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» Evolutionary Genetics of the MC1R In Vertebrates

* The molecular genetic basis of adaptive change in phenotype is a major
outstanding issue in evolutionary biology.

« Evolutionary change in coat and plumage color is a promising system for
making progress in this field.

» Several candidate genes are involvedin evolutionary color.change in
mammals and birds.

« One such gene encodes thesmelanocortin=1 receptor-(MC1R); which Is one
of the major regulators of eumelanin.and:pheomelanincontent in-hairs and

feathers.

Mundy et al. (2006) Evolutionary genetics of the melanocortin-1 receptor in vertebrates.



» Coloration in domestication
 |In domestic mammals such as mice

and cattle:

e Gain of function MC1R mutations
lead to darkening in the coat

e Loss of function MC1Rmutations
lead to yellow or red coat

« MCI1R mutations lead to coloration
changes in sheep, horses, pigs, dogs

guinea pigs, foxes, chickens et al.

Fig. 1 in Cieslak et al. (2011) Colors of domestication. Biol. Rev.



MC1R Evolution Cases
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Fig. 1. in Mundy et al. (2006) Evolutionary genetics of the melanocortin-1 receptor in vertebrates.



» Two dimensional structure of the MC1R in Chinese yak

LA DU NH: .Chinese yakow missense mutations
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Fig. 5. in X| et al. (2012) Isolatlon and characteristics of the melanocortin 1 receptor gene (MC1R) in the Chinese yakow. Gene



» The MCI1R locus

* Aseven trans-membrane (TM) G-coupled receptor (GPCR)

e 1000 members account for more than 1% of mammalian genomes
 The MCIR belongs to class A, rhodopsin family

e One of a five-member subfamily, the melanocortin (MC) receptors

(O Strong RHC allele
.... @ The melanocortin 1 receptor .
() Weak RHC allele

A0 (O LOF mutation
@ Activating mutation

(@ Hyperactive mutation

& Activating in some species,
but not in mustelids

transmembrane (TM)
region

intracellular loops

Fig. 1. in Jean K. Lightner (2008) Genetics of coat color 1: the melanocortin 1 receptor (MC1R). Answers Research Journal.




Pigment production controlled by MC1R and ASIP
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» Melanistic coat coloration occurs as a common polymorphism in 13 of 37

felid species and reaches high population frequency in some cases but never

achieves complete fixation. This mutant phenotype arose at least five times
Independently in the cat family. (Schneider et al. PLoS ONE 7(12), 2012)

THE CAT FAMILY TREE

Scientists compared DNA sequences In all 37 species of cats to determine the tree’s branches. Fossils provided dates
that indicate when major branching occurred.

37 SPECIES

Panthara ancestor
B4 MYA Snow laopard
Clouded lecpard »
Bornean douded lecpard &
Felid ancestor Bay catancestor Aslan golden c.
10.8 MYA 541 MYA Bormiean bay cat 7.

Marbled cat Ps

Caracal ancastor
5.6 MYA

Ocelot ancestor
2.9MYA

Lynx ancestor
3.2MYA

Puma ancastor
4.9 MYA

Lecpard cat ancestor ﬁimg‘ﬂaﬁﬂfi -
5.9 MYA Flat-headed cat
Rusty-spotted cat
Pallas’s cat Oracol

6.7 MYA

\‘

Domestlc catancestor
34 MYR
1w 5 4 3 2 1
Millions of Years Ago (MYA)
008
Middle Miocene Late Miocene Early Phocens Lata Pliocene Plelstocena §
100 =
2
B o A DR SRR & . il &
I--50 &

Stephen J. O’Brien and Warren E. Johnson, 2007. The Evolutionary of Cats. Scientific American i?‘i’

8 LINEAGES

@ PANTHERA
These medium- to large-size cats (15 to 350 kilograms) are found throughout the world. They are the dominant
predators in the ecosystems and on the continents that they inhabit, often specializing on large ungulate
species. The lion, tiger, jaguar, leopard and snow leopard have an incompletely ossified hyoid, which allows
them to roar. The two clouded leopard species do not roar.

@ BAY CAT

This poorly known group of small- to medium-size cats

(two to 16 kilograms) is restricted to forested habitats in
tropical Southeast Asia. Before the authors” genetic analyses,
taxonomists did not consistently group these species together.

PR Aslan galden cat

© caracaL
These medium-size cats (five to 25 kilograms), which are restricted to Africa, are distinctive and recognizable
but were not typically grouped together before the authors’ genetic work.

O OCELOT
These small- to medium-size cats (1.5 to 16 kilograms) live in a broad range of habitats throughout
Central and South America. They have a different number of chromosomes
than other Felidae species do (36 instead of 38).

© Lynx
These medium-size cats (six to 20 kilograms) all have short tails and pointed
ears. They live in temperate climates of North America and Eurasia

and tend to specialize on hare and rabbit. With the exception of the Iberian lynx,
these species have been among the most widely exploited for their fur.

0O ruma

These diverse cats, from the small jaguarundi (three to 10 kilograms) to the large African cheetah (21 to 65 kilograms),
originated in North America but have spread widely across four continents and remain broadly distributed.

Pumas can be locally common and are legally hunted in parts of their range.

© ASIAN LEOPARD CAT
These small cats {two to 12 kilograms) occupy a wide range of habitats in Asia, from mangrove
forest to Mongolian steppe. The Asian leopard cat is the most comman small cat in Asia.

© DOMESTIC CAT
These small cats {one to 10 kilograms), with the exception of the domestic cat,
which is worldwide, have African and Eurasian distribution.

Bobeat

Puma
(mountatn lion)

Rusty-spotted cat

Domestic cat



Table 1. Available information on the occurrence of melanism in felid species.

Species

Strongest evidence and original
references

Proposed mode of
Inheritance

No. of offspring analyzed in the
original literature source

Felis catus

Felis chaus

Felis silvestris, F. lybica

Prionailurus bengalensis

Panthera pardus
Panthera onca
Panthera leo
Panthera tigris
Panthera uncia
Neofelis nebulosa
Lynx rufus
Leopardus geoffroyi
Leopardus guigna
Leopardus tigrinus

Leopardus colocolo

Acinonyx jubatus
Puma concolor

Puma yagouaroundi
Leptailurus serval
Caracal caracal

Caracal aurata

Pardofelis temminckii

Pardofelis marmorata

Visual [30,31]

Photograph [32]

Anecdotal [32,33]
Anecdotal [34,35]
Visual [36,37]
Visual [32]
Anecdotal [32]
Anecdotal [34,38]
Anecdotal [39]
Anecdotal [40,41]
Photograph [34]
Visual [42]
Photograph [32,43,44,45]
Visual [32,46]
Photograph [32]

Anecdotal [40,47]*
Anecdotal [48]
Visual [5]

Video [33,34,39]
Anecdotal [34]
Anecdotal [49]
Photograph [34,35]
Photograph [50]

Recessive [5,30,31]

Dominant [32]

Recessive [36,37]
Dominant [5,32]

Recessive [32]

Co-dominant [5]

Recessive**

1 black offspring from a pair of
wild type parents [30,31]

1 wild-type offspring from a pair
of melanistic parents [32]

Total of 439 offspring [36,37]
Total of 81 offspring [32]

2 black offspring from a pair of
wild-type parents [32]
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. 1. in Eizirik et al. (2003) Current Biology.




Signal peptide

‘Mature’ N-terminus

Basic central domain

Cat MNILRLLLAT LLVCLCLLTA YS|HLAPEEKP RDDRNLRSNS SMNMLDLSSV SIVALN|KKSK KISRKEAEK-
PPa  eiinennnn eSS e e M. DO P - -
Ppa-M  .......... R M. B P o -
Pte @ ..ivsvenen . s ren e e i i e e e eeslieeePee cvviea]eves chnerenan -
Pte-M .......... R R T -
Dog P ..S..F.. ..o .. K. Seeen. B R S —
Fox . FLl ..5..F.. e K. Seee.. T O e -
Horse .DVIH.F... .S..F.. - K...S..N. ...L..SP.. Mewelosoe ssvsvnsss K
Cow DVS. e e i i F.. F .E...KN Lo FPL. e e e e LNLLL LK
Pig «DVT e uenee sassne FF. Silevecasss S K.E.S..... seele dFPee svasna]ovse seenncsnn -
Human .DVT...... ..F..FF.. N.|..P....L ....S5..... WV.LLWVPLL ... Q.G..A...—
Mouse DVT.ovse VSF..FF.V H.|...L..TL G...S..... ceeSedFeee seviee]iess cesssssas R
Rat DVT...... VGF..F..V H.|..VF..TL G. S.K. T e R
1 2 34 5 67 g 9 10
I | [ I I [ I

Cat KNVAQ|PRRPR PPPPAP|CVAT RDSCKPPAPA CCDPCASCQC RFFRSSCSCR VLNPTC [136]
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Pte SRS - A e et e . [136]
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Fox eee RF—.. ....N. ee sNewaSeees coassssnes sssss A.T.. ..S.5. [136]
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Human .K.VR[-—-. T.LS.. ee sNewsoosse secsssssss sssss A.... ..SLN. [136]
Mouse .K..R|-——— .S. e ettt e e e ...G.A.T.. ....N. [136]
Rat .K..R|-———= S e Neowwon. ...G.A.T.. LN. [136]

Proline-rich Cysteine-rich C-terminal domain
domain

Fig. 1, 2 in Schneider et al. 2012 PL0oS ONE 7(12)
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What do we care about?

» Genetic basis of reddish and grey coloration in Asiatic Golden Cats

Asiatic Golden Cat (Pardofelis temminckii)

Carnivora Felidae

NT (Near Threatened) in the IUCN Red List & Appendix | of CITES
Geographic Range: from the Himalayan foothills into China and Southeast Asia.
Habitat and Ecology: primarily found in forest habitats

Pardofelis temminckii

NOT DATA LEAST NEAR CRITIGALLY EXTINGT
EVALUATED DEFICIENT concERN  RSITLITRIS R  VULNERADLE ENDANGERED ENDANGERED IN THE WILD ENTINGT
NE o LE NT VU EN eR W EX

ARKivVe AR ' \7 ARKIVE
www.arkive.ong | IR RIaNE . orE) & 53 www.arkive.org

& Jurgen & Christine Sohns / weaw fipa-imags



Materials Specificity: ancient DNA procedure

TABLE 1 Overview over different types of damage in ancient DNA

Type of
damage Process Effects on DNA Possible solutions
Strand Degradation by Reduction of overall PCR of overlapping
breaks microorganisms DNA amounts fragments of short
Nucleases in the Size reduction length
postmortem cell
Other chemical
processes
Oxidative  Damage to bases Base fragmentation PCR of overlapping
lesions fragments of short
Damage to deoxyribose = Sugar fragmentation length
residues
Nucleotide modification Multiple independent PCRs
Cloning and sequencing
of several clones
DNA Reactions between DNAs e.g., Maillard products PTB (N-phenylacyl
crosslinks as well as DNA and thiazolium bromide)
other biomolecules
Hydrolytic Loss of amino groups Change of coding Multiple independent PCRs
lesions 1. adenine = potential Cloning and sequencing

hypoxanthine of several clones
2. cytosine = uracil
3. 5-methyl-cytosine
=> thymine
4. guanine => xanthine

Paabo et al. (2004)
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Phylogenetic tree construction (MEGA)
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Acquire the MC1R nucleotides sequence from UCSC

Genomes Genome Browser Tools Mirrors Downloads My Data Help

Cat (Felis catus) Genome Browser Gateway

The UCSC Genome Browser was created by the Genome Biginformatics Group of UC Santa Cruz.
Software Copyright (c) The Regents of the University of California. All rights reserved.

group genome assembly position search term

Mammal = Cat = Sep. 2011 (ICGSC Felis_catus 6.2/felCat5) = Cth2:53,225,502-53,231 ,571 enter position, gene symbol or search terms submit

Click here to reset the browser user interface settings to their defaults.

track search add custom tracks track hubs configure tracks and display

Cat Genome Browser — felCat5 assembly (sequences)

UCSC Genome Browser assembly ID: felCatb

Sequencing/Assembly provider ID: International Cat Genome Sequencing Consortium Felis_catus-6.2

Assembly date: Sep. 2011

GenBank accession ID: GCA_000181335.2

NCBI Genome information: NCBI genome/78 (Felis catus)

NCBI Assembly information: NCB| genome/assembly/320798 (International Cat Genome Sequencing Consortium Felis_catus-6.2)
BioProject information: NCBI Bioproject: 16726

Felis catus
{Dr. Kristina Narfstrom)

Search the assembly:

« By position or search term: Use the "position or search term" box to find areas of the genome associated with many different attributes, such as a specific chromosomal coordinate
range; mMRNA, EST, or STS marker names; or keywords from the GenBank description of an mRNA. More information, including sample queries.

« By gene name: Type a gene name into the "gene" box to go directly to the assembly location associated with a gene. More information.

« By track type: Click the "track search” button to find Genome Browser tracks that match specific selection criteria. More information.

Download sequence and annotation data:

Using FTP (recommended)
Using HTTP
Data use conditions and restrictions

Acknowledgments

. 8 ® »




Acquire the MC1R nucleotides sequence from UCSC

Genomes Genome Browser Tools Mirrors Downloads My Data View Help About Us

UCSC Genome Browser on Cat Sep. 2011 (ICGSC Felis_catus 6.2/felCat5) Assembly

move | <<< << < > = >>> | ZOOM N | 1.5x 3x 10x || base | ZOOM oUt | 1.5x 3x 10x || 100x

chrE2:63.?20‘844—63,?21,797 954 bp. | enter position, gene symbaol or search terms | go
chrEZ (a) [ EZn | Eza b
1
Scale 268 kases| | felcats
chrEz: 63,728,908 &3, 721, aes| 63,721, 108] &3,721,200| 53,721,308 63,721, 408| &3,721,508| 53,721,500 &3, 721, 7eel

Gap Locations
Gap

GENSCan GEnE Fredictions
chrEz, 2853 4

Mon-Cat Reffeq Genes
ather Refseq

RefSeq Genes

Mouse (Dec, 2811 (GRCMSS mmiel) Chained Alignments
chr& + SE5255k

chr2 + 172245k EF
chrl3 + S6722K

chrd — 28257k

chr4 - 133216k - — S - - S S S S -
chrS = 1465535k

A1l
>

Mouse (Dec, 2 CGRCMISMmml@xs A1ignment Het
R R e R e e e e e e e e e e e P P PP L e R P R e PR e e P SR E P P EE S R LT R R Y £

k)
B R B R R B A RN RN IR

Repeating Elements by RepeatMasker

EepeatMasker
move start Click on a feature for details. Click or drag in the base position track to zoom in. Click side bars for track options. Drag side bars or labels up or down to move end
[<]ze][>] reorder tracks. Drag tracks left or right to new position. (< ]ze][>]

| track search | | default tracks | | default order | | hide all | | add custom tracks | | track hubs | | configure | | reverse | | resize | | refresh |

Chromosome Color Key:
NEETENES 7 (8 9 10 11 H2FEIREY15 16 17 18 [EIR021FH X ¥ MU

— Use drop-down controls below and press refresh to alter tracks displayed. —

acaliapse:ally Tracks with lots of items will automatically be displayed in more compact modes. Lexpand all J
[ - | Mapping and Sequencing
Base Position Assembly Gap GC Percent INSDC %mes
(dense _:] (e 13) (dense :
Short Match

- | Genes and Gene Predictions
Genes Genscan Genes Other RefSeq RefSeq Genes

| pack s ] | dense | | pack s |

[ - | mRNA and EST

Cat ESTs Cat mRNAs Other mRNAs Spliced ESTs




Acquire the MC1R nucleotides sequence from UCSC

(2] Genomes Genome Browser Tools Mirrors Downloads My Data Help About Us

RefSeq Gene

RefSeq Gene MC1R

RefSeq: NM_001009324.1 Status: Provisional

Description: Felis catus melanocortin 1 receptor (alpha melanocyte stimulating hormone receptor) (MC1R), mRNA.
Entrez Gene: 493917

PubMed on Gene: MC1R

PubMed on Product: melanocyte-stimulating hormone receptor

mRNA/Genomic Alignments

BROWSER | SIZE IDENTITY CHROMOSOME STRAND START ERD QUERY START END TOTAL

browser | 954 99.9% E2 4+ 63720844 63721797 NM_001009324 1 954 954

Genomic Sequence Near Gene

Get Genomic Sequence Near Gene
Note: if you would prefer to get DNA for more than one feature of this track at a time, try the Table Browser using the output format sequence.
Sequence Retrieval Region Options:

Promoter/Upstream by 1000 | bases
# 5' UTR Exons
» CDS Exons
™ 3' UTR Exons
« Introns
Downstream by 1000 | bases
(=One FASTA record per gene.
() One FASTA record per region (exon, intron, etc.) with (o extra bases upstream (5') and o extra downstream (3')
Split UTR and CDS parts of an exon into separate FASTA records
Note: if a feature is close to the beginning or end of a chromosome and upstream/downstream bases are added, they may be truncated in order to avoid extending past the edge of the
chromosome.

Sequence Formatting Options:

(= Exons in upper case, everything else in lower case.
(CDS in upper case, UTR in lower case.
(Al upper case.
Al lower case.
Mask repeats: (=) to lowercase () to N

submit




MC1R nucleotide sequences alignment (Clustal\W2)
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Prediction of trans-membrane helices in proteins (TMHMM)

TMHMM posterior probabilities for sp|QBESES|MSHE_FELCA
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Domains within Felis catus protein MSHR_FELCA (Q865E9)

0 100 200 300

Confidently predicted domains, repeats, motifs and features:

Mame Start a End E-value
transmembrane regian 44 63 MIA
transmembrane region 76 98 MIA
low complexity a9 116 MIA
transmembrane regian 118 140 MIA
transmembrane regian 161 183 MIA
transmembrane regian 187 209 MIA
transmembrane regian 243 265 MIA

transmembrane region 280 300 MiA F
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Swiss model structure prediction

Model-Template Alignment

/ odel 0L MSVOGPORRLLOSLNSTS PARZRLGLARNOTGRRCL 51 S UEDOUNIGHGIVSVVENVEVVARIRKNENUNSBRINNICEY <

2:h1. 1.8 EMGIVMELIVLAIVEGNVLVITATARFERI){VINYFITEL 62

e X1 G A GRS AV V03000 VR 7 SR

2rhl. 1. AACADLVMEGLANMVPECAAHILM- -KM-WTFGNFWCEFW--—-TSIDVLOVTASTIETLCVIAVRRYFATT)SPFEYQSLLTRNK 156

Model ul_ m————— | HTAVLLCLVSFFVAMLVLMAVLYVENLARACO
aehl A AR {VHIVSGLTSFLEIGH HEEAINCYAEETCODPETNQAYAIASSIVEFEVELVIMVEVYSRUEQEARKRG) 236

Model 01 - - . - 236

2rhl.1.A[L ‘ cy[F Ty ‘ AKSELDRAIGRNTNG)I IKDEAEXLEFNQDVDAAVRGILE) 316
}Ic:-del_{]l‘- - - - VH 3z

2rh1.1.A|. AKLEKBVYD L:l'_ DAVRRAALINMVEQMGETGY _-‘,]'_'. FEMELRAMLY } (BWDEAAVNLA SRy } ENRAKRVITTERTIETWDA 396
Model 010 R ¥ I N I LV ).C ¥R R 1 C O F N DN N M X SR =
2rhl.1. AD KEHKALKTLGI IMGTFTLCWLPFFIVNIVEVIQDNL- IRREVYILLNWIGYVNSGFNPLIY-CRS[PDFRIAF 471
}Ic:-del_{]l_SW 317
Zrhl 1 . AIQELILCLE 478
Z-score Local Quality Estimate Comparison with Non-redundant Set of PDB Structures
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CcDx2

FOXA2

Protein interaction: ..

ADCY2

—. OPRM1

—, CYP17A1

./
CGA
—_FSHB
—

® MC1R melanocartin 1 receptor (alpha melanocyte stimulating hormone receptor); Tubulin is the major constituent E
of microtubules. It binds two moles of GTF, ocne at an exchangeable site on the beta chain and one at a non- - v T
exchangeable site on the alpha-chain (By similarity) (450 aa) g E GEE E
- ] =
(Homo sapiens) o 3 E 2 %:
EEEEE§
Predicted Functional Partners: <—~oadad
f1: 57

POMC  proopiomelanocorting ACTH stimulates the adrenal glands to release cortiscl (267 aa) -

MC4R  melanocortin 4 receptor; Receptor specific to the heptapeptide core common to adrenocorticotrop [L..] (2332 aa) .

MCE5R  melanocortin 5 receptor; Receptor for MSH {alpha, beta and gamma) and ACTH. The activity of thi [...] (325 aa) -

@ MC3R  melanocortin 3 receptor; Receptor for MSH {alpha, beta and gamma) and ACTH. This receptor is me [...] (323 aa) -

MC2R  melanocortin 2 receptor (adrenocorticotropic hormone); Receptor for ACTH. This receptor is medi [...] (297 aa)
“ DRD1 dopamine receptor D1; This is one of the five types (D1 to DS) of receptors for dopamine. The a [...] (446 aa)
ADCYZ adenylate cyclase 2 {brain); This is @ membrane-bound, calmodulin-insensitive adenylyl cyclase (1091 aa)
® GCG glucagon; Glicentin may modulate gastric acid secretion and the gastro-pyloro-duodenal activity [...] (180 aa)
= PTH parathyroid hormone; PTH elevates calcium level by dissolving the salts in bone and preventing [...] (115 aa)
FSHR follicle stimulating hormone receptor; Receptor for follicle-stimulating hormone. The activity [...] (695 aa)

e s » & & ® " Peaction

Expression

Score

0.998
0.983
0.963
0.958
0.948
0.915
0.914
0.913
0.913
0.912
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