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1. RESUMO

O melanismo em mamiferos decorre principalmente da atividade de dois genes:
MCIR (Melanocortin-1 Receptor), cujo produto induz a produgdo de eumelanina (preto-
marrom); e ASIP (Agouti Signaling Protein), que codifica um peptideo antagonista que
promove a producdo de feomelanina (pigmento claro). A combinagdo do efeito destes
dois locos faz com que o pélo cresga escuro com bandas subapicais amarelas. No
presente estudo investigamos a diversidade nucleotidica e os padrdes de variabilidade
presentes no gene ASIP, principalmente nas regides codificadoras dos éxons 2 e 3 ¢ em
regides ndo codificadoras dos introns 2 e 3 em alguns mamiferos, com énfase em
felideos (Mammalia, Carnivora, Felidae). Através do alinhamento entre as espécies
analisadas nesse estudo foi possivel construir trés bases de dados que foram divididas
em diferentes blocos conforme as regides de alinhamento. A andlise comparativa de
seqiliéncias permitiu a caracterizagdo de diferentes blocos de seqiiéncia conservada,
assim como a identificagdo de uma insercdo SINE presente apenas no gato doméstico,
de uma regido repetitiva hipervariavel em todos os felideos analisados, e também de
variantes moleculares (SNPs) em Felis catus e Leopardus geoffroyi. Nenhum dos
polimorfismos identificados nesta espécie estava localizado em regides exoOnicas ou
apresentou associacdo a fenotipos de coloragdo, indicando que as regides analisadas ndo

estdo envolvidas na indugdo do melanismo nesta espécie.

Palavras-chave: melanismo, 4SIP, eumelanina, feomelanina, antagonista, felideos e

mamiferos.



2. APRESENTACAO DO TEMA

2.1. Bases genéticas da coloracio do pélo em mamiferos

A diversidade de cores exibidas por mamiferos, e suas bases genéticas, atrairam
ao longo da historia a atengdo de muitos cientistas (Darwin 1883; Beddard 1895; Fisher
1930; Cott 1940). Variagdes fenotipicas naturais foram usadas para propor teorias
classicas sobre a adaptacdo de mamiferos, e sua relevancia comportamental e ecologica
tem sido explorada em varios aspectos (Cott 1940; Ortolani & Caro 1996). Por muito
tempo, variantes de coloracdo naturais e induzidas foram utilizadas como marcadores
genéticos em modelos animais na era pré-molecular, tendo importancia crucial em
esforcos iniciais para o mapeamento de genes e a caracterizacdo de processos
genomicos (Silvers 1979). Por exemplo, variantes na cor do pélo constituiram a
primeira caracteristica de mamiferos analisada com genética Mendeliana (Castle e Allen
1903).

O uso dessas caracteristicas como marcadores levou ao acumulo de uma grande
quantidade de conhecimentos sobre a genética, bioquimica, fisiologia e biologia
molecular dos processos envolvidos na determinagdo da cor dos pélos em camundongos
(Mus musculus) (Silvers 1979; Jackson 1994; Barsh 1996). Varios genes envolvidos na
producdo e distribuicdo de pigmentos em camundongos foram caracterizados em nivel
molecular (Jackson 1994; Barsh 1995, 1996). Demonstrou-se que eles participam de
diversos processos celulares, fisiologicos e do desenvolvimento embrioldgico, ¢ em
muitos casos estdo implicados em doencas como anemia, esterilidade e problemas
neurologicos (Silvers 1979; Fleischman 1993; Jackson 1994). Homologos humanos de

muitos desses genes foram identificados e caracterizados, ¢ em varios casos estdo



associados com condigdes patoldgicas como hipopigmentacdo (Fleischman 1993) e
albinismo oculocutaneo (Manga et al. 1997). Seu papel na variacdo da cor da pele ¢ dos
cabelos em humanos ¢ ainda pouco conhecido, mas as evidéncias disponiveis indicam
que interagdes complexas e formas diferentes de selecdo envolvendo alguns desses
mesmos genes podem ser responsaveis pela variagdo fenotipica observada em nossa
espécie (Barsh 1996; Box et al. 1997; Rana et al. 1999; Harding et al. 2000; Rees 2000;
Sturm et al. 2001). Homologos para esses genes t€m sido também identificados e
caracterizados em outras espécies, ¢ relacionados com a cor de pélos e/ou fenotipos
patolégicos semelhantes aos observados em camundongos ¢ humanos (p. ex. Klunglund
et al. 1995; Joerg et al. 1996; Kijas et al. 1998, 2001; Metallinos et al. 1998; Marklund
et al. 1999). Atualmente diversos estudos abordam as bases moleculares dos fenotipos
ligados a colorag@o dos pélos em multiplas espécies, tentando investigar aspectos da sua
historia evolutiva e significAncia adaptativa. Para obter-se um conhecimento mais
detalhado, estdo sendo feitos estudos sobre a estrutura, fun¢do, regulacdo e integracdo

desses genes envolvidos na pigmentacao.

2.2. Genes envolvidos na regulacio do melanismo

O melanismo ¢ um fendmeno presente em muitas formas de vida e tem sido
amplamente definido como uma situagdo em que ocorre uma acentuada producio de
melanina escura, gerando uma coloracdo escurecida no tegumento do organismo
(Majerus 1988). A pigmentacdo de mamiferos ¢ regulada por mais de 120 genes, os
quais codificam proteinas envolvidas na migracdo e diferenciacdo dos melandcitos
(células especializadas localizadas na base da epiderme e nos foliculos pilosos) bem
como na regulacdo de diferentes pontos da rota melanogénica. A melanogénese folicular

envolve seqiiencialmente a atividade melanogénica dos melandcitos foliculares, e a



transferéncia de granulos de melanina para dentro dos queratindcitos. Esta atividade ¢
regulada por um conjunto de enzimas, proteinas estruturais ¢ regulatorias,
transportadoras e receptores com seus ligantes, ativando o desenvolvimento de estagios

celulares e niveis foliculares do pélo (fig. 1) (Prota, 1992).
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Fig. 1 — Rota melanogénica — Estrutura, identificagdo e funcionamento de organelas responsaveis pela producdo de
diferentes pigmentos no foliculo piloso, ( Sturm et al. 2001).
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A principal enzima atuando neste processo € a tirosinase, que catalisa a
hidrolizacdo da tirosina para 2,3,4 dihidroxifenilalanina, e a posterior oxidacdo para
dopaquinona. Os padrdes de velocidade e especificidade das reagdes sdo reguladas pela
tirosinase e duas proteinas relacionadas (#yrosinase related proteins [TRP] 1 e 2)
(Korner e Pawelek, 1982; Hearing, 1999). A estrutura da proteina tirosinase ¢ altamente
conservada entre diferentes espécies e existe alta similaridade com as outras TRPs. Em
camundongos, a TRP1 age na oxidacdo do 5,6 dihidroxindole acido carboxilico
(DHICA), e parece ser particularmente importante para a eumelanogénese (formagao de

pigmento escuro). A TRP2 pode agir como Dopacromo Tautomerase, catalizando a




transformacdo da dopacromo para DHICA, e também parece atuar de forma
predominante na sintese do pigmento escuro. Assim sendo, o aumento na expressio e
atividade destas enzimas do grupo TRP parece ser fundamental para a acentuacdo
preferencial da rota eumelanogénica, podendo culminar na ocorréncia do melanismo.
Dos diversos /oci envolvidos na pigmentagdo, dois deles atuam primariamente
na regulacdo da troca entre eumelanina (escura) e feomelanina (clara), os quais eram
originalmente conhecidos como agouti e extension (quando identificados por estudos
classicos em camundongos), e hoje sdo identificados como ASIP e MCIR,
respectivamente. Ambos foram bem caracterizados em nivel molecular em
camundongos (Bultman et al. 1992; Mountjoy et al. 1992; Robbins et al. 1993; Perry et
al. 1996). Nesta espécie, a sinalizacdo pelo Horménio Estimulador de Melanocitos- o
(a-MSH) ou ASIP através do MCIR regula o tipo de melanina produzida, sendo que a
interagdo do a-MSH com MCIR resulta em produ¢do de eumelanina (fig. 2) (Voisey e

Daal, 2002).
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Fig.2 — Esquema demonstrando os dois genes principais — ASIP ¢ MCIR envolvidos na rota melanogénica ( Barsh SG. et al. 2002).



O gene agouti (ASIP) em camundongos esta localizado no cromossomo 2, ¢ ¢
descrito como codificador de uma proteina que possui 131 aminoacidos consistindo de
um peptideo sinal, um dominio central basico e uma regido C-terminal rica em cisteina.
A troca entre eumelanogénese e a feomelanogénese envolve efeitos opostos de ASIP e
a-MSH como ligantes para o receptor MC1R (Rouzaud e Hearing 2004). O gene agouti
do camundongo ¢ composto de trés éxons codificadores (contendo 170pb, 65pb e
385pb, respectivamente), ocupando uma regido gendmica de aproximadamente 5Kb,
ficando cerca de 3 a 4 éxons adicionais distantes da regido 5’ do sitio de iniciagdo

(Siracusal994). A regido génica total consiste de cerca de 110Kb (fig.3) (Bultman et al.
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Fig. 3- Estrutura do gene ASIP em camundongos (modificado a partir de Bultman 1992, 1994).

Em outras espécies ja estudadas, o gene ASIP varia quanto ao numero de
aminoacidos codificados, porém todos apresentam trés éxons codificadores, em uma
estrutura geral semelhante a descrita para o camundongo. No gato doméstico (Felis
catus), este gene estd localizado no cromossomo A3, e codifica uma proteina com 135
aminoacidos (Eizirik et al. 2003).

A proteina ASIP regula a pigmentacdo em foliculos pilosos de camundongo

produzindo um pélo preto com uma banda subapical amarela que pode também ser



observado em muitos outros mamiferos incluindo a familia de felideos. Alelos
recessivos na regido codificadora do agouti ocasionam pélo de cor escura e alelos
dominantes, resultam em cor amarela e, no caso de expressao ectopica, fenotipos como
obesidade, diabetes tipo II, aumento somatico no crescimento e tumorigénese (Yen et al.
1994).

ASIP foi seqiienciado e estudado em algumas espécies de mamiferos e em varios
casos a identificacdo de seqiiéncias variantes foi associada a fenotipos envolvidos no
melanismo ou outras caracteristicas fisiologicas (p. ex. Joerg et al. 1996; Marklund et al.
1996; Vage et al. 1997; Everts et al. 2000; Newton et al. 2000). Variantes do gene ASIP
foram implicadas em fenotipos melanicos em raposas vermelhas (Vage et al. 1997),
ratos (Kuramoto bet al. 2001) e cavalos (Rieder et al. 2001), além das mutagdes
originalmente descritas em camundongos. A abundancia de exemplos de alteragdes nas
mutagdes de cor de pé€los fazem destes genes bons candidatos para estudos das bases

genéticas do melanismo em outras linhagens de mamiferos.

2.3. Variacao genética da cor de pélos na familia Felidae

Entre os mamiferos, a familia Felidae ¢ um grupo de extrema importancia para o
estudo da cor de pélos e sua histdria evolutiva. Variagdes marcantes entre espécies e
polimorfismo intra-especifico sdo observados em gatos domésticos e felinos selvagens,
o que serviu de base para hipoteses de adaptacdo, biogeografia e associacdes ecologicas
(Beddard 1895; Cott 1940; Weigel 1961; Kitchener 1991; Ortolani & Caro 1996). A
ocorréncia de pigmentacdo polimérfica € comum em gatos domésticos, incluindo
variac¢do na cor de fundo (do branco ao amarelo, cinza, vermelho ou marrom escuro) e
também na presenca, forma, coloragdo e distribuicdo de manchas (p. ex. pintas, listas,

rosetas ou ocelos). Em varias espécies de felideos a aparente segregacdo geografica de
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cores polimorficas foi utilizada para descrever diferentes “subespécies” ou populagdes
locais historicamente distintas. Em varios casos ¢ plausivel supor que estas variagdes
sejam produzidas por adaptac@o local a ambientes distintos, sendo assim importantes
componentes na historia de vida dessas espécies.

Das 37 espécies de felideos, 12 comprovadamente apresentam melanismo como
uma variante de coloracdo (Eizirik 2002). Até o momento o gene ASIP foi somente
seqilienciado no gato doméstico (Felis catus) e o MCIR em F. catus, onga pintada
(Panthera onca) e jaguarundi (Puma yagouaroundi), nos quais foram identificadas
variantes moleculares associadas ao melanismo (Eizirik et al. 2003). Entre os animais
observados, o que pode constatar-se é que ocorreu uma delecdo de dois nucleotidios no
gene ASIP em Felis catus pretos. No gene MCIR, duas delegdes foram identificadas:
uma dele¢do de 5 codons (sem alteragdo no quadro de leitura) em Panthera onca
melanicas, as quais podem ser homozigotas ou heterozigotas (o que permitiu verificar
que esse fenotipo apresenta heranca dominante); e a segunda em Puma yagouaroundi de
pelagem escura, onde notou-se a delegdo de 8 cddons (com padrdo de heranca semi-
dominante).

Estudos semelhantes ainda ndo foram realizados para outras espécies de
felideos; para algumas delas, inclusive em casos de ocorréncia de melanismo, pode-se
excluir a ocorréncia das mutagdes descritas acima (Eizirik et al. 2003); entretanto a
caracterizacdo completa destes genes candidatos ndo foi realizada até o momento. Cinco
espécies de felideos foram o alvo principal deste estudo: o gato-doméstico, o gato-do-
mato-pequeno (Leopardus tigrinus), o gato-do-mato-grande (L. geoffroyi), o gato-
palheiro (L. colocolo) e o leopardo (Panthera pardus). Fendtipos melanicos sdo
observados em todas estas espécies, e a ocorréncia desta variagdo ndo pode ser atribuida

as mutacdes ja descritas, exceto no caso do gato doméstico (Eizirik et al. 2003). Assim
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sendo, ¢é relevante investigar a variabilidade de seqiiéncia nos genes candidatos para este

fenotipo, a fim de buscar possiveis variantes associadas ao mesmo.

Leopardus geoffroyi
(www.kedi.ws) Leopardus tigrinus
(procosara.org/images/leopardus_tigrinus)

Leopardus colocolo
(www.kedi.ws)

Panthera pardus Felis catus
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(http://home.vicnet.net.au/~neils/africa/leopard.htm) (www.sierrabaza.org)

3. OBJETIVOS

O presente estudo teve como finalidade principal a caracterizagdo do gene ASIP
em alguns mamiferos com énfase em espécies de felideos, buscando investigar a
diversidade nucleotidica presente neste locus, seus padrdes de variabilidade, e testar sua

associacdo com fenotipos de coloracdo polimoérficos observados nestes organismos.

3.1 OBJETIVOS ESPECIFICOS

3.1.1. A partir de amostras de DNA gendmico, amplificar por PCR e caracterizar em
nivel de seqiiéncia os exons 2 e 3, juntamente a segmentos intrénicos associados, do
gene ASIP em um ou mais individuos de F. catus, P. pardus, L. tigrinus, L. geoffroyi e

L. colocolo.

3.1.2. Caracterizar a diversidade genética e¢ os padrdes de variabilidade presentes neste
locus em algumas espécies de mamiferos, através de comparagdes evolutivas em
diferentes niveis de profundidade filogenética, utilizando as seqiiéncias de felideos

geradas nesse estudo em combinag@o com outras ja disponiveis.

3.1.3. Comparar seqiiéncias deste gene entre individuos meldnicos e ndo-melanicos de

L. geoffroyi e L. colocolo, buscando testar a ocorréncia de polimorfismos associados ao

melanismo.

13
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Abstract

The regulation of coat color in mammals is controlled mainly by the action of
two genes, MCIR (Melanocortin-1 receptor), responsible for inducing the production of
dark pigment (eumelanin), and ASIP (Agouti Signaling Protein), which codes for an
antagonistic peptide whose action promotes the formation of light pigment
(feomelanin). The understanding of the structural characteristics of these loci and of the
evolutionary processes influencing their patterns of conservation is still in its infancy,
with few species analyzed so far, and no broad comparison available. In this paper we
analyzed different regions of the ASIP gene in several mammalian species, with
emphasis on the family Felidae (Mammalia, Carnivora). Our goals were to characterize
patterns of variability and conservation in the surveyed regions of ASIP, and also to
investigate the possibility of molecular variants at this locus being associated with
melanistic phenotypes in the Geoffroy’s cat (Leopardus geoffioyi). Complete sequences
of exons 2 and 3, intron 2, and part of intron 3, were obtained for a total of five different
felid species, in some cases represented by multiple individuals each. These sequences
were compared to each other and to two canid species (Carnivora, Canidae) and one
representative each of the mammalian orders Cetartiodactyla and Perissodactyla. Our
results allow the identification and characterization of several conserved sequence
blocks in intronic regions, which present similar or higher levels of sequence
conservation when compared to coding regions. The boundaries of these conserved
blocks were characterized through comparisons at increasing levels of evolutionary

depth, allowing the identification of core areas maintained over ca. 90 million years of
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evolution, and possibly involved in regulatory activities. No exonic polymorphism was
observed in L. geoffroyi, including melanistic individuals, indicating that exons 2 and 3

are not involved in this phenotype in this species.

Introduction

Melanism is a phenomenon present in many life forms and has been broadly
defined as a situation where an overabundance of skin pigmentation occurs, generating
a darkened external coloration (Majerus 1998). The pigmentation of mammals is the
result of the action of more than 100 genes that influence the production and
distribution of melanins in the skin, fur and eyes (Girardot et al. 2006). Biosynthesis of
these pigments is a process predominantly controlled by the action of three enzymes of
the tyrosinase family: TYR, TYRP-1 and TYRP-2. These enzymes are directly involved
in the synthesis of dark pigment (eumelanin, with black or brown coloration), although
the former (TYR) also plays a role in the genesis of feomelanin (light pigment: yellow
or reddish). Both types of pigment are complex polymers that are produced and
accumulated in specialized organelles present in melanocytes, known as melanosomes.
Melanin-containing melanosomes are transferred from melanocytes to skin
keratinocytes or to the growing hair shaft. The overall coat color depends mainly on the
relative amount and distribution of eumelanin and pheomelanin in hair shafts
throughout the body.

The synthesis of eumelanin in melanocytes is induced by the a-Melanocyte
Stimulating Hormone (a-MSH), which is an agonistic ligand of the Melanocortin-1
Receptor (MCI1R), a G-protein coupled receptor present on the melanocyte surface.
Conversely, the synthesis of feomelanin in the melanocyte is induced by the interaction

between MCIR and the paracrine antagonist peptide “agouti” (also known as ASIP
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[Agouti Signaling Protein]), secreted by dermal papilla cells (Voisey et al. 2002). This
system was first described in the mouse, in which the agouti peptide was found to
consist of 131 amino acids, and to act as an MC1R antagonist, blocking its activation by
o-MSH (Kwon et al. 1994). It is now well established that the switch between
eumelanogenesis and feomelanogenesis involves opposite effects of ASIP and a-MSH
as ligands of the same receptor (Rouzaud and Hearing 2004). A typical “agouti” hair in
the mouse is black with a subapical yellowish band (the agouti band), which results
from a pulse of expression of the agouti gene during hair growth.

Many other mammals present similar patterns of hair pigmentation, with one or
more “agouti” bands placed on an overall darker hair shaft, suggesting that this
pigmentation mechanism has been conserved throughout the evolution of this group.
Interestingly, mutant alleles of the mouse agouti gene cause darker coat color
(melanism) exhibiting recessive inheritance, while dominant mutant alleles result in
yellow color and in some cases also pleiotropic effects such as obesity, type Il diabetes,
increased body size and tumorigenesis (Yen et al. 1994). It is now well understood that
recessive melanism in these cases is due to loss of function of the agouti peptide,
leading to constant eumelanogenesis. Likewise, the yellow coloration of dominant
agouti mutants is due to gain of function leading to constant blocking of eumelanogenic
signaling. Pleiotropic effects of dominant yellow mouse mutants have been found to be
caused by ectopic expression of agouti, leading to interaction with other melanocortin
receptors and thus interfering on other signaling pathways.

The mouse agouti gene (whose homologue is called 4S/P in humans and most
other species) is located on chromosome 2 and is composed of three coding exons
(containing 170 bp, 65 bp and 385 bp, respectively) which span a genomic region of

approximately 5 Kb. In addition, there are up to four non-coding exons, located more
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than 100 kb upstream from the coding region, which are involved in the expression of
alternative transcripts (Siracusa 1994). The total genomic region consists of ca. 110 kb
(Bultman et al. 1994). In other species studied to date, the ASIP gene varies in the exact
number of codons, but is always composed of three coding exons, with a general
structure similar to that described originally for the mouse. In the domestic cat (Felis
catus), this gene is located on chromosome A3, and codes for a protein containing 135
amino acids (Eizirik et al. 2003).

The coding regions of ASIP and MCIR have been characterized in some species
of mammals (and many other vertebrates, in the case of the MCIR), leading to the
identification of molecular variants in one or both genes that were associated to
melanistic or other coat color phenotypes (e.g. Joerg et al. 1996; Marklund et al. 1996;
Vige et al. 1997; Everts et al. 2000; Newton et al. 2000). Variants of MCIR were
associated to melanism in the cow (Kungland et al. 1995), red foxes (Vige et al. 1997),
pigs (Kijas et al. 1998), sheep (Vige et al. 1999) and also in chickens (Takeuchi et al.
1996) and bananaquit birds (Theron et al. 2001). Fewer such studies have addressed
ASIP, as this gene seems to be more difficult to characterize, due to its containing three
coding exons instead of MCIR’s single contiguous Open Reading Frame, and exhibiting
several isoforms composed of different combinations of non-coding exons. In addition
to the pioneering mouse studies (Bultman et al. 1992) that characterized the ASIP
coding region as well as various mutants involving genomic rearrangements and non-
coding elements, only a few species have so far been sequenced for this locus. These
include descriptions of the ASIP coding region in the red fox (Vige et. 1997), rat
(Kuramoto et al. 2001), horse (Rieder et al. 2001) and cow (Girardot et al. 2005).

Among the mammals, the carnivoran family Felidae is an interesting system in

which to study the evolution of coat color variation. The occurrence of polymorphic
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pigmentation is common in domestic cats, including variation in the background color
(from white to yellow, gray, red, brown or black) and also in the appearance, shape,
coloration and distribution of markings (e.g. spots, stripes, and rosettes). Several other
felids display polymorphic coloration, in some cases showing geographic
discontinuities or gradients that have been used to describe different “subspecies” or
historically distinct local populations (e.g. Pocock 1940; Garcia-Perea 1994). In some
cases it is reasonable to assume that these variations are produced by local adaptation to
distinct environments, thus being important components of these species’ life history.
Of the 37 currently recognized felid species, 12 have been confirmed to exhibit
melanism as a coat color variant (Eizirik 2002). In an effort to understand the evolution
of this trait in the Felidae, the candidate genes ASIP and MCIR genes were mapped,
cloned and sequenced in the domestic cat (Felis catus), providing tools for the direct
investigation of these loci in other felids (Eizirik et al. 2003). That study identified three
distinct mutants associated with melanism in different cat species. Black domestic cats
are homozygous for a deletion of two nucleotides in exon 2 of ASIP, leading to a
frameshift that likely abolishes the function of the coded protein, in agreement with a
recessive inheritance of melanism in this species. Two different MCI/R mutants were
observed: melanistic jaguars (Panthera onca) carry a mutant allele bearing a five-codon
deletion, while dark jaguarundis (Puma yagouaroundi) carry another allele lacking eight
full codons (Eizirik et al. 2003). In the two latter cases the inheritance of melanism is
dominant and semi-dominant, respectively, in agreement with a gain-of-function change
in MCIR. The molecular basis of melanistic phenotypes remains to be uncovered the
nine other felid species in which this trait has been observed. An initial step in this

investigation is the characterization of the candidate genes ASIP and MCIR in multiple
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species of the family, as well as related groups, so as to define regions of evolutionary
conservation that may be particularly involved in gene function.

In this study we sequenced exonic and intronic regions of the ASIP gene in four
felid species (Leopardus geoffroyi, L. tigrinus, L. colocolo and Panthera pardus) which
had not been previously characterized for this locus. We also sequenced additional
domestic cat individuals for the region under study, which were compared to our
original Felis catus ASIP sequence (FEizirik et al. 2003), and used to evaluate intra-
specific patterns of diversity in this genomic segment. In addition, melanistic and non-
melanistic individuals of L. geoffroyi were compared for two exonic regions, in order to
investigate the presence of molecular variants potentially associated to this phenotype in
this species. Finally, we compared the felid sequences generated here to available data
from other placental mammals belonging to the supra-ordinal clade Ferungulata (which
contains the orders Carnivora, Pholidota, Cetartiodactyla and Perissodactyla - Springer
et al. 2007). These comparisons, which span different levels of evolutionary depth,
allowed a characterization of the patterns of sequence variability in this segment in
mammals, contributing to the identification of conserved non-coding blocks potentially

involved in regulatory activities.

Materials and methods

Genomic DNA from one to 13 individuals each of Leopardus geoffroyi, L.
colocolo, L. tigrinus, Felis catus and Panthera pardus (Table 1) were amplified by the
Polymerase Chain Reaction (PCR) using previously designed ASIP primers (Eizirik
2002). In most cases, external primers agoEx2-F2 and agoEx3-R1 (Figure 1, Table 2)
were used for amplification of a single contiguous segment ca. 2 kb long. To investigate

exonic variability in the L. geoffroyi ASIP gene, multiple individuals of this species
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were analyzed for exon 2 and exon 3 alone (Table 1), using a separate PCR reaction for
each fragment (employing primers agoEx2-F2 and agoEx2-R1 for Exon 2, and agoEx3-
F1 and agoEx3-R1 for exon 3 — see Figure 1). PCR reactions were performed in a total
volume of 20 pL, containing 1puL of empirically diluted DNA, 2 pL of 10X buffer II; 2
mM MgCl2, 0.2 mM dNTP; 1 U AmpliTag DNA polymerase (Invitrogen) and 0.2 uM
of each primer. The PCR profile consisted of 3’ initial denaturing at 94°C, followed by
40 cycles of 94°C for 45°, 55°C for 1°, 72°C for 2’°, and a final extension of 72°C for
10°. PCR fragments were verified through electrophoresis in a 1% agarose gel stained
with ethidium bromide, and purified using either an enzymatic clean-up protocol
(Shrimp alkaline phosphatase and Exonuclease I [Amersham]) or Polyethyleneglycol
(PEG) 8000. Purified fragments were sequenced using either ABI Big Dye chemistry
or the DYEnamic ET Terminator Sequencing Kit (GE/Amersham Biosciences), and
read on an ABI 3700 or a MEGABACE 1000 (GE/Amersham) automated sequencer,
respectively. Fragments were sequenced in both directions using the PCR primers, as
well as multiple internal primers (see Table 2) in the case of long amplicons (flanked by
agoEx2-F2 and agoEx3-R1). Sequence electropherograms were checked and edited
visually using SEQUENCHER (Gene Codes) or MEGA 3.1 (Kumar et al. 2004),
leading to the construction of a final contig for each individual composed of two to 23
separate reads. All sequences generated here were deposited in GenBank (accession
numbers XXXX-XXX).

Orthologous ASIP sequences from additional species were obtained from
GenBank using the BLAST algorithm (Altschul et al. 1990). These included sequences
of two canids (Canis familiaris [NC_006606] and Vulpes vulpes [VVU250364]), and
one representative each of the mammalian orders Cetartiodactyla (Bos taurus [X99691])

and Perissodactyla (Equus caballus [AF288358]). Sequences were aligned using the
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ClustalW algorithm implemented in MEGA 3.1, and final alignments were produced via
direct checking and editing by hand. Three different data sets were analyzed, whose
variation in evolutionary depth led to differences in alignment reliability: (A) felids
only; (B) Carnivora only (i.e. felids + canids); and (C) Ferungulata (Carnivora +
Cetartiodactyla + Perissodactyla). For each of the data sets, sequence blocks that could
be reliably aligned (i.e. for which homologous nucleotide positions could be
recognized) across the included taxa were identified using MEGA, which was also
utilized for subsequent analyses of these segments. Analyses included phylogenetic
reconstruction of evolutionary relationships using different data partitions, as well as

estimations of nucleotide variability for each block at each level of evolutionary depth.

Results

Two coding regions of the ASIP gene (exon 2 [160 bp] and exon 3 [62bp]) and
two non-coding segments of the same locus (intron 2 [1360bp] and part of intron 3
[154bp]) were characterized in five felid species, and compared to available sequences
of other mammals belonging to the Grandorder Ferungulata. The alignment of these
sequences varied between 2,082 bp and 2,192 bp, depending on the included species.

The comparative analysis of the sequences was carried out using three distinct
data sets (A, B and C), which differed in terms of phylogenetic depth. Data set A
included only felid sequences, spanning the base of the extant diversity in this family
(ca. 11 million years) taking into consideration the comparison between P. pardus and
the remaining species (Johnson et al. 2006). In database B, two canids were included
(Canis familiaris and Vulpes vulpes), allowing the assessment of nucleotide
conservation throughout the evolution of the two main branches (Feliformia and

Caniformia) of the order Carnivora, spanning a divergence of ca. 55 million years
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(Springer et al. 2003). The third database (C) also included sequences of
representatives of two other mammalian orders related to the carnivores: a horse,
representing the Perissodactyla, and a cow, representing the Cetartiodactyla. The
inclusion of these species allowed a comparative analysis spanning ca. 90 million years
of evolutionary depth (Springer et al. 2003).

The analysis carried out with these three databases allowed the identification and
characterization of different sequence blocks, with distinct properties (Fig. 2). In
database A we observed the existence of six conserved blocks (Table 3), consisting of
the two exons along with four well-aligned and fairly long intronic regions. In addition
to these conserved segments, two distinct regions could be identified within intron 2.
One of them was a SINE element insertion (spanning 240 bp), present only Felis catus,
and the other one was a complex repetitive region (spanning ca. 83 bp) observed in all
felids, and consisting of a series of short tandem repeats dominated by the motifs (TG),
(TTTG), (TTTTG) and (TTTTTG). Another observation was the occurrence of a well-
defined 14-bp deletion (positions 285-298) in intron 2 (Sequence block 2 - see Fig. 2) of
all Felis catus individuals, but not in any of the other species. Within the domestic cat
SINE element insertion, all F. catus individuals were identical except for one Single
Nucleotide Polymorphism (SNP) at position 724 (counting from the start of the
initiation codon in exon 2 — see Fig. 2 and Table 3), in which A/A, T/T and A/T
genotypes were observed. Three other SNPs were identified in intron 2, at positions
281 (A/G), 833 (T/C) and 1599 (T/C). Homozygotes for both alleles were observed in
each of these SNPs, and heterozygotes were recorded for site 833 only. Among the
sampled L. geoffroyi individuals, five SNPs were identified, but none was located in the

surveyed exons, and none exhibited evidence of allelic association with melanistic
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phenotypes. The two L. colocolo individuals analyzed here (one of which was
melanistic) did not bear any nucleotide difference from each other.

The analyses performed with data set B allowed the identification of seven
conserved blocks, due to the division of block 3 into two sub-blocks (Fig. 2, Table 4).
The available Vulpes vulpes sequence was shorter than the overall data set, so that the
first 134 bp (most of exon 2) and the final 216 bp (intron 3 and part of exon 3) could not
be compared to the other species. Database C consisted of a longer alignment (2,192
bp) relative to A and B, due to several indels inferred to have occurred when more
distantly related mammals were included in the analysis. The available Equus caballus
sequence was also shorter than those of most other species, precluding comparisons
involving the initial 32 bp (beginning of exon 2) and the final 210 bp (intron 3 and part
of exon 3). This alignment allowed the identification of 11 well-defined (i.e. conserved)
sequence blocks, including the two exons (Table 5). The increased number of blocks
resulted from the subdivision of block 3 into 4 sub-blocks (3.1.1, 3.1.2, 3.2.1 and 3.2.2 —
See Table 5 and Fig. 2) and of block 4 into 3 sub-blocks (4.1, 4.2 and 4.3). Other
general observations gleaned from this data set included the presence in Bos taurus of
an extra codon (AAA, positions 1987-1989) in exon 3, and an 11-bp insertion (positions
2052 - 2062) in intron 3, relative to the remaining species.

In order to characterize the evolutionary conservation across this genomic
segment, we analyzed the level of nucleotide variability in each defined block for each
of the data sets. In data set A, the least variable segment was the sampled portion of
intron 3 (block 6), with 3.2% variable sites, while the most variable was exon 2 (5.6%
variable sites). Overall, intronic blocks were found to exhibit similar or lower
variability than the examined exons (Table 3). The inclusion of canid sequences (Data

Set B) allowed a more refined analysis of these blocks (Table 4). At this increased level
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of evolutionary depth, intronic block 3.1 and exon 3 (block 5) were found to be the most
conserved segments (6.9% and 7.0% variable sites, respectively). Exon 2 remained
quite variable at this level (13.7% variable sites), but was surpassed in diversity by
intronic blocks 2 and 3.2. At the same time, the available portion of intron 3 (block 6)
remained considerably conserved (8% variable sites) (Table 4).

The same approach was then extended to Data Set C, the deepest phylogenetic
level contained in our alignment, so as to identify core areas that represent well-defined
blocks of conserved sequence (Table 5). In this case, the most conserved of all
segments was block 4.3 (5.5% variable sites), a 36 bp-long region of intron 2
immediately adjacent to exon 3. At this level, both of the analyzed exons were found to
be quite variable (23.7% and 15.6% variable sites for exons 2 and 3, respectively).
Variability in alignable areas of introns was even greater (e.g. 50% in block 3.1.1), not
to mention intervening intronic segments in which similarity among taxa could no
longer recognized (i.e. they were not part of the identified blocks). As expected, the
defined blocks became shorter as we analyzed deeper phylogenetic divergences (e.g.
compare block 2 in Tables 3, 4 and 5), even though in some cases the length was
affected in the opposite direction by the larger number of indels in this data set.

On the basis of these initial observations, we performed a more comprehensive
comparative analysis of sequence conservation patterns using the refined blocks
delimited with Data Set C (Table 6). Here the conservation of block 4.3 became really
apparent, with no variable sites among the sampled carnivores, a