature. 

Differences in coat color among the three subspecies examined (Fig . 4) are 

consistent with differences in precipitation throughout the areas in which the mice were 

collected (Fig. 1).  The darkest subspecies, M. musculus castaneus, is distributed in 

humid areas and the lightest subspecies, M. musculus bactrianus, occurs in arid areas.  

The third subspecies, M. musculus musculus, shows an intermediate pattern (Fig. 4) and 

its distribution (Fig. 1) is broadest spanning from humid to arid areas.  This pattern is 

supported by our multiple regression analysis which showed that the precipitation 

variable explains much more of the variation (21.59 %) in coat color than the subspecies 

variables (subsp1: 1.24% and subsp2: 0.81 %) do.  Therefore, we suggest that the 
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differences in coat color among the three subspecies reflect parallel differences in levels 

of precipitation and thus environmental background colors of their habitats. 

Since coat color variation, which can be explained by precipitation, accounts for 

only 21.59 % of the variation observed, some other environmental factors must be 

involved (e.g., microhabitats or factors associated with the animals’ commensalism with 

humans).  Because the precipitation data that CMAP provided are only a rough 

estimation, actual precipitation in microhabitats may deviate from the estimated data.  

Furthermore, the levels of predation pressure and other environmental parameters 

within microhabitats are unknown.  All of these factors may contribute to the residual 

variation in coat color which can not be explained by precipitation.  For example, the 

quality of habitats can affect animal color (Veiga & Puerta, 1996; Griffith, 2000; Fitze 

& Richner, 2002; Parker et al., 2003; McGraw, 2007).  Some experiments also 

confirmed that the environmental stress was associated with the variation of feather 

color and the eumelanin could signal “good genes” (Johnston & Janiga, 1995; Roulin et 

al., 2000; Roulin et al., 2001; Roulin et al., 2003).  Finally, the house mice are 

primarily commensal with human habitation, such as granaries and buildings.  

Although the house mice can easily disperse between human and natural habitats 

(Pocock, Hauffe & Searle, 2005), their coat colors, at most are only partially affected by 

natural selection (Merilaita, Tuomi & Jormalainen, 1999) and may be neutral when in 
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commensal habitats.  Therefore, commensalism may be another factor that may 

contribute to the residual variation between coat color and precipitation, because 

polymorphic coat color can be maintain within a population (Roulin, 2004).  

Nevertheless, without information about other environmental factors, the highly 

significant correlation between the single indirect environmental factor (precipitation) 

and coat color variation may indicate that the selection pressure of background 

matching must be strong. 

Like pocket mice (Nachman, Hoekstra & D'Agostino, 2003; Nachman, 2005), 

lesser snow geese and arctic skuas (Mundy et al., 2004), some genetic factors are 

responsible for variation in the coat color of house mice.  Research on coat color 

genetics is almost as old as the science of genetics itself (Silvers, 1979).  There are 

more than 100 loci and 800 phenotypic alleles of coat color known in laboratory mice 

today (Bennett & Lamoreux, 2003).  However, house mice in natural populations have 

much less color variation than that has been observed in laboratory populations.  In 

fact, many phenotypes which emerged from the laboratory, such as spotted, complete 

lack of pigmentation, mottled, belted, piebald, and albino (Jackson, 1994; Nakamura et 

al., 2002; Bennett & Lamoreux, 2003), are unlikely to be seen in the wild.  We surmise 

that if coat color is constrained by selection (background matching) in natural 

populations, the alleles that act on variation in coat color of wild mice must be much 
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fewer than those in laboratory mice.  When alleles are lethal or pleiotropically 

deleterious, the chances of being retained in natural populations are slim.   

In conclusion, many of the mutant coat color alleles that have been observed in 

laboratory mice were induced by radiation or chemical treatments (Nakamura et al., 

2002).  These mutations are unlikely to happen spontaneously in natural populations.  

The major genes and alleles that have been found to act on coat color in other mammals 

(Majerus & Mundy, 2003), like Mc1r, agouti, etc., may still be the major candidate 

genes responsible for coat color variation in wild mice.  A future attempt to associate 

the genotypes of some candidate loci with phenotypes as we clarified would shed light 

on the adaptive coloration in wild house mice. 
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Table 1 Variable loadings and percent variance explained by PCA. 

Variables PC1 PC2 PC3 

Hue 0.257 0.965 0.044 

Value 0.933 -0.072 -0.352

Chroma 0.917 -0.179 0.346 

Percent variance explained 59.30% 32.50% 8.20%
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Fig. 1 Map showing localities from which specimens of Mus musculus used in this 

study were collected.  Dark circles indicate M. musculus castaneus localities; gray 

triangles indicate M. musculus musculus localities; open rectangles indicate M.

musculus bactrianus localities.  Contour values represent mean annual precipitation 

from 1993 to 2002 (unit: mm/per day). 
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 (a) 

(b)

Fig. 2 Representative variation in coat color in wild house mice (Mus musculus).
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Agouti intron 1 insertional
mutation

Agouti (Mus musculus) 89.0 cM

(Dasyprocta aguti)

subapical yellow Agouti 4 exons exon 1

noncoding exon exon 1 exon 1A, 1B, 1C, 1D (Siracusa, 1994)

Agouti exon 2, 3, 4 131

signal sequence basic domian cysteine C

transmembrane domain secreted protein

(Bultman, Michaud & Woychik, 1992)

Agouti

(Dinulescu & Cone, 2000) Agouti melanocortin 1 

receptor (Mc1r) (  melanocyte stimulating hormone, MSH)

Mc1r (eumelanin, black 

to brown) (pheomelanin, yellow to red)

(Lu et al., 1994; Kobayashi et al., 1995) Agouti

(Hayssen, 2001)

Mouse Genome Informatics (http://www.informatics.jax.org/)

Agouti spontaneous mutation allele 57 Agouti

spontaneous mutation rate (Schlager & Dickie, 1966; Schlager & 

Dickie, 1967; Dickie, 1969) Agouti

Agouti

Agouti

Agouti mutation insertion intermediate yellow (Aiy)

sienna yellow (Asy) viable yellow (Avy) intercisternal A-particle yellow (Aiapy)

nonagouti (a) black-and-tan (at) white-bellied Agouti (Aw)(Bultman et al., 1994; 

Duhl et al., 1994; Michaud et al., 1994; Siracusa et al., 1995) a allele

retroviral insertion intron 1 spontaneous mutation retrovirus
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homologous recombination Agouti reverse at Aw(Bultman et al., 

1994) Agouti dilution

hairless endogenous retroviruses reverse mutation

(Maksakova et al., 2006) Agouti wild type a at Aw

Agouti intron 1 insertional mutation

retriviral

insertion forward reverse

allele

Agouti

16 103 ( 1) 47

22 82 120 6 13

3 1 : (5

1 1) (5 1 2) (5 1

3) (11 1 4) (4 1 5)

(11 1 6) (6 1 7)

(5 1 8) (1 1 9)

(3 1 10) (2 1 11)

(17 1 12) (14 1 13) (5

1 14) (4 1 15) (5 1 16)

6 ( g)

(flat skin specimen) Munsell

(Munsell soil color chart)

(Holt, Maples & Savok, 2003)

(hue )

(value ) (chroma

) Sugita and Marumo (1996)
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(hue) (10YR)

(Principal Component Analysis PCA)

1 (PC 1 1)

NCBI (B6) whole genome Agouti

Bultman et al.(1994) Agouti intron 1 insertion site

MmA_F2 5’-CTCTCTTCGGTTCTGACTTGATTCT-3’

MmA_R2: 5’-CTGCCCACCTATCACCTTTAGA-3’( 2) Phusion DNA 

polymerase (Finnzymes) Agouti intron 1 PCR PCR (1)

98  30 sec (2) 98  10 sec, 58  10sec, 72  1~5min, 30  (3) 72  10min

PCR ABI 5' 3' ~6 kb

PCR TOPO XL PCR cloning kit (Invitrogen) cloning

Sequencher 4.1.4 t-test genotype

16 5 insertional mutation ( 2)

(1 ) (2 ) (1 )

(4 ) (1 ) 5

insertional mutation 29%

(67%) 6 4 insertional mutation

(9%) 11 1 insertional

mutation insertion (

1) Mus musculus castaneus ( 1 13)

( 1 14) ( 1 15) ( 1 16) 28

insertional mutation

103 9 Agouti intron 1 insertional

mutation (9 %) 93 (91 %) ( 3) Insertion

674 bp  5.5 kb 674 bp insertion murine leukemia 

virus (MuLV) VLeco long terminal repeat (LTR) 674 bp insertion 36 ~ 
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671 bp 636 bp 601 bp MuLV LTR nucleotide identity

94%( 3) 5.5 kb insertion 764 bp

repeat 9 insertonal mutation 2

674 bp 1 ~5.5 kb 1 674 bp insertion

2 ~5.5 kb insertion 3 674 bp ~5.5 kb

2 alleles insetional mutation 6 3

allele insertional mutation 9 18 alleles 674 bp

~5.5 kb 8 7 alleles Agouti intron 1 insertion

site 08007 insertion site insertion site

47 bp 61 bp 108 bp ( 4)

(08007) insertional mutation PCR

product size 502 bp insertional mutation PCR product (582

bp) 08007 consensus

79 bp insertion site ( 4)

3 6 g (04295: 4.9g, 04081: 5g, 04309: 

5.5g) 100 insertional mutation

(t98 = 1.66, p = 0.10) 2 alleles insertional mutation

(t98 = 1.75, p = 0.08)

6 g 21

79 insertional mutation

(t77 = 1.47, p = 0.15) 2 alleles insertional

mutation (t77 = 0.29, p = 0.77)

Agouti intron 1 insertional mutation 9 2 insertional

alleles allele insertion 674 bp murine leukemia virus (MuLV) 

VLeco long terminal repeat (LTR) ( 3) allele

insertion 674 bp insertion

retrovirus LTR ~5.5 kb insertion
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retrotransposon endogenous retrovirus 

mutations (ERVs) reversion (Maksakova et al., 2006) Agouti

3 Bultman et. al.(1994) Agouti spontaneous forward and reverse 

mutation 11 kb (5.5 kb retrovirus-like transposable elements 

containing 5.5 kb additional internal sequence) Agouti intron 1

Agouti wild type nonagouti (a) allele ( 2)

retrovirus-like transposable elements homologous 

recombination LTR self recombination

LTR insertion site Agouti nonagotui white-bellied

agouti (Aw) insertional mutation Bultman et 

al.(1994) ~5.5 kb insertion

retrotransposon 674 bp LTR 674 bp insertion

retrotransposon LTR self recombination Agouti intron

1 (insertion site) LTR retrotransposon

insertional

mutations size insertions insertion site

(08007) allele Agouti

intron 1 insertional mutation insertion site 79 bp

deletion allele

allele

allele Agouti

allele screen

genotype

9 insertional mutation

Agouti

Agouti intron 1 Agouti

(Cheverud

et al., 1996; Corva & Medrano, 2001; Bennett & Lamoreux, 2003) Agouti

Mc1r (Majerus & Mundy, 2003; Nachman, Hoekstra & 
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D'Agostino, 2003; Steiner, Weber & Hoekstra, 2007)

null

allele sampling error genetic background

phenotype-genotype association

103 9 Agouti intron 1

insertional mutation Agouti spontaneous

mutation rate (Schlager & Dickie, 1966; Schlager & Dickie, 1967)

retro elements Agouti

intron 1 insertion site ( 4) insertion

retrotransposable element 9 6 (67

3) 2 alleles retroelement insertional mutation

neutral mutation

Agouit MCM6

(minichromosome maintenance protein) ITF2 (immunoglobulin transcription factor 2, 

a basic helix-loop-helix transcription factor) (Furumura et al., 1998) homozygte

lethal yellow (Ay) lethal light-bellied nonagouti (ax) allele

(Silvers, 1979)

Agouti insertional mutation

retroviral elements insertional mutation 

rate intracisternal A particle (IAP) insertions C3H/HeJ

(Rakyan et al., 2003; Ishihara et al., 2004) Mus

musculus castaneus insertional mutation

M. m. castaneus 2

insertional mutation sampling error

genetic background

Agouti intron 1 insertional mutation rate

~5.5 kb retroviral transposon colony PCR

plasmid size 5.5 kb clone

LTR clone
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nested deletions in vitro transposition sequencing ( Epicentre EZ-Tn5

<oriV/KAN-2> insertion kit) ~5.5 kb retroviral transposon
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1

Variables PC1 PC2 

Chroma 0.894 0.447 

Value 0.894 -0.447 

Percent variance explained 80% 20% 
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2 Agouti intron 1 

 Insertion 
 582bp/582bp 5 

 582bp/582bp 4 

  582bp/1256bp 1 

 582bp/582bp   5 

 582bp/582bp 11 

 582bp/582bp 2 

  1256bp/1256bp 1 

  6kb/6kb 1 

 582bp/582bp 10 

  582bp/6kb 1 

 582bp/582bp 2 

  1256bp/1256bp 1 

  582bp/6kb 2 

  1256bp/6kb 1 

 582bp/582bp 4 

  1256bp/6kb 1 

 582bp/582bp 3 

 582bp/582bp 1 

 582bp/582bp 2 

 582bp/582bp 17 

 582bp/582bp 13 

  502bp/502bp 1 

 582bp/582bp 5 

 582bp/582bp 4 

 582bp/582bp 5 



58

3 Agouti

502bp/502bp 1 1% 

582bp/582bp 93 90% 

582bp/1256p 1 1% 

1256bp/1256bp 2 2% 

1256bp/6kb 3 3% 

582bp/6kb 2 2% 

6kb/6kb 1 1% 
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1 1 ( ) 2 ( ) 3 (

) 4 ( ) 5 ( ) 6 (

) 7 ( ) 8 ( ) 9 (

) 10 ( ) 11 ( ) 12 (

) 13 ( ) 14 ( ) 15 ( ) 16 (

) Agouti intron 1 insertional mutation



60

2 PCR primers(MmA_F2, MmA_R2) exon

intron 1 insertion site primer insertion site

insertion insertion

size 11 kb Agouti a allele 6 kb at allele 0.6 kb AW

allele

Exon 1 

Exon 2 
Insertion site  MmA_F2

primer

MmA_R2
primer

Insertion
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3 Agouti gene intron 1 764 bp insertion ( ) Murine leukemia virus (MuLV) 

VLeco long terminal repeat ( )
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4 08007 ( PCR size = 502 bp) insertion (PCR size = 582 bp)

consensus 08007 92 insertional

mutation consensus primer 08007 455 bp

consensus 535 bp 08002

insertion site
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:Mc1r

(Mc1r)

regulatory coding regions Mc1r

Title: Sequence variation in the coding and non-coding region at the melanocortin-1 

receptor gene (Mc1r) is not associated with coat colour variation in the Pére David’s 

vole (Eothenomys melanogaster)

Summary

The molecular genetic changes associated with adaptive morphology remain an 

interesting puzzle in evolutionary biology.  Previous studies have shown that mutations 

in the coding regions of the coat colour candidate gene, melanocortin 1 receptor (Mc1r)

gene underlie adaptive coat colour variation in a wide range of species.  However, the 

evolution of regulatory regions of Mc1r still remains unclear.  In this study, we obtain 

the upstream sequences of the Mc1r gene from Pére David’s vole (Eothenomys

melanogaster).  Our results demonstrate that the coat colour in Pére David’s vole is an 

adaptive trait, with individuals of black colour living in a more humid environment and 
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brown colour forms in a drier area.  However, no association was found between the 

coat colour and the polymorphisms in either regulatory or coding sequences.  This 

implies that there may be other genes, acting alone or in concert with Mc1r, underlie 

coat colour variation in Pére David’s voles. 

Keywords: Mc1r, coat colour, adaptation, Eothenomys melanogaster, 5’RACE, 

regulatory evolution 

Introduction 

One of the principal goals in evolutionary biology is to elucidate the genetic 

mechanisms underlying an adaptive trait.  Whether the evolution of an adaptive 

phenotype is a result from mutations in the cis-regulatory elements or coding regions of 

structural genes still remains controversial (Hoekstra & Coyne, 2007; Wray, 2007).  

Coat colour in vertebrates has been the most prominent case among adaptive 

morphological traits to suggest a clear relationship between phenotypes and genotypes 

(Hoekstra, 2006).  A large number of genes have been known to affect vertebrate 

pigmentation.  For example, in mice, more than 100 loci and 800 phenotypic alleles 

have been identified (Bennett & Lamoreux, 2003).  Among them, the melanocortin-1 

receptor (Mc1r) gene, a critical regulator in pigmentation synthesis, has been shown to 

contribute to colour polymorphism in many species (Majerus & Mundy, 2003).   
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Mc1r is a G-protein coupled receptor with seven transmembrane domains, and is 

specifically expressed in the melanocytes, the melanin-producing cells.  In mammalian 

melanocytes, there are two basic types of melanin: (1) eumelanins, which are black or 

brown, and (2) pheomelanins, which are yellow or red.  Typically both types of 

melanin are mixed in various proportions and result in coat colour variations in animals.  

The expression of the Mc1r gene is regulated by the agonist -Melanocyte-stimulating 

hormone ( -MSH) and the antagonist agouti protein.  Binding of Mc1r by -MSH

results in an increase in the synthesis of eumelanins while Mc1r bound by agouti protein 

will increase the production of pheomelanins (Hearing, 2000). 

The Mc1r gene has been shown to be responsible for coat colour differences for a 

wide range of species (Theron et al., 2001; Ling et al., 2003; Nachman, Hoekstra & 

D'Agostino, 2003; Mundy et al., 2004; Rosenblum, Hoekstra & Nachman, 2004; 

Hoekstra et al., 2006; Nadeau, Minvielle & Mundy, 2006).  All mutations in the gene 

identified were in the coding region (Hoekstra, 2006; Steiner, Weber & Hoekstra, 2007), 

in part because the Mc1r gene has only one small exon (~1 kb) that has been conserved 

in different species.  Although the regulatory mechanisms (Rouzaud & Hearing, 2005) 

have been addressed, the evolution of Mc1r gene and its cis-regulatory elements still 

remain unclear.  

In this study, we used a rapid amplification of 5’-cDNA end (5’-RACE) method 



69

to obtain the 5’-untranslated region (5’-UTR) sequences of the Mc1r gene in Pére 

David’s vole (Eothenomys melanogaster), a species that exhibits a dark-brown pattern 

of coat colour.  To test the hypothesis of regulatory evolution, we examined the 

relationship between coat colour and the Mc1r genotype in both regulatory and coding 

sequences to determine if the causal mutations that underlie the coat colour 

polymorphism observed in this species occur in the regulatory or coding regions?    

Materials and methods 

Samples and measurements of coat colour 

Pére David’s vole (fig. 1) is a species widely distributed in China and Taiwan 

(Luo et al., 2004), inhabiting in middle-high altitude montane areas from 1700 to 2700 

meters in elevation (Yu, 1995).  A total of 37 voles were collected from 4 locations in 

Taiwan.  The sample size for each population is as follows: 14 from Alishan, 8 from 

Tataka, 6 from Guanwu, and 9 from Wuling.  The voles were trapped from the field 

and brought back to process in the lab.  Skin specimens were made and tissue samples 

were preserved.   

In order to test the Gloger’s rule which predicts that animals in more humid areas 

tend to be darker, we used regression analysis to test the relationship between the coat 

colour and an environmental factor, i.e., precipitation.  The coat colours of the 
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specimens are classified into melanic, intermediate, or brown forms (fig. 1), and scored 

as 1, 0.5, and 0, respectively.  The mean annual precipitation for Alishan, Tataka, 

Guanwu, and Wuling were 3988 mm, 2418 mm, 2500 mm, and 1488 mm, respectively. 

5’RACE and primer design 

Poly (A)+ RNAs from skin and tail tissues were extracted according to the Trizol 

protocol (Invitrogen).   The 5’-UTR sequences and the transcription initiation sites of 

the Mc1r gene of Pére David’s vole were determined using a 5’ RACE kit (Roche).  

We obtained the exon sequences of the Mc1r gene by a pair of primers (mMc1r-1-for 

and mMc1r-2-rev) specific for house mice (Mus musculus) (Wada et al., 2005) for 

amplifying.  The amplification was successful and the products were sequenced.  

Based on exon sequences obtained, we designed three gene specific-primers for 

5’RACE: EmMc1r_SP1 (5’-CCA GAC AGC AGA TGA AGC AA-3’) for synthesis of 

first strand cDNA using AMV reverse transcriptase, EmMc1r_SP2 (5’-GAG GCC ATC 

TGG GAT AGA CA-3’) for first PCR to amplify the adaptor-ligated cDNA, and 

EmMc1r_SP3 (5’-GGT AGC CAG TCC AAG GTG AG-3’) for second PCR.  

Thereafter we successfully obtained the 5’UTR sequences.  In order to obtain the 

sequences encompassing 5’UTR and exon, a new primer pair, EmMc1r_F1 (5’-CTA 

CGG GGG CTT TGA ACA C-3’) and EmMc1r_R1 (5’- TGG TCC CAG GCA GTT 
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TGT G-3’), was designed to amplify a 1714-bp fragment in the voles.   

Genomic DNA extraction, PCR cloning, and sequencing 

Genomic DNA was extracted from frozen muscle, liver or kidney tissues using 

commercial kits (Lamda).  PCR amplification were performed in thermal cyclers (ABI 

2720 or Bio-Rad PTC 200) in 100 µl total volume containing 1.0 unit of Phusion DNA 

polymerase (Finnzymes), 20 µl 5× Phusion HF buffer, 0.2mM for each dNTP and 1.5 

mM MgCl2.  PCR thermocycling condition were as follows: (1) an initial denaturing 

step of 98  for 30 s; (2) 30 cycles of the following: 10 s at 98 , 10 s at 58-61 , 2 

min at 72 ; and (3) a 10 min extension step at 72 .   The 1714 bp PCR product was 

purified using a QIAquick gel extraction kit (Qiagen).  After A-tailing with 10mM 

dATP at 72  for 30 min, TA cloning was performed using the pGEM-T vector system 

(Promega) according to manufacturer’s instructions.  At least five clones were 

sequenced for each vole. 

Data analysis 

Sequences were edited and aligned manually by Sequencher, v.4.1.4 (Genecodes). 

Associations between single nucleotide polymorphisms and colours were tested by the 

Chi-square test.  All Mc1r sequences generated in this study have been deposited in 
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GenBank.  To define the boundary of coding region, E. melanogaster Mc1r nucleotide 

sequences were aligned with those of house mouse (M. musculus) and pocket mouse 

(Chaetodipus intermedius) by ClustalW.  In addition, the transmembrane regions were 

predicted by four web tools: i.e., HMMTOP 2.0 (http://www.enzim.hu/hmmtop/), 

SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/), TMHMM 2.0 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/), and TMpred 

(http://www.ch.embnet.org/software/TMPRED_form.html).  Potential transcription 

factor binding sites were predicted by Transcription element search system (TESS; 

http://www.cbil.upenn.edu/tess).  A parsimony haplotype network based on Mc1r

sequences from all alleles was constructed by TCS 1.21 (Clement, Posada & Crandall, 

2000).  The evidence for selection at Mc1r was provided by Tajima’s D statistic 

(Tajima, 1989) using the programme DnaSP 4.10.9. 

Results

Characteristics of the 5’UTR and coding regions of the Mc1r gene 

A region of 1714 bp of the Mc1r gene was determined for Pére David’s vole, 

including the entire coding region (954 bp) and 5’ (588 bp) and 3’(172 bp) UTR.  The 

5’UTR sequence shows 71.7% nucleotide identity to that of house mouse (Adachi et al., 

2000).  The transcription initiation sites identified using the 5’-RACE analysis were 
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stretched over a GC rich (57.4%) region of approximately 500 bp upstream the Mc1r

coding region (fig. 2, position at 1, 199, 256, 271, 276, 293, 302, 305, 318, 378, and 

474).  No apparent groups of transcriptional initiation sites were noted, in contrast to 

the human pattern (Moro, Ideta & Ifuku, 1999).  We predict three and one putative 

binding sites for the transcription factor SP-1 and AP-2, respectively by TESS.  In 

addition, five CANNTG motifs, which have been experimentally identified in the house 

mouse Mc1r promoter (Adachi et al., 2000), were also found.  Neither TATA nor 

CAAT box were found in this proximal region. 

The nucleotide positions 589-1542 (954 bp), from start codon (ATG) to stop 

codon (TGA), correspond to the exon sequence of the Mc1r gene of the house mouse 

and the pocket mouse.  The exon of Pére David’s vole shows 89.0% and 82.8% 

nucleotide identity to that of house mouse (Wada et al., 2005) and of pocket mice 

(Nachman et al., 2003), respectively.  All of the four web tools predict that the exon we 

sequenced contain seven putative transmembrane domains, a feature of G protein 

coupled receptor. 

Mc1r sequence variation is not associated with coat colour polymorphism 

Eleven polymorphic sites were detected, three within the 5’UTR, seven within the 

exon, and one within the 3’UTR (table 1).  Within the exon, five of the substitutions 
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were synonymous and two were nonsynonymous.  The two nonsynonymous mutations, 

amino acid position 109 and 231, occur in the second extracellular region and in the 

third intracellular region, respectively.  None of the eleven substitutions showed any 

association with the coat colour variation (table 1).  That is, we did not observe any 

variant unique to melanic, intermediate, or brown coat colour in any population.  Thus, 

we suggest that Mc1r is not a principal determinant of coat colour polymorphism in E.

melanogaster, at least in the four populations we sampled. 

Phylogenetic relationships and testing for selection 

Sequence variation at Mc1r was largely consistent with phylogeographic patterns 

inferred from mitochondrial cytochrome B sequence variation.  Three polymorphic 

sites (table 1: 1104, 1279, and 1607) support the split between the southern (including 

population Alishan and Tataka in this study) and northern (including population 

Guanwu and Wuling in this study) lineages, which is the basal split inferred from 

mtDNA (Chang, 2007).  The genealogy of Mc1r haplotypes (fig. 3) is very similar in 

topology to those generated from mitochondrial cytochrome B, nuclear IRBP, and X 

chromosome-link G6pd gene for Pére David’s voles (Chang, 2007).  Besides, there are 

only two nonsynonymous substitution in Mc1r sequence, one occur in heterozygotes 

(ID: Yu2087, nucleotide position 913, amino acid position 109), and the other separate 
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the North and South populations (nucleotide position 1279, amino acid position 231). 

Tajima’s D test did not differ significantly from zero (0.87142, p > 0.10), which 

means the coat colour related gene, Mc1r, is not subject to selection. 

Melanic coat colour is associated with the amount of precipitation 

The standardized regression coefficient for the precipitation variable was 0.54 (p 

< 0.001).  It was to say that the environmental factor (i.e. precipitation) can explained 

27% of the variation in coat colour (adjusted R2 = 0.27).  In addition, the most melanic 

population (Alishan) stays in the most humid environment, the least melanic population 

(Wuling) inhabits in the driest habitat.  The pattern corresponds to the Gloger’s rule 

(Gloger, 1833), which states that individuals of endothermic animals in humid habitats 

are darker than those in drier habitats, implying the coat colour is an adaptive 

phenotype.

Discussion 

 We cloned and characterized the promoter region of Mc1r in Pére David’s voles.  

Gene expression of most eukaryotes are under the control of regulatory elements, 

especially the promoter region which are usually located upstream of transcription 

initiation sites.  Our result showed that the ~ 500 bp GC-rich region upstream the Mc1r
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coding region seemed to be the main promoter.  Not only all of the detected 

transcription initiation sites are located in this region, but also the features contained in 

region, (including GC-rich, TATA-less, and SP-1 transcription factor binding sites) are 

all consistent with those of G-protein-coupled receptors.  In addition, the first two 

CANNTG motifs of Pére David’s vole are completely identical in sequence to the 

promoter region of house mouse , which are recognized by the transcription factor of 

basic-helix-loop-leucine zipper (bHLH-Zip) protein family (Adachi et al., 2000).  

Therefore, the two CANNTG motifs upstream from most of transcription initiation sites 

are important candidate core promoters, although it still needs to be confirmed by 

further experiment, such as gel shift assay.  In short, our result is the first report for 

characterizing the Mc1r promoter region of E. melanogaster.

In this study, the pattern of coat colour variation in Pére David’s voles 

corresponds to Gloger’s rule (Gloger, 1833; Zink & Remsen, 1986), which states that 

animals in more humid environments tend to be darker, implying the coat colour is an 

adaptive trait.  In other words, the percentage of melanic forms among the four vole 

populations completely corresponds with the amount of precipitation, implying the coat 

colour variation, at least in part, is formed by a selective effect of crypsis and/or 

bacterial resistance.  One possibility is the melanic forms are more cryptic in a darker 

background caused by higher vegetation density (i.e., shade) and darker soil colour (i.e.,



77

saturated with moisture) which are associated with the habitats of higher precipitation 

(Belk & Smith, 1996; Lai et al., 2008).  An alternative explanation is that bacteria are 

more abundant and active in humid environments, and the melanic form with more 

eumelanin pigments resists bacterial degradation better than brown form caused by 

pheomelanin pigments (Burtt & Ichida, 2004; Goldstein et al., 2004). 

In contrast to a wide range of taxa in which Mc1r mutations underlie coat colour 

polymorphism (review in Majerus & Mundy, 2003; Mundy, 2005; Hoekstra, 2006), our 

finding is one of few studies which found no association between the Mc1r genotype 

and the colour variation in wild animals (MacDougall-Shackleton, Blanchard & Gibbs, 

2003; Cheviron, Hackett & Brumfield, 2006; Haitina et al., 2007; Wlasiuk & Nachman, 

2007).  Furthermore, we found no association between coat colour variation and both 

in cis-regulatory mutations and coding mutations.  Therefore, other genes, like Agouti 

(Steiner et al., 2007) or Tyrp1 (Schmutz, Berryere & Goldfinch, 2002) might underlie 

the coat colour variation.  Alternatively, because both enhancers and silencers can be 

up to 100 kb away from their core promoter region, it is difficult to identify them.  In 

addition, Mc1r mutation may underlie coat colour variation in other populations which 

we did not screen.  For example, pocket mice had been found association between coat 

colour variation and Mc1r substitution only in one population, but not in other three 

populations (Hoekstra & Nachman, 2003).  Therefore, our data could not thoroughly 
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rule out the potential responsibility of Mc1r gene.  However, the consistent patterns 

between Mc1r-based and cytochrome B-based phylogenies and no significant selection 

detected by the Tajima’s D test suggest that the differences at Mc1r, including gene 

regulation and gene structure region, might simply reflect population divergence rather 

than a different adaptive evolution. 

Although we did not found the phenotype and genotype association both in gene 

regulatory and gene structure region of the Mc1r gene, we attempt to distinguish 

whether the cis-regulatory mutation or the coding mutation play a crucial role in 

adaptive evolution which is an exciting outset for the evolutionary biology.  In the 

future, it might require more decades to obtain enough evidence to confirm the 

hypothesis of regulatory evolution (Carroll, 2005). 
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Table 1 Nucleotide polymorphism at Mc1r gene (Numbers in the top row correspond to 
nucleotide positions.  Dots represent identity with respect to the first sequence.  For 
heterozygous sites, the genotype is indicated.) 
population coat colour specimen 88 89 374 750 913 1104 1279 1323 1518 1524 1607

melanic Yu2086 C C G G C T A C G G A
melanic Yu2088 . . . . . . . . G/A . .
intermediate Yu2091 . . . . . . . . . . .
intermediate Yu2092 . . . . . . . . . . .
intermediate Yu2093 . . . . . . . . . . .

Guanwu  

(Gu) 

intermediate Yu2087 . . . . C/G . . . . . .
brown Yu2036 . . . . . . . . . . .
brown Yu2041 . . . . . . . T . . .
brown Yu2037 . . . A . . . T . . .
brown Yu2014 . . . G/A . . . T . . .
brown Yu2040 . . . G/A . . . T . . .
brown Yu2039 . . . . . . . C/T . . .
brown Yu2044 . . . . . . . C/T . . .
brown Yu2038 . . . G/A . . . C/T . . .

Wuling   

(Wu) 

brown Yu2042 . . . G/A . . . C/T . . .
melanic Yu2022 A G . . . C G . . . G
melanic Yu2072 A G . . . C G . . . G
melanic Yu2071 . . A/G . . C G . . G/A G
melanic Yu2064 C/A C/G . . . C G . . G/A G
intermediate Yu2076 . . . . . C G . . A G
brown Yu2082 . . A . . C G . . . G
brown Yu2020 A G . . . C G . . . G

Tataka

(Ta)

brown Yu2066 C/A C/G . . . C G . . G/A G
melanic Yu2045 . . A . . C G . . . G
melanic Yu2046 . . A . . C G . . . G
melanic Yu2050 . . A . . C G . . . G
melanic Yu2051 . . A . . C G . . . G
melanic Yu2053 . . A . . C G . . . G
melanic Yu2058 . . A . . C G . . . G
melanic Yu2059 . . A . . C G . . . G
melanic Yu2049 . . . . . C G . . . G
melanic Yu2055 . . A/G . . C G . . . G
intermediate Yu2056 . . A . . C G . . . G
intermediate Yu2057 . . A . . C G . . . G
brown Yu2048 . . A . . C G . . . G
brown Yu2052 . . A . . C G . . . G

Alishan   

(Al)

brown Yu2054 C/A C/G A/G . . C G . . . G

Gene structure  5'UTR Exon 3'UTR
Amino acid   Arg Ala    
       Gly  Thr     
Amino acid position 54 109 172 231 245 310 312 
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Fig. 1 Variation in coat colour of Pére David’s voles (Eothenomys melanogaster).

Samples from left to right are melanic, intermediate, and brown forms, respectively. 
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Fig. 2 The nucleotide sequence of 5’ UTR of the Mc1r gene.  The maximum length of 

5’UTR is 588 bp.  The first ATG codon is boxed.  Multiple transcriptional initiation 

sites are indicated by arrows.  Consensus binding sites for SP-1 and AP-2 transcription 

factor are underlined.  The parentheses refer to the database from mouse (M) or rat (R).  

The CANNTG motifs based on mice experiment are thickly underlined. 
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Fig. 3 Statistical parsimony network based on Mc1r haplotypes.  Each line between 

haplotypes indicates one substitution with the positions of the nucleotide substitutions 

noted above. * indicates nonsyonymous substitution. Gu01 is one of alleles from 

Yu2087. Al, Ta, Gu, and Wu indicate alleles from the Alishan, Tataka, Guanwu, and 

Wuling population, respectively. AlTa indicates alleles from the Alishan and Tataka 

populations. WuGu indicated alleles from Guanwu and Wuling populations.  The 

reticular background indicates the two north populations, and white background 

indicates the two south populations.  
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Abstract

Coat color variation due to melanin pigment synthesis in house miceMus musculus

in Asia is described and found to be consistent with Gloger’s rule, which states that

individuals of endothermic animals are darker in humid habitats than those in

drier habitats. Three properties of coat color (hue, value and chroma) were

measured, and a lightness variable was derived from a principal components

analysis using 428 skin specimens representing three subspecies from 85 localities.

Dorsal coat color ranged from yellow through brown to black, whereas ventral

coat color ranged from white to black. Dorsal coat color varied less than the

ventral color. In our samples, the variation in coat color in natural populations

was far less than that observed in the laboratory. We found a significant

correlation between the lightness variable of dorsal coat color and precipitation.

Dark coat color was observed in more humid and closed habitats (darker

background color), and pale coat color in drier, more open habitats (lighter

background color). This result might imply the role of concealment as a selective

force affecting dorsal coat color that was observed in house mice. We also

discussed other selective forces that could affect the coat color variation in house

mice, such as resistance to bacterial degradation and thermoregulation. In

addition, the color spectra of the dorsal pelage among the three subspecies were

different, the major distinction being the environmental background color of the

habitats in which they are distributed.

Introduction

Coat color is an important phenotypic characteristic in

mammals because it is an intermediary for an individual to

interact with environments and with other animals. There-

fore, coat color is tightly associated with an individual’s

survival and fitness. Adaptive significance of coloration in

animals can be explained by several selective forces (Burtt,

1981; Cloudsley-Thompson, 1999). Yet, for mammals,

many of the working hypotheses concerning the adaptive

value of coat color were proposed more than 100 years ago

and the field has progressed little since then (Caro, 2005).

Recently, these hypotheses have attracted interest, and are

again being explored and tested (e.g. Ortolani, 1999; Stoner,

Bininda-Emonds & Caro, 2003a; Stoner, Caro & Graham,

2003b; Nachman, 2005; Hoekstra, 2006; Hoekstra et al.,

2006). The three most important adaptive factors influen-

cing coat coloration in mammals are concealment, thermo-

regulation and communication. For example, after

removing the confounding effects of shared ancestry, pale

coloration of lagomorphs has been strongly associated with

open habitats serving the purpose of protective coloration

(Stoner et al., 2003a). Similarly, coat color patterns provide

crypsis for carnivores (Ortolani, 1999). Coloration may also

be related to thermoregulation. Stoner et al. (2003a) found

that dark coloration on extremities in lagomorphs might

help conserve body heat in cold environments. In addition,

coat color plays a role in animal communication. For

example, dark ear tips in lagomorphs (Stoner et al., 2003a)

and carnivores (Ortolani, 1999) have been shown to be

useful signals for individual recognition, whereas conspic-

uous tail colors offer a similar function in artiodactyls

(Stoner et al., 2003b).

Despite the fact that many coat color variants due to

melanin synthesis and distribution have been well documen-

ted in laboratory mice (Silvers, 1979; Bennett & Lamoreux,

2003), we know little about coat color variation in wild

house mice from which laboratory strains were originally

derived. We know even less about the adaptive significance

of coloration in wild mice. Taking advantage of a large

series of wild mouse specimens housed in the National

Institute of Genetics (NIG) in Japan, we document coat

color variation in natural house mouse populations col-

lected from areas spanning a large geographic range across

Asia and evaluate in the house mice the applicability of

Gloger’s rule, which demonstrates that mainly in birds the

darker pigmented individuals tend to reside in more humid

regions and the paler ones in drier areas (Gloger, 1833; Zink
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& Remsen, 1986). In addition, we explore the potential role

of coat color variation as it relates to an environmental

factor (precipitation) throughout the geographic range of

these specimens.

Materials and methods

We analyzed 428 specimens of house mice Mus musculus

housed in the NIG in Japan. The specimens were collected

from 1980 to 1997 from 85 localities distributed throughout

16 Asian countries (Fig. 1). These localities lie between

latitude 601N and 71S, and between longitude 601E and

1511E. Countries, number of localities in each, and sample

sizes are as follows: China (42 sites, 242 mice), India (four

sites, 26 mice), Indonesia (two sites, four mice), Iran (one

site, two mice), Japan (five sites, 22 mice), South Korea

(two sites, 11 mice), Mongolia (one site, five mice), Nepal

(two sites, seven mice), Pakistan (three sites, 13 mice), the

Philippines (two sites, 11 mice), Russia (eight sites, 53 mice),

Sri Lanka (four sites, five mice), Taiwan (one site, two mice),

Thailand (one site, one mouse), Uzbekistan (four sites, 11

mice) and Vietnam (three sites, 13 mice).

Two researchers (Y. -C. Lai and H. –T. Yu) indepen-

dently determined the coat color of each mouse skin by

comparing them with Munsell soil color charts. In case of

disagreement between the two researchers, a consensus was

reached by re-examining the coat color together. The

Munsell soil color charts use tristimulus color scores (hue,

value and chroma) to depict colors. Hue indicates whether a

color looks red, yellow, green, blue or purple; value indicates

the color’s lightness; and chroma indicates its strength or

departure from a neutral color of the same lightness. The

Munsell system is based on human perception, and therefore

the outcome may not reflect actual visual effects, either

among individual mice or between the mice and their

predators (Endler, 1990; Bennett, Cuthill & Norris, 1994).

Nevertheless, the standardized color schemes are still very

useful for studies to analyze the color variation (Taylor,

Meester & Rautenbach, 1990; Holt, Maples & Savok, 2003;

Taylor, Kumirai & Contrafatto, 2005). For a quantitative

analysis, we converted the three Munsell readings to numer-

ical values following a method developed for forensic

purposes (Sugita &Marumo, 1996). The conversion primar-

ily affects hue, which uses discrete integers to represent

specific hues (see Table 1 in Sugita & Marumo, 1996). To

further characterize the coat color, principal components

analysis (PCA) was used to reduce the three color variables

(hue, value and chroma) into a single variable (PC1) that

represents the largest proportion of variation in coat color

and lightness of the coat color (also see ‘Results’).
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Figure 1 Map showing localities from which specimens of Mus musculus used in this study were collected. Dark circles indicate Mus musculus

castaneus localities; gray triangles indicate Mus musculus musculus localities; open rectangles indicate Mus musculus bactrianus localities.

Contour values represent mean annual precipitation from 1993 to 2002 (unit: mmday�1).
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To evaluate Gloger’s rule, which predicts that animals in

more humid areas tend to be darker, we used correlation

analysis to analyze coat color (PC1) in relation to precipita-

tion, a climate factor that is known to be involved in the

evolution of coat color (Gloger’s rule; see in Zink &

Remsen, 1986). Precipitation data were taken from the

CPC merged analysis of precipitation (CMAP; http://

www.cdc.noaa.gov/cdc/data.cmap.html) (Xie & Arkin,

1997). The dataset is grid by latitude and longitude

(2.51� 2.51), and covers from 88.751N to 88.751S and from

1.251E to 358.751E.
Subspecies designations were recorded from museum

specimen labels. However, only three subspecies were recog-

nized for purposes of analyses, that is, Mus musculus

musculus, Mus musculus castaneus and Mus musculus bac-

trianus, and we did not further distinguish more subspecies

under M. m. musculus proposed by Tsuchiya et al. (1994).

Moreover, because the nuclear genome of Mus musculus

molossinus originated from M. m. musculus, we assigned the

hybrid subspecies (Yonekawa et al., 1994) distributed in

Japan toM.musculus musculus. In addition, we recorded the

sex from specimen labels, yielding 224 males, 197 females

and seven specimens of unknown sex. We used the Kruskal–

Wallis test to examine the difference in coat color distribu-

tion among the three subspecies described above. In

addition, multiple regression analysis, was used to account

for the variance in lightness among mice, based on the

precipitation and subspecies variables. Two indicator

variables (Montgomery & Peck, 1982), subsp1 (coded 1 for

M. m. castaneus and 0 for others) and subsp2 (coded 1

for M. m. bactrianus and 0 for others), will be required to

incorporate the three levels of subspecies. Partial r2 was

used to distinguish the relative importance of the two

independent variables.

Results

Overall dorsal coat showed fewer color types (21 types or

direct Munsell readings) than ventral coat color (33 types) in

the mice we examined. Dorsal color variation ranged from

yellow through brown to black whereas ventral color varied

from white to black (Fig. 2). This trend held true even at a

single locality. We found 1.54� 0.94 [mean� standard de-

viation (SD)] color types on the dorsum and 1.98� 1.95 types

on the ventrum for the 85 localities. This difference is

significant (t-test, t168=�2.36, P=0.019).

From the perspective of direct Munsell readings, value

and chroma contained much more variation than hue, as

reflected by the SD and the coefficient of variation (CV) of

the three Munsell readings: value, SD=1.021, CV=31.5%;

chroma, SD=1.096, CV=26.6%; hue, SD=0.096,

CV=2.4%. The results suggest that value and chroma

contribute to the majority of variation in house mouse coat

color. PCA reduced the three Munsell readings into a single

variable (PC1=0.93� value+0.92� chroma+0.26� hue)

that represents the largest proportion of the variation

(59.3%) in coat color (Table 1). Taken together, PC1, in

general, can be interpreted as lightness of coat color. The

higher the value of PC1, the higher the Munsell scores for

value and chroma (i.e. more light yellow); the lower the

value of PC1, the lower the Munsell score for value and

chroma (i.e. more dark brown).

The standardized PC1 variable (lightness) between male

and female was not significantly different (t-test,

t419=0.729, P=0.466). We, therefore, analyzed the data

combining two sexes. The correlation between the standar-

dized PC1 variable (lightness) and precipitation was highly

significant (r=�0.47, Po0.0001) (Fig. 3). Precipitation

explained 21.6% of the variation (r2=0.216) in coat color.

Paler coats were found in dry habitats and darker coats in

more humid environments. Even within subspecies, the

relationship was still significant (M. m. musculus: r=�0.22,

Table 1 Variable loadings and percent variance explained by principal

components analysis

Variables PC1 PC2 PC3

Hue 0.257 0.965 0.044

Value 0.933 �0.072 �0.352

Chroma 0.917 �0.179 0.346

Per cent variance explained 59.30 32.50 8.20

Figure 2 Representative variation in coat color in wild house mice

Mus musculus.
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P=0.026; M. m. castaneus: r=�0.34, Po0.0001;

M. m. bactrianus: r=�0.81, Po0.0001). The pattern corre-

sponds to Gloger’s rule, which can be simply stated as

animals in relatively humid environments are darker than

their conspecifics in relatively dry areas.

Dorsal coat colors among the three subspecies were

significantly different from one another (Fig. 4, Kruskal–

Wallis test w22=71.47, Po0.0001). Among the three sub-

species, M. m. castaneus and M. m. bactrianus occupy the

darker end and the lighter end of the spectrum, respectively,

whereas M. m. musculus shows an intermediate distribution

in color pattern.

The standardized multiple regression model, PC1 (light-

ness)=�0.37� precipitation �0.14�subsp1+0.09�subsp2,
indicated that the precipitation variable can explain more of

the variation (21.59%) in coat lightness in mice (partial

r2=0.2159) than the two subspecies indicator variables

(1.24% variance for subsp1, and 0.81% variance for

subsp2). However, the regression coefficients of all three

variables are significant (precipitation, t424=�6.86,

Po0.0001; subsp1, t424=�2.54, P=0.011; subsp2,

t424=2.13, P=0.034).

Discussion

The variation in coat color among wild house mice, as

demonstrated here, is substantial. Furthermore, we have

shown that house mouse coat color variation follows

Gloger’s rule. While Gloger’s rule is verified in many

endothermic species, especially in birds (Gloger, 1833; Zink

& Remsen, 1986; Hayes, 2001, 2003), the causes were not

readily known so far. Several non-mutually exclusive

hypotheses can account for the plumage color variation in

birds consistent with Gloger’s rule (see discussion in Burtt &

Ichida, 2004). Here we explore some explanations for the

coat color variation in wild house mice.

The protective coloration can be one of the most compel-

ling explanations for the pattern despite a potential anthro-

pogenic bias in analyzing the color perception (Endler, 1990;

Bennett et al., 1994). The concealment effect has been

demonstrated to be true in small rodents, such as pocket

mice Chaetodipus intermedius (Hoekstra & Nachman, 2003;

Hoekstra, Drumm & Nachman, 2004) and oldfield mice

Peromyscus polionotus (Smith, Carmon & Gentry, 1972;

Belk & Smith, 1996) that their coat colors resemble soil

background colors, supporting this hypothesis. These cases

are convincing because predation experiments were con-

ducted in field enclosures and confirmed that background

color matching could increase survival rate in rodents (Dice,

1947; Kaufman, 1974). Furthermore, in M. musculus, ex-

perimental evidence shows that both aerial (Kaufman &

Wagner, 1973) and terrestrial (Brown, 1965) predators

selectively prey on conspicuously colored individuals. Here,

we adopt a conventional notion that precipitation reflects

the environmental background color. Higher precipitation

means higher vegetation density (i.e. shade) and darker soil

color (i.e. saturated with moisture), both contributing to a

darker background color. In contrast, lower precipitation

means a lighter background color. Consequently, the sig-

nificant correlation between coat color and precipitation

(r=�0.47, Po0.0001) (Fig. 3) suggests that coat color

variation in wild house mice results, in part, from a selective

effect of crypsis. Additionally, less variation in dorsal color

among individuals also suggests that the dorsal color is the

major target for predation. To sum up, background match-

ing will minimize differences between an animal’s coloration

and its surroundings; therefore, we consider that it is one of

the rational explanations for the variation in coat color that

we observed in the wild-caught house mice.

Recently the concealment explanation was found to be

confounded by bacterial resistance in the bird (Burtt &

Ichida, 2004). Because bacteria are more abundant and

active in humid environments and because the dark pigment

eumelanin resists bacterial degradation better than the light

pigment pheomelanin (Hearing, 2000; Burtt & Ichida, 2004;

Goldstein et al., 2004), the coat color variation in wild house

mice following Gloger’s rule, likewise, might be a response

to the selection to resist bacterial degradation. However, this
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explanation is less likely to be valid for the house mice

because the color variation in the dorsum did not corre-

spond to that of the venter. If the bacterial resistance had

been an important factor, the selection force would have had

similar effects on the dorsal and ventral coloration. How-

ever, rigorous experiments should be conducted to confirm

the bacterial effect in song sparrows (Burtt & Ichida, 2004).

Still, thermoregulation may play a partial role in coat

color variation. The endothermic animals in cold climate

tend to be darker for maintaining body temperature,

because the dark coat color can absorb solar radiation more

effectively than the pale one (Cloudsley-Thompson, 1999;

Caro, 2005). If the thermoregulation argument were true, a

negative correlation may exist between the lightness of coat

color (standardized PC1) and latitude, which inversely

reflects annual temperature. This is only true in the sub-

species of M. mus. musculus (r=�0.183, Po0.0001, data

not shown), and yet the latitude (indirectly temperature)

factor can account for just 3.3% of the variation

(r2=0.033). Therefore, the thermoregulation argument is

uncertain for the mouse mice, perhaps because animals can

employ tactics without involving radiation to maintain body

temperature.

Differences in coat color among the three subspecies

examined (Fig. 4) are consistent with differences in precipi-

tation throughout the areas in which the mice were collected

(Fig. 1). The darkest subspecies M. m. castaneus is distrib-

uted in humid areas and the lightest subspecies M. m.

bactrianus occurs in arid areas. The third subspecies M. m.

musculus shows an intermediate pattern (Fig. 4) and its

distribution (Fig. 1) is broadest spanning from humid to

arid areas. This pattern is supported by our multiple regres-

sion analysis, which showed that the precipitation variable

explains much more of the variation (21.59%) in coat color

than the subspecies variables (subsp1: 1.24%; subsp2:

0.81%) do. Therefore, we suggest that the differences in

coat color among the three subspecies reflect parallel differ-

ences in levels of precipitation and thus environmental

background colors of their habitats.

Because coat color variation, which can be explained by

precipitation, accounts for only 21.59% of the variation

observed, some other environmental factors must be in-

volved (e.g. microhabitats or factors associated with the

animals’ commensalism with humans). Because the precipi-

tation data that CMAP provided are only a rough estima-

tion, actual precipitation in microhabitats may deviate from

the estimated data. Furthermore, the levels of predation

pressure and other environmental parameters within micro-

habitats are unknown. All of these factors may contribute to

the residual variation in coat color, which cannot be

explained by precipitation. For example, the quality of

habitats can affect animal color (Veiga & Puerta, 1996;

Griffith, 2000; Fitze & Richner, 2002; Parker et al., 2003;

McGraw, 2007). Some experiments also confirmed that the

environmental stress was associated with the variation of

feather color and the eumelanin could signal ‘good genes’

(Johnston & Janiga, 1995; Roulin et al., 2000, 2001, 2003).

Finally, the house mice are primarily commensal with hu-

man habitation, such as granaries and buildings. Although

the house mice can easily disperse between human and

natural habitats (Pocock, Hauffe & Searle, 2005), their coat

colors at most are only partially affected by natural selection

(Merilaita, Tuomi & Jormalainen, 1999) and may be neutral

when in commensal habitats. Therefore, commensalism may

be another factor that may contribute to the residual

variation between coat color and precipitation, because

polymorphic coat color can be maintained within a popula-

tion (Roulin, 2004). Nevertheless, without information

about other environmental factors, the highly significant

correlation between the single indirect environmental factor

(precipitation) and coat color variation may indicate that

the selection pressure of background matching must be

strong.

Like pocket mice (Nachman, Hoekstra & D’Agostino,

2003; Nachman, 2005), lesser snow geese and arctic skuas

(Mundy et al., 2004), some genetic factors are responsible

for variation in the coat color of house mice. Research on

coat color genetics is almost as old as the science of genetics

itself (Silvers, 1979). There are more than 100 loci and 800

phenotypic alleles of coat color known in laboratory mice

today (Bennett & Lamoreux, 2003). However, house mice in

natural populations have much less color variation than has

been observed in laboratory populations. In fact, many

phenotypes that emerged from the laboratory, such as

spotted, complete lack of pigmentation, mottled, belted,

piebald and albino (Jackson, 1994; Nakamura et al., 2002;

Bennett & Lamoreux, 2003), are unlikely to be seen in the

wild. We surmise that if coat color is constrained by

selection (background matching) in natural populations,

the alleles that act on variation in coat color of wild mice

must be much fewer than those in laboratory mice. When

alleles are lethal or pleiotropically deleterious, the chances

of being retained in natural populations are slim.

In conclusion, many of the mutant coat color alleles that

have been observed in laboratory mice were induced by

radiation or chemical treatments (Nakamura et al., 2002).

These mutations are unlikely to happen spontaneously

in natural populations. The major genes and alleles that

have been found to act on coat color in other mammals

(Majerus & Mundy, 2003), such as mc1r, agouti, etc., may

still be the major candidate genes responsible for coat color

variation in wild mice. A future attempt to associate the

genotypes of some candidate loci with phenotypes as we

clarified would shed light on the adaptive coloration in wild

house mice.
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Agouti

Agouti
2247 582 bp/582 bp
2248 582 bp/582 bp
2249 582 bp/582 bp
2250 582 bp/582 bp
2251 582 bp/582 bp
2225 582 bp/582 bp
2226 582 bp/582 bp
2227 582 bp/1256 bp
2228 582 bp/582 bp
2229 582 bp/582 bp
2242 582 bp/582 bp
2243 582 bp/582 bp
2244 582 bp/582 bp
2245 582 bp/582 bp
2246 582 bp/582 bp
04167 582 bp/582 bp
04168 582 bp/582 bp
04175 582 bp/582 bp
04177 582 bp/582 bp
04178 582 bp/582 bp
04179 582 bp/582 bp
04180 582 bp/582 bp
04181 582 bp/582 bp
04183 582 bp/582 bp
04184 582 bp/582 bp
04188 582 bp/582 bp
04207 1256 bp/1256 bp
04208 6 kb/6 kb
04214 582 bp/582 bp
04216 582 bp/582 bp
04222 582 bp/582 bp
04223 582 bp/582 bp
04224 582 bp/582 bp
04225 582 bp/582 bp
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04226 582 bp/582 bp
04227 582 bp/582 bp
04228 1256 bp/6kb
04229 582 bp/582 bp
04234 582 bp/582 bp
04237 582 bp/582 bp
04239 582 bp/582 bp
04112 582 bp/6 kb
04114 582 bp/582 bp
04122 582 bp/6 kb
04124 582 bp/582 bp
04135 1256 bp/6 kb
04149 1256 bp/1256 bp
04051 582 bp/582 bp
04081 1256 bp/6 kb
04082 582 bp/582 bp
04083 582 bp/582 bp
04086 582 bp/582 bp
04176 582 bp/582 bp
04259 582 bp/582 bp
04260 582 bp/582 bp
04266 582 bp/582 bp
04276 582 bp/582 bp
04283 582 bp/582 bp
04295 582 bp/582 bp
04297 582 bp/582 bp
04298 582 bp/582 bp
04299 582 bp/582 bp
04300 582 bp/582 bp
04301 582 bp/582 bp
04302 582 bp/582 bp
04303 582 bp/582 bp
04306 582 bp/582 bp
04307 582 bp/582 bp
04308 582 bp/582 bp
04309 582 bp/582 bp
04315 582 bp/582 bp
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04316 582 bp/582 bp
04317 582 bp/582 bp
04318 582 bp/582 bp
04319 582 bp/582 bp
08001 582 bp/582 bp
08002 582 bp/582 bp
08003 582 bp/582 bp
08004 582 bp/582 bp
08005 582 bp/582 bp
08006 582 bp/582 bp
08007 502 bp/502 bp
08008 582 bp/582 bp
08009 582 bp/582 bp
08010 582 bp/582 bp
08011 582 bp/582 bp
08012 582 bp/582 bp
08013 582 bp/582 bp
08014 582 bp/582 bp
1197 582 bp/582 bp
1198 582 bp/582 bp
1199 582 bp/582 bp
1200 582 bp/582 bp
1201 582 bp/582 bp
832 582 bp/582 bp
833 582 bp/582 bp
837 582 bp/582 bp
838 582 bp/582 bp
1236 582 bp/582 bp
1237 582 bp/582 bp
1238 582 bp/582 bp
1239 582 bp/582 bp
1231 582 bp/582 bp


