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EHGRME R AL BTt B —58 » BEREY-/ NRE(Mus musculus)
FICEB BB OER - KBS BTCEE SRR RIFE -

FAHe ] Munsell 1-38EL (A RESALREIN/ N BRI E1# 5 - BT Gloger’s
rule * TR IREIYHEEIEEIRAMERS TR ORE - fEHZRIEER AR - INEER
Tl OftE e - EOI R OB - BB OB Al - THEN
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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’colorand precipitation.” Mice with dark coat color
were observed in more humid and closed habitats (darkerbackground 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 ofa 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 (Mclr) underlies coat color variation in a wide range of animal
species. However, the effects of regulatory regions of Mc/r on coat color variation
still remains unclear. In this study, we obtained the upstream sequences of the McIr
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

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

Keywords: Mcir, Agouti, coat color, Gloger’s rule, 5’RACE, Mus musculus,

Eothenomys melanogaster
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1.1 38 B bE A & B 45 B &Y a9 48 B £

Stearns and Hoekstra(2000)58 /5 B & FHSELRIGRAVHE D - EALAEYIEERR 21 {1
AT PRERIY R AR R © R {ala e R E A R i (lineage)HIFEHEFRE - Al
PEISFTHEENPINI VU R Rl AR - SRR AR - ANERYB s > BIRE
FERPEBRHE NI - MR8 R Eal i (AR AR - SRR R R B BRI
RIRH(phenotype-genotype relationship #1575 » JIRESEINIMENZ S - EIENE
R A BLEL N RIBRA (AT - AEE LA B A IREENESR - WRREE
FIAERILE > Rk R e R AR 2RI - KESEIN MEmroas - B ES
TRIUANE AL - R R e IR & RIS M 7 2 1 A AU BB R
[l > T RE T e P (L R AR (PR PR TR R R A R A
b Apetas HETE W) S e M (et BIG ) EEL R 2 LS A
() EE ARG ~ (5) 3 ZERHEE AR A1 (regulatory region)iE&ifik
(Steiner, Weber & Hoekstra, 2007; Wlasiuk & Nachman, 2007) °

AR T B Feifa] — (S5 2N F PR R GRE PR - FLELEL R [
MBI - S5 RIUATRHSE > PllnHERAERR \ RiE K (artificial selection)fF{zl -
W1 B 3k B2 8 (warfarin) U HT8E4: 55K (Kohn, Pelz & Wayne, 2000; Kohn, Pelz &
Wayne, 2003) » S59MEE R ~ kel ~ PUAERSAIPTEEIET /N B I
(Wootton et al., 2002) o B REEEINFFEIIEET » 7€ Nachman, et al. (2003)54
PNAS E#E25 R K&K (natural selection) Ry 2 M- SN RIAHRATER 7T - 5
ST TR - PR ILREL (Chaetodipus intermedius)E sV E 2
REEHIRIRSIR - AR A -EENRIMHRIAST - SEE TR OIS Mclr BRI LRUEL
2 (point mutation)igi FEAURTR > HEE AP r(Linkage disequilibrium) 347715
B Melr 1552 KBRS - AEMT,.24% > Mundy et al. Q00H)WH5ERAHE ~ DUk
Rosenblum et al. (2004)iH5E€aiHH - #FEI Mclr BLNTRESERE - a2 IR0
RN EEIE P sia sl > H—2e i K ERAE P BB RN
36 4 allele B9 RS EH4:RY coding mutation » E:Hf > Mundy et al. (2004)fF 521 E 5
M EPIOEEL > R R i U SR B R R ) - [RJRs3E3R
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WATEAN[F] XA ME SRR - A HIFIRE e R e > BT b AOAS IR - FE
HERIIHIE > 2 AERTES 74 (2 1% > Rompler et al. (2006)F[FHAHFEINY /51 > 2
B Me Ir BRI BR IS AR (L > B T IRINISE » e AR b B —{E 2T
AT -

RIS » ST BRI M R A A e 1) © ]
Hoekstra et al. (2006)fff52 beach mouse (Peromyscus polionotus){J75 o » #5355
Meclr BERERFE AL ES BN EaESREESE - - 8 - 5
I~ ER) » FUEWIAL B T — AR I RAASE 55— 5 - i TE—5
HIRSEEEEE » Melr K1 Agouti FEK] > [EIRFEr 522 beach mouse 1= {f(Steiner et al.,
2007) - [fiy H. W {EHERAT 28 A.1F FHRY 5.2 (gene-gene interaction) » SUEBHE 1 21l
BLRIE— (BRI s « Rk Sl SE R TIRIIATE - &N
1t o 1EIE1 L BRI LM IREY 5 FI 8 - AR SERE T R # ([ genome HERSFTA
FAU L DA LRk -

B —EERE » TR e MR A B EL R AH R PEROR e s - A —Laft
Tl R 2 B AN R R g - R AE Melr LN (Kerns etal., 2003;
MacDougall-Shackleton, Blanchard & Gibbs; 2003; Mundy & Kelly, 2003; Rosenblum
et al., 2004) - Agouti F:K|(Kerns et al., 2003)F1 TYRPI-F:H(Guibert et al., 2004) » £
AP B RE O A EL A (genotype) MG thu(phenotype) iV A Bl © 2XiM il
IS RANF B O LN 2L A s B © 75 2L Melr BERISH > A rThE
Melr & ORI PN E AT - R any s b e B - R .
TEFRIAS IR o SR TIETR TSI RN 2, > SO T 5 23 -
S—F5TAl > {48 E (Hoekstra & Nachman, 2003; Nachman, 2005)F 9254 » 5
SRR R bR Melr JUE - HEREFTH SRR RIZesdE 4 o ArLA AT
RESE R R ZE IR AT AN 52 Mc 1r 2288578 » IR MR A AEBAME - ek
JIE TR ST BRI Z A RO S ATT

12 L ey BB REAL

Stearns and Hoekstra(2000) 52 HH i KGRE - EHPHY) 5 O YL AR ARFE
ELRIFR - BOEBEYINS - INEIFHEZENAT - SRR RE T



(Ortolani, 1999; Stoner, Bininda-Emonds & Caro, 2003a) ~ Z55 {0, ~ ELAF#EERE ~ [RE
1R (photoprotection)ZEF AT ~ H ELA F%REHEIRI 4 B LjGE(Stoner et al.,

2003a) » JRE]HEA HE E{E R ErIER  (Ortolani, 1999; Stoner et al., 2003a;
Stoner, Caro & Graham, 2003b) » BGEAERIE EEARFHIRYES - KR LaryEEs
JFIA - BRI EEEY - AR R KR R R AE V) (Burtt, 1981;
Cloudsley-Thompson, 1999; Caro, 2005)

Boll—Ee5 kA A H (Ortolani, 1999) ~ {#i# H (Stoner et al., 2003b) » FIHJE H
(Stoner et al., 2003a)HJF B LIHST - BTN EEEMEAAIRE R o e
H oldfield mice HIIH5E (Sumner, 1926; Kaufman, 1974; Belk & Smith, 1996) » JT#§
Bt B E ARG 1 - NIEAE B DB RHTTEE I s R 2R
I BIRHTERS RS -

1.3 &4 & % itk 1

P B - 2 R E3R (melanin) Y8 & B HTETE < H2LETI R
OFR AR A+ R 3R (eumelanin) B B (1 38 (pheomelanin) - 7% E7 FH B
=AM (melanocyte) fEE Bk (hair bulb) &R - EEERESREREOEHEE - (BIEER
Rt iR AR » M KN DGR S L& TP R 2L
HHEEE > ARG - B EE Ok PR EeS - CHEREAE > TEHNE
FH 72 el I (L-tyrosine) A 17 ([ 2) » FREISRHSZ A active tyrosine
transporter B FHEEILIR o A/ fEAE N @AM (L-phenylalanine) /[N A HERC RS 1y
FWERL - ERTLU SRR A - IS R RO - ERORENE
SR OEREONEML - ERUREIRER - NEN AR BONARF - R
f2 Ji5(DHI-eumelanin > DHICA-eumelanin) » {H-5 & B i 7 4= 1 5 i
(DHI-eumelanin > DHICA-eumelanin)  [2;Z {f SO 2 M B 52 i BRI Y
L BIET ISR [RRRRIMERIRE T iRy - (HEMERAK - BEET
DHICA-eumelanin £5# = B[R HE L SR DIRERIHT 302 EE - TSI 2UEE )R 1 22
B B 1 32 (Hearing, 2000)

FLAR ORIV R E AT TE R - EASH tyrosinase R - fiElt @R S A ML
(hydroxylation)f L-DOPA (L-dihydroxyphenylalanine) ; $2% L-DOPA F#%
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tyrosinase fit 4 (dehydrogenation)% dopaquinone » H:rft Mn®" ~ Cu® 54 BBt T 7 1
9t DOPA &3 E ; dopaquinone f#4# 5 leukodopachrome % » #&fE— R 414E (L
35 S fE (oxidation/reduction reactions) » 435l 4: DHI (5,6-dihydroxyindole)#[]
DHICA (5,6-dihydroxy-indole-2-carboxylic acid) » ‘EA{["43 552 %] tyrosinase F[] Tyrpl
(tyrosinase-related protein 1)#J{#{t, > 25 DHI-eumelanin 1 DHICA-eumelanin -
DHI-eumelanin B2 E(EY) » 0T 2K S - N5 f% » DHICA-eumelanin B #%
L EY) > T EERIK - RS - “HDUSHEILPIESRER AR - EE
O EZHE SR 5 (heterogeneous polymers) °
— i > ARPRCFEAYE BT HE R AN A (HINESeAS T tyrosinase /& /5
el A S Lk L-DOPA ; #:3% L-DOPA Fi4¥ tyrosinase [t & 5% dopaquinone °
1% dopaquinone £ 5L (4 22N 1 SR G SR A LI RiBEY ) (precursor) = 1% -
dopaquinone /] cysteine &%, glutathione 285 + 435I} 5% eysteinyldopa Lk
glutathionyldopa (=255 cysteinyldopa @ [K£% melanosome F 45 cysteine {4 active
membrane transporter » {Hy% 44 glutathione [ active membrane transporter » F&5H— A4
YN EE AR R o Horp b B ERAlliEAS cysteine # glutathione AL » BEEIE
TR R BAAE M EiR A Sl 2 & 71 dopaquinone #5 &K
cysteinyldopa f[1 glutathionyldopa.> Y—F B R 5 FHERY - JEAE{ERRF -
dopaquinone g 5 dopachrome » JEMZHE R -
B E MR ORI R GG (melanosome) A » FAEIFRAG S
M - R RS (eumelanosome) FI{E 4 32 1% (pheomelanosome) » FI&RAGIEIE >
Al AEHETR (fibrillar matrix) 5 REEIREL L5 - (HREKENE - WEHSRIEIR
(vesiculoglobular matrix) o Wi 1] DAL AR —E R A ZEMT - ERAZEEIPR
5 4 i BR(Slominski et al., 2004) @ 25— - F.HARY matrix BAERE 5 BB ~
matrix &8558 (HERORMARBIY » = ~ BORAR B0 -~ BOFRIET
G (melanized) - B2 pH {H¥ B ORAREARE R E - BRORGEAHE
T-E i (proton pump) i FRFZEAEC pH I - & B EOSRBALG R RN - BREERCERME - 11
{5 tyrosinase jBF /- fleliS 2 /K i L-DOPA - [ILHFES Bl (melanogenesis) 5=
TE A B (rate-limiting step) » (KI5 2 REY BRI AE I+ A3 pH (EEREE H 3 SE -
it - FREEREE A R M e R - DRI EERRER - 55— 7 0 1R



BOREHEHHEHIEAE R - MRE/Es _PRGCHREBEORRE - FR
phenomelanogenesis i#EF2 1 tyrosinase » % eumelanogenesis & 5L °
MO R R 2 liE(dendritic cells) > REIHAIMIETIHHFER (neural
crest) - WEFEEEET - RORAN S Z BERGRPEER ER EIALE - Rk
AR BG5S - ISP REYI S RIS R - B e R A 25T
BN TRCE  RIE R B EL A (Hearing & Tsukamoto, 1991; Hearing,
2000) - FRIEH - S&4M(ultraviolet light, UVL)IGE - BE(eitE B OZRAVA L - £
B EAIRCT - B EEHEARY tyrosinase mRNA E{EHUR N L5 2~3 45 > [FIFf
tyrosinase FIMEALTEERERE I 20~100 1% - a {135 (0 melanocyte stimulating
hormone, aMSH)EH Agouti protein 12 554+ — i #2114 melanogenic regulators([i&] 3) e
aMSH BEIIHN tyrosinase HUTG M » SEEERERIERHTERE - CH N EREETE
(posterior pituitary) 3y » BLE {0 ZR AN ATV 33 B8 57 7 (melanocortin 1
receptor, Mclt)f & + S {1 (@Rt protein kinase'A (2NN cAMP
REIGNN > (i tyrosinase /(L ([ tyrosinase gene FIHEHE ) 20 %) > (e
FAMALPAY tyrosine SRR EHEE (R - S5—=J11A © MY Agouti
protein £ 8 aMSH 548 Melr » & Agouti Bl Mc 145 &R & B RATIE A HY cAMP >
SEE T [FIFRRAIK, tyrosinase ~ Tyrpl~ Tyrp2 (Det) ~ silver F{1 pinkeyed-dilution “55L R
FIA(>50%) » (A3 B RAMMLPRY tyrosine FEUREEOSR » EE OFRE -

14 £&XH

HEHEYIE R E AT > NEEESEASHRE IR T AGE - 3248 20 fiE
FCRIH] > A SIS EHNE R R AN A > W.E. Castle MIMHAVER LA
FERFEE R ~ R T NIEEEIYIE CAE ERE(Silvers, 1979) © FLEFEE 1866 FH
Ity > FAEF(Gregor Mendel 1822-1884) » BEEAS/EMITEE AR - FUBRAKZE
2R L e A T B (Henig, 2000) © REE -l THFCAIATRR A > FeExn
HFRMIEMelanocyte) F35 7B ORYEMY - BEARERET > (INBRNBROR
MEZRiE A Mclr (Melanocortin-1 receptor)3Zas ([l 3) » & Melr S22 IHER(MSH,
melanocyte-stimulating hormone) ks » & (e B ORI ESR - REOR
T2 —HRELREG - BONERBROER > S HENEREER AT -~ ALERY
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(REEZR o Mclr BEERIFR TP HGETE - BEBASEIE AT » & Mclr 525] MSH #1]
B EUREERAY RSN - AHSHY > 75 MSH BYIESE A E - 3¢ Melr 25
Agouti protein IR - (IR EORAINENIEGN - BS LryBesEl » 13
AU ERORMERORNEE RGP IRE - AT 2 i
Mclr ] gain-of-function 2% » EEEE AR (ESH AR OFREIG) » HHK
iy > loss-of-function ZERFEE R (0 i (L AT ML (IR HE CUzRAY I TN) -

BBV - OV ZYIRERSEL Mclr ER EATE #E B 2¢ 8 (point
mutation) > FEFEIS KB ERYGE » AEE/NSZ B (Robbins et al., 1993) ~ 4~(Klungland
et al., 1995; Joerg et al., 1996) ~ [ (Marklund et al., 1996; Rieder et al., 2001) ~ &
(Kijas et al., 1998) ~ =E(Vage et al., 1999; Vage et al., 2003) ~ J[IJH(Vage et al.,

1997) ~ Jj(Everts, Rothuizen & van Qost, 2000; Newton et al., 2000; Schmutz et al.,
2003; Kerns et al., 2004) ~ i(Eizirik et al., 2003) - 2f(Takeuchi et al., 1996b; Kerje et
al., 2003; Ling et al., 2003)55 (3 1) o 5t FATFARBN Y8857 Mclr FEN @2
TEEYIEE  PIaSdEsE » fIE1ERE(Chaetodipus intermedius) (Hoekstra &
Nachman, 2003; Nachman et al., 2003) - {5 B (Peromyscus polionotus) (Hoekstra et
al., 2006) ~ SN (Panthera onca) ~ ¥ (Herpailurus yaguarondi) (Eizirik et al.,
2003) ~ BAAE(Ursus americanus) (Ritland, Newton & Marshall, 200 1) 1fZE 52
(Mammuthus primigenius) (Rompler etal., 2006) %7 TRyl - Mclr FERLEHZLIE
(Majerus & Mundy, 2003) ~ EJH(Mundy: et al., 2003)A[1[€##kH(Rosenblum et al.,
200HHIE (R ~ fE )P HGETE ARSI - 38 R EAMIBEE M Ir St
Fe R A - T B PR 2 2R feed2 L R (candidate gene)RYJIR A2 — -

BT Mclr BRAL - HETEAMEESE 100 FELL FAYEE - @82 N5 B (Mus
musculus)iFE a5k (Jackson, 1994; Barsh, 1996; Nakamura et al., 2002; Bennett &
Lamoreux, 2003) » HA A 50 FEELA L4 (clone) » 35 BRI R 61
FAME A E R 82 BRAE A s > ot B R R A E T (neural crest) EF%
M B BRI R e., Kit, Kitl, Edn3, Ednrb) ~ 82255 ¢t 2 (melanin) & 5 1Y ELE
(i.e., Tyr, Tyrpl, Dct) » $755H] 2k (melanogenesis)Y EL[K (i.e., Pomcl, Mclr, Agouti,
Mitf) » 2B EREA R IFEK (e, Silver, Pink-eyed dilution, Ap3) » FlElg 2 £
HiE ARV e., Miph, MyoSa, Rab27a) - HrpRs il AL EI RN G e,



Melr, Agouti) » HEFEREFHR ML NEBAFEVE AT - 1) HARRTARIMZERS
R HER EIET RN e R ML o (BAERARED N - B/ NFERE
gt > L Mcelr Fl1 Agouti 35 2 A _FA7{FF(epistatic interaction) g (R EEA »
PERIE R (pigment) HIP L - EAMEERE (B R E B ORI 2B LU i
(Silvers, 1979)  [K[it - £ NARFSERER S AH Mclr LU Agouti g il H AT E 15 1)
Ress BBV s b REIA -

NFARV NG B Melr % 1992 G TE 2K (Mountjoy et al., 1992) » ‘B2
HA 7 {# transmembrane domain [\ G-coupled receptor protein o FLRFHRERAEE »
A 1 il exon ° FF2EYHELRAV Ml 4GS Bl R (18 L A BH (Klungland & Vage,
2000; Rees, 2000; Sturm, Teasdale & Box, 2001; Klungland & Vage, 2003; Majerus &
Mundy, 2003; Mundy et al., 2003) » FEZEAEAR[E YY) F oo - 2R {EIEA
F: 284 (nonsynonymous mutation)fiiigifi o Wi/ NgE BE(Mus musculus) ~ 2E(Gallus
gallus)FIHERR & (Coereba flaveola)f] Mclr 3ER » [HlEE T Glu92Lys 28 E 1k
£1 2/} (Robbins et al., 1993; Takeuchi etial., 1996a; Takeuchi et al., 1996b; Theron et
al., 2001; Kerje et al., 2003; Ling et al., 2003) > /41142 E(Perognathus flavescens)
FIA AR EE(Stercorarius parasiticus){F [FRIEA7 & H2€% (148 B S His233GlIn; Jbfk
HEEE B : Arg230His) @ FFITE A% 45 Fi(Hoekstra & Nachman, 2003; Nachman et al.,
2003; Hoekstra, Drumm & Nachman, 2004; Mundy etal., 2004; Hoekstra, Krenz &
Nachman, 2005; Nachman, 2005) £k 1k ZIHYFER] £ 2% (nonsynonymous
mutation) M UFFEBIVI(EARRI (L E_EAXEDIRSE Y, » BTSRRI A SR AUAHBRAS IR
FRft B IRERBRAGRAIERE - 3% 1 RIRSER S BRI Mclr LUK Agouti By 5[5 SLEAEY)
SEEEl vk cLily

EHANY Agouti 5 FI{EAFR R - )2 B OZRAMMI55HY dermal papillae cells
3 RUERIA B ZEMIERES » /& Mclr [ antagonist(Lu et al., 1994) » FEIILEZZEE]
FEE D - FHN NIH Agouti B:[N(Agouti-signaling protein, ASIP) AR E -
FOFENEIAERE ~ SEA - IUEL ~ O - B - BRI A& KRB (HAIR
s NERER - HATEAENIES ERYDIREV RN R 4 (Dinulescu & Cone,
2000) -

Agouti protein HA5 131 {fE{[ZE% > #E(-{A] transmembrane domains > FH =&



1fE R AFG N-terminal region ~ Pro-rich {4 central region F/] Cys-rich "] C-terminal
region » H.H1 C-terminal ‘241 Mclr #E4: antagonism 4 F 27 - Agouti 55 &
glycosylated £ ' » HAEIRESE MIERRENE - ERYEERFSHEEE Mclr 1
Sl A H5VU(E exons » FHH1 exon2 ~ exon3 ~ ] exon4 £ coding exons ° [ff]
exonl £% non-coding exon » H X #GHI S 4 {FEMD > 43515 exonl A ~ exonlA'
exonlB #[] exon1C (Bultman, Michaud & Woychik, 1992; Vrieling et al., 1994) -
Agouti K| 5 TR transcript {74 1B 8¢ 1C {9 untranslated exon » & £228 B AH R
Ffh o HH—T51 5 Ui transcript 254 1A F1 1A' 5'-untranslated exons & £82%48
i Ry (Vrieling et al., 1994) - HAT - FAMSHHVNFERBEEE [
Agouti G3ZE| Mclr Bz B E_EALIER]) » EEATERY Melr allele & E RV -
Agouti 5552 antagonist FILIL . SLIEEA o AGouti S0 SLEREELIR A
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Animal Gene |Mutant Association |Reference

House mice Mclr |His183Gln *H* Robbins, et al. 1993
Mclr |Leu98Pro ok
Mclr |Glu92Lys otk

Tobacco mice Mclr |Ser69Leu *H* Robbins, et al. 1993

Pocket mice Mclr |Cysl8Arg ok Hoekstra, et al. 2004
Mclr |Trpl09Arg koA Hoekstra & Nachman,
Mclr |Trpl60Arg koA 2003
Meclr |His233Gln HHK Nachman, et al. 2003

Cat Agouti|/\123-124 oK Eizirik, et al. 2003

Jaguar Mclr |/A\301:315 e Eizirik, et al. 2003

Jaguarundi Mclr |/\283-306 = Eizirik, et al. 2003

Dog Mclr |Arg306ter g+ Newton, et al. 2000
Mclr |Arg306ter j i Schmutz, et al. 2002
Meclr - Kerns, et al. 2003
Agouti|Arg96Cys =3 Kerns, et al. 2004
Agouti - Kerns, et al. 2003

Fox Mclr |Cys125Arg Tt Vage, et al. 1997
Agouti|/\exon2 *

Pig Mclr |Ala240Thr oAk Kijas, et al. 1998
Mclr |Leu99Pro ok
Mclr |Aspl21Asn *

Cattle Mclr |/N\T71 or A\T72 |*** Joerg, et al. 1996

Sheep Mclr [Met73Lys ook Vage, et al. 1999
Mclr |Met73Lys otk Vage, et al. 2003
Mclr |Aspl21Asn ok Vage, et al. 2003

Horse Mclr |Ser83Phe HE Marklund, et al. 1996
Mclr |C901T * Rieder, et al. 2001
Agouti|/\2174-2184 ok Rieder, et al. 2001

Black bear Mclr [Tyr298Cys ok Ritland et al, 2001




Chicken Mclr |Glu92Lys *H* Takeuchi, et al. 1996a,b
Mclr |Cys33Try ok Takeuchi, et al. 1996b
Mclr |Glu92Lys * Kerje, et al. 2003
White-winged Mclr |Thrl6Ala oAk Doucet, et al. 2004
fairy-wrens Mclr |Asp38lle ok
Mclr |llel11Val o
Mclr |Argl57GIn otk
Mclr |llel66Val oAk
Arctic skua Mclr |Arg230His * Mundy et al, 2004
Bananaquit Mclr |Glu92Lys otk Theron, et al. 2001
Lesser snow geese |Mclr |Val85Met * Mundy et al, 2004
Eastern fence Mclr |His208Tyr - Rosenblum, et al. 2004
lizard
Lesser earless Meclr |Vall68lle & Rosenblum, et al. 2004
lizard
Little striped Meclr |Thrl170Ile K Rosenblum, et al. 2004
whiptail
Desert horned Mclr - Rosenblum, et al. 2004
lizard
California legless |(Mclr - Rosenblum, et al. 2004
lizard
Side-blotched Mclr - Rosenblum, et al. 2004
lizard
Common Mclr - Rosenblum, et al. 2004
gartersnake

it 1 A FORERR BB R RERE AR - *** FOREE A I BRI AR 58 22 (100%) FHBA > -SSR Al
B SR R AR R FHBA -
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1 gene <— 1 phenotype

( Few genes or QTL

Dominant or recessive alleles

Regulatory or coding mutation

A—————
Continuous or discrete trait
Parallel evolution
\ Palaeontology
1 gene <— multiple phenotype 2 genes <—> 1 phenotype

multiple genes <— multiple phenotypes

whole genome <— organism
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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 endothermi¢ animals are darkerin-humid habitats than those in
drier habitats. Three properties of coat coler (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
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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

23



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., 20032) and carnivores (Ortolani,

1999) have been shown to be useful signdls 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 throughout16 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 petception, 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° x/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 R* 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, tjss = -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 x value + 0.92 x chroma + 0.26 x 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 (R*= 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

29



one another (Fig. 4, Kruskal-Wallis test x,=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 x
precipitation -0.14 x subsp1 + 0.09 x subsp2, indicated that the precipitation variable
can explain more of the variation (21.59 %) in coat lightness in mice (partial R* =
0.2159) than the two subspecies indicatorvariables (1.24 % variance for subspl, and
0.81% variance for subsp2).: "However, the regression coefficients of all three variables
are significant (precipitation, tapq = -6.86, p<0.0001; subsp1, t 424 =-2.54, p=0.011;

subsp2, t44 = 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). Beecause baeteria 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 responseto 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-aceount just 3.3% of the variation (R* =
0.033). Therefore, the thermoregulation-argument is uncertain for the mouse mice,
perhaps because animals can employ tactics without invelving 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 (subspl: 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 otherenvironmental 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, agoutiyetc., 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 lociwith 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 0965  0.044
Value 0933  -0.072 -0.352
Chroma 0917  -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)

Fig. 2 Representative variation in coat color in wild house mice (Mus musculus).
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Fig. 3 PC1 scores plotted against mean annual precipitation (r =-0.47, p<0.0001)

showing the relationship between coat color and precipitation.
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3) ~ ILPE R KRR FEIRRC(LLEE S |1 85 4)  ~ (LIPS Raaiiinif(4 & - & 1L S) »
ILPEERIATRIARR(1L & o [E 1R 6) ~ WU 5 /E4L THERRG & - B 155 7) ~ B
BEEHTHEEIRG & o B 1B 8) i A S i iR (1 £ o [E 1 35 9) ~ RETEE
o G & - @l 185 10) ~ WIILA SR RS SQ & 0 B 18 1) ~ $HAZE
R ET(17 & - [E 135 12) ~ SEr R R4 & - [ 18 13) ~ GEEFTRG
&l 185 14) ~ BERAIRG & 0 8 185 15) - SEBFARIRG £ E 125 16) -
YRR TTEREE 6 FEEEG - IRERIRFECE K BRURSE (BT ¢ g) > FEHfER/ NI
{3 o FHHE R e R SR B 2 RS AN (flat skin specimen){% » {4 1] Munsell
+I3ELE-R(Munsell soil color chart) &b/ N BRI - A TE SeA I EL - RELE
AR t(Holt, Maples & Savok, 2003) » FZLL - REYERIRC-REHE —(ElfH -
SralEyai(hue - AE—EEAEFEETAAT ~ 2 - &% ~ B~ SEBERIRBIR) - IS
(value » AEE—EBAERIHIEGRERE) » DLURIRAE (chroma » S IEAEBA IR PRERE
JEE) o 2 > Pl A Sugita and Marumo (1996) /5i% > iRFEL R —(E (HE &
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b o AR BEFHEIRY i (hue)(E—E{E(I0YR) » [AELAE SR ALAIIRE - DURREE
HETTE 35347 (Principal Component Analysis » flijfff PCA) » SRIGH RN T
3 1 (PC 1> & 1) > AfLIREBOHIR RS - HLALEAR R E RSB -

HAMHE NCBI _E/NZKE(B6)H whole genome N #AT [ Agouti EARIFFHI > 1K
{5 Bultman et al.(1994)F EEGFE R > $1%] Agouti intron 1 1] insertion site F1T3%5
—¥B[FUTF > MmA_F2 : 5°-CTCTCTTCGGTTCTGACTTGATTCT-3’ ~
MmA R2: 5’-CTGCCCACCTATCACCTTTAGA-3"([& 2) » ] Phusion DNA
polymerase (Finnzymes)¥%} Agouti FE[X] intron 1 {if PCR [ - PCR SFEMEA-F ¢ (1)
98°C 30 sec ; (2) 98°C 10 sec, 58°C 10sec, 72°C 1~5min, 30 {@{iEEE (3) 72°C 10min -
PCR V] ABI HEIE Pt B sk - ET 5 & 3UHHER © Hp~6 kb
PCR #¥y{#i Ff TOPO XL PCR cloning kit (Invitrogen){i cloning % » FEFFil © &
itk F0 ) Sequencher 4.1.4 BCHS P HIHERE S fRfs 1] t-test LLFLAN[H] genotype
(IS S E B R (R A 2 5

P S

B4 16 (ERSEEF » 355 (EIER422EEBUE insertional mutation (G 2) - 41
TR SEARE T &) ILPERRTIRC ) yTHpERIGTHRAMR1 %) - By
ELETERG %) » RGP SRR 16 5 (AR » R
insertional mutation I #5385 LEGI Ry 29% o PR IR = 9 S 155 PR PU 4 2 117 68 W
(67%) > HifE 6 &/ NFET - A 4 54 insertional mutation ; [LFIE KRR
(LIPS RRO%) + SRUSEIN 11 A6 0 1| /KBS insertional
mutation » #HT insertion I FSAEREEIMBATE 7 EL - RA R IMIRITE (I8
1) > “Ni#EFg ;) Mus musculus castaneus vifs > fUFEZERT BAAT(E 1 B 13) ~ 59
FIRRCE 185 14) ~ SEREALRR(E 185 15) ~ SEBEARR(E 1 85 16) » 3t 28 {4
#5 > YR #EHE insertional mutation [1){fE#S

FEERERN 103 &/ NFEH » 9 EFFERY Agouti intron 1 45253 insertional
mutation (9 %) » 534} 93 L5 {H(O1 %)HIEE 3) - Insertion {1\ ESRTAEL » 280
674 bp > H—HIEEHE 5.5 kb - Frf1 674 bp FY insertion i murine leukemia
virus (MuLV) VLeco long terminal repeat (LTR) #H{lL » 674 bp insertion {{£Z5 36 ~
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671 bp 41 » 1636 bp H945 601 bp Bl MuLV LTR #H[F] » nucleotide identity /53E
94%([& 3) = #7 5.5 kb [ insertion {iliiF5EL 764 bp AHEIY 51 » HREIHY P2 IR RS (T
1 repeat HYREHR » MIAREFTE o 9 #45 insertonal mutation (S - 75 2 EHA
RIFS 674 bp HIAELG T~ 1 ER3~5.5 kb FFIBIST » 1 #15 674 bp FIfE insertion
FEIIS T ~ 2 EE5~5.5 kb FIfE insertion [EAIAT- » 3 555 674 bp F1~5.5 kb 1Y
BRI o Hrf 2 {[f alleles 5% insetional mutation FA/NFEA 6 & » HE 3 £
HE(EH ([ allele £ insertional mutation - 9 £2{[H{#&1t 18 {[ alleles HF » 674 bp F
~5.5 kb %5 8 {lEf 7 {i alleles » #EAHE - 534} » Agouti F5[K] intron 1 [ insertion
site FEHEARST 0 BT 08007 ([ Fa+k 1% insertion site 4% » S8 {E a4 insertion site
TER(T 47 bp Bd{1:1% 61 bp » 3£ 108 bp HFF ¥ EF 18 —hk(lE 4) -

E=re R R —E M1 (08007) » HEIRIRIZA insertional mutation » {H PCR
product size {5 502 bp » #RELE V45 msertional mutation fY PCR product £ #(582
bp) 2 FFHT « i 08007 el Bl H G consensus P4l LLER R - EEEIED T
—E% 79 bp 1751 - HILHRLE T insertion site HOA7 EL (& 4)

T TR O LLRRHIER 3 EREEH VIS 6 g ULTHE(04295: 4.9g, 04081: Sg, 04309:
5.5g) > F T 100 £/ NFEK LI o 4554835 e insertional mutation 2 H 1 »
LR 7 P (tog = 1.66, p =0.10).o HE—[L#5 2 {f alleles £5 5% insertional mutation
TS > =5 0 B S IR 2 5 (fos = 1375, p = 0.08)

HETTHEE LR - ERIPREC /N 6 g BUSHEGS - SOMiER 21 EREERFIGEE
BIASERERIEHE - T 79 /N BEMELE - #5 R AGR insertional mutation .2
HiE > fEEMEE A (t; = 1.47, p = 0.15) o #E—25LL#L 2 {[f alleles 5% insertional
mutation FO{HS > #5 Bl H E S N B 75 5ty = 0.29, p = 0.77) -

ENE

Agouti FE[A] intron 1 45 insertional mutation 1% 9 E2{[H#% » £ 5 2 f& insertional
alleles - ik allele /Y] insertion £ & 5% 674 bp > J#¥1[f1 murine leukemia virus (MuLV)
VLeco long terminal repeat (LTR)JEHFHVT(IE 3) - [FIFRHIFFYI{ER I allele AT
R - H Wi insertion HYFH ABLEFAHIR] - TR 674 bp Y insertion j2
TLFf retrovirus HY LTR o ¥ — 2 #HEHI~5.5 kb #Y insertion [E 5% & 58 ¥ 1Y
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retrotransposon * {HFFEE 741 5¢ 2 MERA RV REMERY © HBTC.A endogenous retrovirus
mutations (ERVs)H] reversion {4l 1-FF i 4> (Maksakova et al., 2006) » Agouti ‘&-{EHH
3 {EEKA .2 — - Bultman et. al.(1994)fH5¢ Agouti spontaneous forward and reverse
mutation F55ER 0 —E¢ 11 kb F41(5.5 kb retrovirus-like transposable elements
containing 5.5 kb additional internal sequence) & 345 Agouti FL[K] intron 1 FY[EEL7E
A 0 I Agouti € 1¢ wild type #5[¢ nonagouti (a) allele (Z2%1E] 2) - #3% » &
retrovirus-like transposable elements fA & K & #H 3% 2 & [K] & homologous
recombination > #EFHFILE LTR FEZE self recombination [fifaH @ e HEH NE—
LTR {FAERY & #J4d A insertion site » FLIF Agouti & nonagotui #[5] white-bellied
agouti (A") ° UWRFAEEF HFEEE 282 insertional mutation F/] Bultman et
al (199D EA SRR BT (£ » EEHEHI~S5.5 kb Y insertion 5—BHIAHE AHY
retrotransposon ‘&Y i i A 674 bp H) LTR © |ij 674 bp HY insertion £%
retrotransposon #&FH R LTR 4R self recombination $5HH Agouti FE[K % » {F intron
1 JFA4H AL & - (insertion 'site);ERY NACHYEL -+ LTR 3~ » retrotransposon H
APESFEA TR EAERR AR DIRE » AERESs (I H A A3t 5 HEHY insertional
mutations » DLz N[A] size 4 insertions » £aE A fEAHIEI7 insertion site |- o

LA BT R ERY B2 H3(08007) » BUSRFIIY allele - #EXX Agouti BN
intron 1 H14f insertional mutation > {Hig (FIRASTHY insertion site A[lZE4: T 79 bp K
deletion » JE[T A2 A HEHEAYFT allele  AMELHYRTH - BFAAEES AR R E bt
fy allele A SIEITER » FEHEAS U SR HEE DS R A bl - fREr A 85 - HERE
PENE 2 RAT T S 2 R G 3 BT allele - $)% Agouti B EHENIAE H ARSI L)
REEVER] - REA SEVEABLRAIRY T % o [FIRFHT allele FYZEELIR B fI12€8H screen /N
BB A [T genotype HUEE M - RERE HER =0 bT LAY E -

Hedt 9 &£ H insertional mutation F¥F A= (s - EMHYEHEIE ~ HeE B & {4
BRI =5 - AR » BB NBEUAGEE Agoui BRI ZE & o B IS IR
BUESE - REFFMIT Agouti FEA] intron 1 SR YHE W, » {5 R REFE] Agouti B
IR B EERIAERH - FHE L B E AN 2 — (RN 522 (Cheverud
et al., 1996; Corva & Medrano, 2001; Bennett & Lamoreux, 2003) » 45347 Agouti A
SR EEEE A o fila] Mclr (Majerus & Mundy, 2003; Nachman, Hoekstra &
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D'Agostino, 2003; Steiner, Weber & Hoekstra, 2007) » F{E B NI T s 2207 4= /)N
ZF BB E SRR G - B T HEERR g E 2 HEBSE null
allele ~ sampling error ~ genetic background F5Z 2% » BRSNS » HiRIHE &S
R FAHAZ] phenotype-genotype association [EZZEA] T~ o

Bl 103 ERHpA/ N > Hp 9% RYMERS Agouti FLPN intron 1 F

insertional mutation o B = /N5 BE A AL SR B R Agouti FEIRIHY  spontaneous

0O

mutation rate FE 55(Schlager & Dickie, 1966; Schlager & Dickie, 1967) » [ n] i
R A R A AN R EE IR retro elements f74F o ARTIFATRI Agouti BN
intron 1 ¥ insertion site JEH {R5F([E 4) » H 3G AR insertion A %5 FH [F] HY
retrotransposable element o #£—35 » 9 Lz NFEIF » 53E 6 EHIE67% » =
3)2 2 {H alleles Y955 retroelement HYEERIFURH &> HEHILL insertional mutation AJEE
£ neutral mutation - ¥HEHG A WIS - KL B AR R REMERF AL =
FEEBT - TA0 Agouit Fk N Z€ 88 I € 5 8 Boe BRI R B #1141 MCM6
(minichromosome maintenance protein) ~ ITF2 (immunoglobulin transcription factor 2,
a basic helix-loop-helix transcription factor)*%%(Furumura et al., 1998) > [fij homozygte
i lethal yellow (4”) Fil lethal light-bellied nonagouti (a*) allele 5E 2t [ Ha 9L
L= (Silvers, 1979) » SAHEERAFERERE FHHY Rl REME ~ fEEE AT - BB
TR A/ N B, Agouti By (A L @ EE DI, insertional mutation e

A[E] retroviral elements £F AN [EliuZalg/ANE B © &G AR [E]AY insertional mutation
rate o BIQ1 K244 intracisternal A particle (IAP) insertions ##8 4=/ C3H/Hel i1 %
F(Rakyan et al., 2003; Ishihara et al., 2004) - i3 83T 0] AR B n T AMAE Mus
musculus castaneus RifE L FoRFEHT(AHY insertional mutation o AR HeTHUARAIE
HASK > M. m. castaneus nitiH H R PREEHIE FEAE SERE g B 2 3 - 125K
FI] insertional mutation JRNAJHESE: sampling error FYAE SR o SR 2k B R i [ B 8 = 1
% KBRS A F AR/ N 2SN genetic background FYAN[E] > ££
Agouti FE[X] intron 1 Y insertional mutation rate £ HHEEZ= R -

B HEEy A4 e £1]~5.5 kb [/ retroviral transposon » 4 F] ] colony PCR A
Kt plasmid size (/53 RS HARERTERS 5.5 kb » HEL) clone 2% - (HER
Wl LTR > SEEEREE Fr R clone (Y41 > HRTFRARIZEIF o ARAEAM
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B FH nested deletions BY, in vitro transposition sequencing (4[] Epicentre [\ EZ-Tn5
<oriV/KAN-2> insertion kit)Z5F5 7l » 354 1f~5.5 kb retroviral transposon HY 25| fi#EE
HiZk - FEEHEIN T EAEE A R I TRE -
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& 1~ NFEEETB LR TR

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 FYEERIHL MG

Hus4 LR 87 Insertion

HraE RS 582bp/582bp 5
EEORTET 582bp/582bp 4 4
582bp/1256bp 1 5
F-FHER 582bp/582bp 5 15

e KETAEER 582bp/582bp 1 ﬁ """"
RGO 582bp/582bp 2 i
1256bp/1256bp 1 5
6kb/6kb 1 5
RIAMRIGRR  582bp/582bp 10 i
582bp/6kb 1 5

e EZEER 582bp/582bp 2 < ﬂ{ """"
1256bp/1256bp 1 L
582bp/6kb 2 &
1256bp/6kb ] &
FERTEGRER  582bp/582bp 4 1
1256bp/6kb 1 4

R wETIR 582bp/582bp < 3 . m
P[5 TR 582bp/582bp 1 4

WL FEETHEME S82bp/S82bp 2 M
ZER 2T 582bp/582bp 17 1
TR BT 582bp/582bp 13 P
502bp/502bp 1 4

AW efER 582bp/582bp 5 ﬁ """"
A 582bp/582bp 4 4
o B 582bp/582bp 5 15
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7% 3 ~ Agouti AN[AIEERIBUH I HE S EE i 43 L

LAY g8 B\olt

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~ PREEERWE - HUERRRIH V(A NITR) © 2 (B BB AR) ~ 3 (FriE
ETHIRR) ~ 4 (L KA ERR) S (s Ria hiRini%) -~ 6 (LvagaRia
RAIGWR) ~ 7 (BRPGR L TTEWNR) > 8 (BRPTE B THEERER) ~ 9 (R A
BR) ~ 10 (T R TR ~ 11 GHIEEEE RS - 12 (a4
PETT) ~ 13 CERAEHT) ~ 14 (GEEFI) - 15 (GEZAR) ~ 16 (GIEH R
B2 o IR BRI A (EREHY) Agouti BEIA] intron 1 45 insertional mutation e
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MmA F2 Insertion site
- Exon 2

primer
. * o .
*

*
Exon 1 o' ‘e MmA_R2

Insertion

2 ~ PCR primers(MmA F2, MmA R2)FE1RElE o ARy HHES exon » KA
= 7R intron 1 {4 insertion site » JREAFTIEES FH{T2% 117 primer - insertion site [N
17 0 HHEE SRR A R B N [E /N insertion o B B/ NE IR SR R N E insertion

size 55 11 kb If » Agouti R a allele ~ 6 kb ik 5 o' allele > 0.6 kb Bk 4"

allele -
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ingert : TGAAAGATTTTCGAATTCCCGGECCAATGCACCAAARA g0
MuLy e bbbl bbb 45
insert 159
MuLv 123
insert 239
MuLv 203
insert 319
MuLv 283
insert 399
Muly 349
insert 479
Muly 428
insert 559
MuLw 508
insert 639
MuLw 588
insert

MuLv

3 ~ Agouti gene intron 1 1#] 764 bp-insertion (:I-)E Murine leukemia virus (MuLV)
VLeco long terminal repeat ("[N)HYEERE @ SBAETTHEES Wi #AHF R HERFP Y -
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ogoo’? . TTCCAGCAGGAAATTGCATCTGTCATCCAAGCCTCCTCCCTCCTTCTGCTTTAAAGTTGT GEGAGCTGCT 70
consensus . ITTCCAGCAGGEAAATTGCATCTGCCATCCAAGCCTCCTCCCTCCTTCTGCTTTAAAGTTGT GEAAGCTGCT 70

08007 I GAGAAGATCACTGACTTTGGCCACACTTAGCGAGTTCAGAACACCCTGCAAGT GAAAGGAATT GAGAGAS « 140
consensus | GAGAAGATCACTGACTTCGGCCACACTTAGGGAGTT CACAACCCCCTCCAAGT GAAAGGAATT GAGAGAS + 140

08007 e ———————— o141
consensus : GCIGTTCCACAGCTCTGTCGATAGGGETACT TEGCCTAACCTGTGTGARACCCTGEGTTTGATTCCCCAGCA @ 210

ogoo7 P CTEGACATGGECACTAGACAT GGCGECCAACCCCTTCAATCTCTATGAGTTCGAGSCCAGS @ 201
consensus @ TCACATAARACTCGACATGGCACTAGACAT GETGECCARCCCCTTCAATCTCTATGAGTTCAAGSCCAGS ¢ 280
~
-
0so07 ! TTGGTCTACATAATGAGTT CCAGGT CAGCCAAGGCCACATCGTGAACCCCTETCT CARAARAAGARRAGH ¢ 271

congensus : TTGETCTACATAGTGAGTTCCAGGET CAGCCAAGGCCACATCGTGAGCCCCTGTCTCARARAAAGARAAGA + 350

05007 D AACAARACCGGATAT GAGAT GTATGGTTGTGA-TCCCAACACT TGEAAGCTAGAGGCAGGAGAACCAGAAG © 340
Cconsensus | AACCAACCGGATATGAGGTGTATGCTTGTGATT CCCAACACTTGGAAGSTAGAGGCAGGAGAGTCAGARGS © 420

0goo7 : TTCAGTCATCCTTTGCTAT GAGACTATATCT CAAACAAAT GAACAAGCARAT AGATGGAATTCAGRAARRT @+ 410
congensus : TTCAGTCATCCTTTGCTATGAGACTACATCTCAAACAAATGAACAAGCAAATACGATGCAATTCAGAARAT © 490

os007 T CAGAAGAGAGTATGACCACGAGGGAACAGAAATAGAAACATGECT : 455
consensus | CAGAAGAGAGTCTGACCACGAGGGAACAGAAATACAAACATGECT @ 535

4 ~ 08007 {EE( PCR size =502 bp)EEELE HiE insertion {HAE(PCR size = 582 bp)[ty
consensus [FHI L - EIATE 08007 {EESEYFEAY » N Fs53k 92 24 insertional
mutation {[E#Z1) consensus 751 » W HEZER ptimer 741 - i 08007 e 455 bp
consensus % 535 bp o IKEN IR E A 2 EIVAIE - HIHARER 08002
{EfEst » FEEES 5 B AHIRIRY insertion site fr 7l g, -
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FoE s ZRABREEEELN: Mclr )45 R IE5HEFF)
GRmLeG R B

Tt H CEIMREE - MMEAERTE =0 > DU B = E ) aE R
MR E R R AR M LB E AR - - E R aikRMclr)
regulatory Lz coding regions [ 7I[%8455 » #5EL Mclr 1755 BB (LR - &

RN B T RERE 2 e IR INPZER] - LA AR TERERATE -

Title: Sequence variation in the coding and non-coding region at the melanocortin-1
receptor gene (Mclr) is not associated with coat colour-yariation 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 (Mclr)
gene underlie adaptive coat colour variation in a wide range of species. However, the
evolution of regulatory regions of Mcr still remains unclear. In this study, we obtain
the upstream sequences of the McIr 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 McIr, underlie

coat colour variation in Pére David’s voles.

Keywords: Mclr, 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 (MclIr) 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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Meclr 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 McIr gene is regulated by the agonist a-Melanocyte-stimulating

hormone (a-MSH) and the antagonist agouti protein. Binding of Mc/r by a-MSH

results in an increase in the synthesis of eumelanins while Mc/r 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 Mc/r 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 Mcir gene and its cis-regulatory elements still

remain unclear.

In this study, we used a rapid amplification of 5’-cDNA end (5’-RACE) method
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to obtain the 5’-untranslated region (5’-UTR) sequences of the Mc/r 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 McIr 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 vele were- determined using a 5’ RACE kit (Roche).
We obtained the exon sequences of the Mcr gene by a pair of primers (mMc1r-1-for
and mMclr-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: EmMclr_SP1 (5’-CCA GAC AGC AGA TGA AGC AA-3’) for synthesis of
first strand cDNA using AMV reverse transcriptase, EmMclr SP2 (5’-GAG GCC ATC
TGG GAT AGA CA-3’) for first PCR to amplify the adaptor-ligated cDNA, and
EmMclr 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, EmMclr F1 (5’-CTA
CGG GGG CTT TGA ACA C-3°) and EmMclr 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 pl total volume containing 1.0 unit of Phusion DNA
polymerase (Finnzymes), 20 pl 5% Phusion HF buffer, 0.2mM for each dNTP and 1.5
mM MgCl,. PCR thermocyeling condition were as follows: (1) an initial denaturing
step of 98°C for 30 s; (2) 30-cycles of the following: 10 s at 98°C, 10 s at 58-61°C, 2
min at 72°C; and (3) a 10 min extension step at 72°C. . The 1714 bp PCR product was
purified using a QIAquick gel extraction kit (Qiagen).. After A-tailing with 10mM
dATP at 72°C for 30 min, TA cloning was performed using the pPGEM-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 McIr sequences generated in this study have been deposited in
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GenBank. To define the boundary of coding region, E. melanogaster McIr 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/servicess 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 McIr

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 McIr gene

A region of 1714 bp of the Mclr 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 Mclr

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 McIr 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 Me/r 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 Mcr 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 Melr was largely consistent with phylogeographic patterns

inferred from mitochondrial cytoechrome 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 Mcir 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 Mc!r 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 R%.= 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 endothermie 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 Mc/r 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 McIr
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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 McIr promoter tegion 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.,
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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 Mc/r mutations underlie coat colour

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

finding is one of few studies which foundno-association between the Mc/r 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 ne association between coat colour variation and both

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

(Steiner et al., 2007) or Tyrpl (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, McIr 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 Mcr 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 McIr gene. However, the consistent patterns

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

detected by the Tajima’s D test suggest that the differences at McIr, 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 Melr 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 Mc/r gene (Numbers in the top row correspond to

nucleotide positions.

Dots represent identity with respect to the first sequence.

heterozygous sites, the genotype is indicated.)

For

population  coat colour specimen 88 89 374 750 913 1104 1279 1323 1518 1524 1607
melanic Yu086 C C G G C T A C G G A
melanic Yu2088 G/A
Guanwu intermediate  Yu2091
(Gu) intermediate  Yu2092
intermediate  Yu2093 .
intermediate  Yu2087 C/G
brown Yu2036 .
brown Yu2041 . T
brown Yu2037 A T
Wuling brown Yu2014 G/A T
(W) brown Yu2040 G/A T
brown Yu2039 C/T
brown Yu2044 3 C/T
brown Yu2038 G/A C/T
brown Yu2042 . § G/A ' . ¢/ .
melanic Yu2022 A G C G G
melanic Yu2072 7 A G . C G . G
melanic Yu2071 4 w L A/G C G G/A G
Tataka e lanic Yu2064 C/A C/G G Bt G/A G
(Ta) intermediate =~ Yu2076 ’ C G A G
brown Yu2082 . f A C G G
brown Yu2020. " Al ' G C G . G
brown Yu2066: C/A C/G . @ 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
Alishan melanic Yu2059 A C G G
(AD) 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
brown Yu2054 C/A C/G A/G C G G
Gene structure 5'UTR Exon l 3’UTR|
Amino acid Arg Ala
Gly Thr
Amino acid position 54 109 172 231 245 310 312
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!
CTACGGGGGC TTTGAACACA ATGGGAAATG CAGTACCCTG TGCTGGAGTC 50

TGGAGCCAGG TTCTCCGGTT TCTGGGTGCT GCTTATGCCC TCTAGAGGCA 100

GTCCAGGGTG CTGGGGCACA TGCCCGTCAT GIGGCCACCC TGAGGAGGAG 150

|
GGGCGAGTTA AAAGATTCAG AGAAAGGCTC CATTCITCTC CCGACCTCAG 200

CCCACCCTGG CTTGGAGGAG GCAGAGGACC AAAAAACTGG GAGGTGCTAA 250
l Voo | SP-1(M)
GTTTAGCAAT GICTGTATCC GAGTCACTTC CCAGGAGGAG GCAGCGAGGG 300

v | AP-2(R)
CAGCAGAAGG CTGGGCTCCT TTACACAGGT AGCAAGACTT CATGAGCAGA 350
|
GCTCAGGGTC ACATCCCAGA AGCGTCTAGA CTCTGCCTGT GCCATGCCTA 400

GGCTGACCTG CCCAGCCGGA AAGAGGGCGA GTGTGAAGGA AAGTTGGAGA 450
|
GTGCCCAGAT GGAAAGAGGT GGGTGTGAGG AGCGTCAGAG ACCCCTGATG 500
SP-1(M) SP-1(R)
ACACCATGAG CCCAACGGGA CACTGGGAGA CTGATACCAC CTGGAGCTGA 550

AGCCTCCCCT GACTGCTICC TACTTCCIGA ACAAGAC 591

Fig. 2 The nucleotide sequence of 5> UTR of the McIr 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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913+ 1607 1323

1279*

1104

8 Al B4 Tao1

88 374

AlTa01 AlTa02

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

Wauling 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 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 observed in the laboratory. We found a significant
correlation between the-lightness variable of dorsal coat color and precipitation.
Dark coat color was obscrved 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 beingthe environmental background color of the
habitatsin 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 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 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

Coat color variation in wild house mice

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_thelargest proportion of variation in coat color
and lightness.of the coat color (also see ‘Results’).

60°N 4

20°S

100°E

120°E 140°E

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: mm day™").
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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

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 Ilatitude and longitude
(2.5° x 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 werelig:bog-

nized for purposes of analyses, that is, Mus musculus

musculus, Mus musculus castaneus and Mus musc:  bac-
trianus, and we did not further distinguish mote subspecies
under M. m. musculus proposed by Ts:l.i_eﬁiya et al,
Moreover, because the nuclear genome of Mus
molossinus originated from M. m. musculus, we assi
hybrid subspecies (Yonekawa et al.,"1994) distri
Japan to M. musculus musculus. In éddition',_We recorded the'
sex from specimen labels, yielding 224-males, 197 femal

and seven specimens of unknown sex. We used the -
Wallis test to examine the difference in coat color
tion among the three subspecies described«a

dattribu- ;
e. In 5

addition, multiple regression analysis, was used to account

for the variance in lightness among mice,-'bas'ed on the.
precipitation and subspecies variables. Two indicator

variables (Montgomery & Peck, 1982), subspl (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 r*> 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 (sp)] color types on the dorsum and 1.98 + 1.95 types
on the ventrum for the 85 localities. This difference is
significant (#-test, t63 =—2.36, P = 0.019).

From the perspective of direct Munsell readings, value
and chroma contained much more variation than hue, as
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] cted by the sp and the coefficient of variation (CV) of
the th}éé.Munsell readings: value, sp = 1.021, CV = 31.5%;
¢hroma, “sp=1.096, CV =26.6%; hue, sp=0.096,
CV =24%. 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 x value+0.92 x chroma +0.26 X 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 PCI1, the higher the Munsell scores for
value and chroma (i.e. more light yellow); the lower the
value of PCl1, 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 (z-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, P<0.0001) (Fig. 3). Precipitation
explained 21.6% of the variation (+* = 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,
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PC1 (Lightness)

T T T T 1
1000 1500 2000 2500 3000

Rainfall (mm/year)
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0 500

Figure3 PC1 scores plotted against mean annual precipitation
(r=—0.47, P<0.0001) showing the relationship between coat color
and precipitation.

P=0.026; M. m. castaneus: r=-—0.34, P<0.0001;
M. m. bactrianus: r =—0.81, P<0.0001). 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 y3 = 71.47, P<0.0001). 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 x precipitation —0.14xsubsp! + 0.09xsubsp2,
indicated that the precipitation variable can explain more of
the variation (21.59%) in coat lightness in mice (partial
#*=0.2159) than the two subspecies indicator variables
(1.24% variance for subspl, and 0.81% variance fot
subsp2). However, the regression coefficients of all three

variables are significant (precipitation, 454 =—6.86,
1 Mus. musculus musculus
50 4 B Mus. musculus castaneus
1 Mus. musculus bactrianus
< 40-
o
2 30 1
c
3
S 20
a
10
0 .
-4 3 -2 -1 o0 1 2 3 4

Dark

Light
PC1 (lightness)

Figure 4 Frequency distribution of PC1 among three subspecies of
Mus musculus.
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P<0.0001; subspl,
tans = 2.13, P = 0.034).

typga =—2.54, P=0.011; subsp2,

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 colorsssupporting 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, P<0.0001) (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, P<0.0001, data
not shown), and yet the latitude (indirectly temperature)
factor can account for just 3.3% of the variation
(r* = 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 thtee subspeecies
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. .
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%) n coat color
than the subspecies variables (subspl: "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 ez al., 2000, 2001, 2003).
Finally, the house mice are primarily commensal with hu-
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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 pepulations 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 andialbino (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 thatact 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 ez 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 mclr, 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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bfsk— ~ /NGBS ~ IREEHBLUR. Agouti FEIAAU

ot PREEN Agouti FLRIRY
2247 HrE AR 582 bp/582 bp
2248 AR AR 582 bp/582 bp
2249 AR AR 582 bp/582 bp
2250 AR AR 582 bp/582 bp
2251 ATHE AR 582 bp/582 bp
2225 | FremSEOARTE 582 bp/582 bp
2226 | HrEESEATET 582 bp/582 bp
2227 | HrERSEARET 582 bp/1256 bp
2228 | HrERSEARTET 582 bp/582 bp
2229 | FreElSEAREE T 582 bp/582 bp
2242 wraE T HHRR 582.bp/582.bp
2243 Ao T HRR 582 bp/582 bp
2244 wraE T HR 582 bp/582 bp
2245 o - HHIER 582:bp/582 bp
2246 HroE TS 582'bp/582 bp
04167 | [LPE KA TR 582 bp/582 bp
04168 | [LIPEK[A] AR 582 bp/582 bp
04175 | [LPE KA A [EIER 582 bp/582 bp
04177 | ILPE KA A FIRS 582 bp/582 bp
04178 | [LPE KA AR 582 bp/582 bp
04179 | LLPE KA RIS 582 bp/582 bp
04180 | [LIPEK[AIHI AR 582 bp/582 bp
04181 | [LIPH KR [AITI A 582 bp/582 bp
04183 | [LIPH K [AITIAIF] 582 bp/582 bp
04184 | [LIPH KA AR 582 bp/582 bp
04188 | [LIPEK[AIHI AR 582 bp/582 bp
04207 | [PERIGTIOER 1256 bp/1256 bp
04208 | [LPERIATHIDR 6 kb/6 kb
04214 | [FERIATIHOR 582 bp/582 bp
04216 | [FERIATIHIOGR 582 bp/582 bp
04222 | [LPERIGTTRIGH 582 bp/582 bp
04223 | [LPERIATIRIARA 582 bp/582 bp
04224 | [LPERIGTTRIGH 582 bp/582 bp
04225 | [LPERIATTRIARA 582 bp/582 bp
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04226 | [LIPERIGTTIRIGH 582 bp/582 bp
04227 | [LPERIATIRIARA 582 bp/582 bp
04228 | [LIPERIATIRIARA 1256 bp/6kb
04229 | [LPERIATTRIARA 582 bp/582 bp
04234 | [LPERIATRIGRA 582 bp/582 bp
04237 | [LPERIGTTRIGHRA 582 bp/582 bp
04239 | [LPERIATRIARA 582 bp/582 bp
04112 | PRPGIEZTTE 582 bp/6 kb
04114 | BRPGIEZTIERR 582 bp/582 bp
04122 | PRPGIEZTTE 582 bp/6 kb
04124 | BRPGIEZTHERR 582 bp/582 bp
04135 | PRYGIEZ TS 1256 bp/6 kb
04149 | BRPGIEZTTE W 1256 bp/1256 bp
04051 | PRPEAE L T EEm i 582:bp/582:bp
04081 | PEPEAE L T EEm IR 1256 bp/6 kb
04082 | BRPGAEZ T EE5E R 582 bp/582 bp
04083 | PRPGAL L i S50 % 582bp/582 bp
04086 | [PRPHAEZ 2RI 582 'bp/582 bp
04176 | JAIFEIS IR 582 bp/582 bp
04259 | JAIFEVS T 582 bp/582 bp
04260 | JAIFETS IO 582 bp/582 bp
04266 | 7] e e 55 T AT ET I 582 bp/582 bp
04276 | WL FEBE T ZRIGRA 582 bp/582 bp
04283 | WL FEBE T ZRIGNA 582 bp/582 bp
04295 | WLz i 2e e 582 bp/582 bp
04297 | WL 2e e 582 bp/582 bp
04298 | WLz 4 e 582 bp/582 bp
04299 | WL 2e e 582 bp/582 bp
04300 | WLz 4 bE i 582 bp/582 bp
04301 | WlJEER & ey 582 bp/582 bp
04302 | WLz 2 bE i 582 bp/582 bp
04303 | WIJLZER & e 582 bp/582 bp
04306 | WIJLZER & e 582 bp/582 bp
04307 | WldLZER & e 582 bp/582 bp
04308 | WIJLZER & e 582 bp/582 bp
04309 | LR i E i 582 bp/582 bp
04315 | WIJLZ2R & e 582 bp/582 bp
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04316 | LRI Erfi 582 bp/582 bp
04317 | WL i be i 582 bp/582 bp
04318 | ML= i bE i 582 bp/582 bp
04319 | WLz bE i 582 bp/582 bp
08001 g AT 582 bp/582 bp
08002 E g EIAT 582 bp/582 bp
08003 g AT 582 bp/582 bp
08004 g EIAT 582 bp/582 bp
08005 ErE B 582 bp/582 bp
08006 E g EIAT 582 bp/582 bp
08007 Era R 502 bp/502 bp
08008 Er B 582 bp/582 bp
08009 g EIAT 582 bp/582 bp
08010 Er B 582:bp/582:bp
08011 =g EIAT 582 bp/582 bp
08012 g EIAT 582 bp/582 bp
08013 =g BT 582'bp/582 bp
08014 =g R 582 'bp/582 bp
1197 EE TR 582 bp/582 bp
1198 B R 582 bp/582 bp
1199 EiEER 582 bp/582 bp
1200 B R 582 bp/582 bp
1201 EEER 582 bp/582 bp
832 EER L% 582 bp/582 bp
833 EER L% 582 bp/582 bp
837 EER L% 582 bp/582 bp
838 aER L% 582 bp/582 bp
1236 BRI 582 bp/582 bp
1237 G ERRR 582 bp/582 bp
1238 B R ER 582 bp/582 bp
1239 BRI 582 bp/582 bp
1231 B R R 582 bp/582 bp
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