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ABSTRACT

Title of Dissertation: MOLECULAR EVOLUTION OF MELANISM IN

THE FELIDAE (MAMMALIA, CARNIVORA)
Eduardo Eizirik, Doctor of Philosophy, 2002

Dissertation Directed by: Adjunct Professor Stephen J. O’Brien
Department of Biology, and National Cancer Institute, NIH

and

Professor Gerald S. Wilkinson
Department of Biology

Coat color phenotypes are readily apparent and highly diverse mammalian
traits, whose variability may be associated with adaptation to different environments.
The cat family (Mammalia, Felidae) displays extensive variation in coat color,
including several cases of polymorphic pigmentation. Among these, melanism (dark
background coloration) has been confirmed to occur in at least eleven cat species, in
some cases reaching appreciable population frequencies. The genetic basis and
evolutionary history of melanism in the Felidae have not been studied in detail, and
the molecular mechanisms responsible for this phenotype have not been characterized

in this group.
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The present study addresses the molecular genetic basis and evolutionary
history of melanism in the cat family, aiming to identify and characterize genes
involved in this phenotype in multiple related species. The domestic cat homologues
of two candidate genes for melanism, Agouti Signaling Protein (ASIP) and the
Melanocortin-1 receptor (MCIR), were mapped, cloned and sequenced, and genomic
tools were developed to study the involvement of these loci in melanism in several
felid species. Comparative analyses of the domestic cat ASIP and MCIR genes
relative to available homologous sequences were used to characterize their genomic
structure and patterns of molecular evolution of both loci across mammals (and other
vertebrates, in the case of MCIR). Both genes were found to exhibit short conserved
segments interspersed with highly variable regions, leading to overall moderate to fast
rates of molecular evolution. An analysis of conserved sequence blocks in non-coding
genomic regions revealed several segments of potential regulatory relevance, and a
detailed characterization of these motifs in the MCIR promoter region is presented.

Three molecular variants associated with melanism were identified in three
different cat species. In the domestic cat, black coloration is associated with a 2 bp
deletion in ASIP, whereas two ‘in-frame’ deletions at adjacent locations in the MCIR
gene are implicated in melanism in the jaguar and the jaguarundi. These variants were
absent from all other surveyed felids, including melanistic individuals from five
additional species. These findings indicate that melanism arose independently at least
four times in the history of extant Felidae lineages, and reveal that dark coloration in
the jaguarundi (more common in the wild) represents a derived condition, likely

increased in frequency in an expansion process influenced by natural selection.
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CHAPTER 1

Introduction to Dissertation

Molecular genetics of phenotypic variation

The interest in understanding the genetic bases of phenotypic variation is as old
as the fields of genetics and evolutionary biology themselves (Darwin 1859, 1883;
Mendel 1865; Galton 1889; Bateson 1913; Fisher 1930; Wright 1968), and reflects our
scientific curiosity with respect to the mechanisms underlying natural phenomena.
From the late 19" century through the 20" century, numerous studies investigated the
heritable nature of phenotypic variation, its interaction with environmental factors and
the possible mechanisms involved in its origin and evolutionary dynamics (e.g. Muller
1922; McClintock 1950; Mayr 1973; Wright 1977, 1978). These studies were based
on laboratory experiments as well as field research on natural populations, and
explored a diverse array of organisms concentrating on well-characterized model
systems including bacteria, fungi, plants, insects and rodents. These pioneering efforts
laid the foundations of modern genetics and led to the development of major theories
on the nature and dynamics of genetic processes. However, their attempts to
ﬁnderstand the physical (molecular) bases of heritable phenotypes were limited by a

lack of suitable technologies to address these issues directly.

Until the advent of the era of molecular genetics (especially with respect to the
ability to clone and sequence DNA segments) in the second half of the 20™ century,

knowledge on the genetic basis of phenotypic variation consisted of indirect inferences
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on the number, nature and interaction among the genes (or ‘factors’) that influenced
aspects of morphology, physiology, ecology and behavior (e.g. Muller 1922; Fisher
1930; Wright 1968, 1977). These studies led to the development of numerous
hypotheses conceming the structure, function and interaction among genes, which
could start to be investigated in detail and evaluated mechanistically as the direct

molecular analysis of genes became feasible.

The molecular genetic basis of phenotypic traits was initially investigated in the
context of human pathological conditions and experiments with model organisms (e.g.
Lewis 1978; Robson et al. 1982; Struhl 1983; Gitschier et al. 1985; Burghes et al.
1987; review by Echols 2001). Evolutionary studies performing direct molecular
analyses of genes determining natural phenotypic diversity are in their infancy, though
some initial examples illustrate their contribution to our understanding of the
interactions of genomic, cellular and physiological processes with organismal ecology
and adaptation to varying environments (reviewed by Li 1997; Golding & Dean 1998;
Hughes 1999). Some of the earliest examples include the study of the molecular
signature of adaptive evolution at the loci coding for hemoglobins in several groups of
vertebrates (reviewed by Perutz 1983; Li 1997); lysozyme in primates, ruminants and
birds (Stewart & Wilson 1987; Kormegay et al. 1994); alcohol dehydrogenase in
Drosophila (McDonald & Kreitman 1991); visual pigments in several vertebrates (e.g.
Yokoyama & Yokoyama 1989; Shyue et al. 1995; Yokoyama 1997); genes of the
vertebrate Major Histocompatibility Complex (Hughes & Nei 1988); and genes
involved in reproductive traits of several organisms (reviewed by Swanson &

Vacquier 2002). In the last few years, studies addressing adaptive aspects of

~
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molecular evolution have multiplied rapidly (e.g. Yang & Bielawski 2000; Fay et al.
2002; Liberles & Wayne 2002; Smith & Eyre-Walker 2002), in some cases identifying
clear connections between molecular genotypes and ecologically-relevant phenotypes
(e.g. Hough et al. 2002; Zhang et al. 2002). The vast majority of these studies have
focused on inter-specific molecular differences that implied adaptive evolution along
the lineages leading to present-day species. So far, few studies have investigated the
molecular basis of intra-specific phenotypic diversity, applying such information to
analyze the adaptive significance of these traits in natural populations. Initial
examples include work on the molecular basis of natural variation in disease resistance
in humans and plants (e.g. Hill et al. 1992; Bergelson et al. 2001; Tishkoff et al. 2001;
Dean et al. 2002), and also in a gene associated with coloration phenotypes in several

species (MCIR), which will be described in the next two sections.

Coat color genetics in mammals

The genetic basis and evolutionary significance of coat color variation in
mammals have attracted the attention of scientists since the late 19th century (e.g.
Darwin 1883; Beddard 1895; Bateson 1913; Castle & Wright 1916; Wright 1917,
1918; Haldane 1927; Fisher 1930; Cott 1940; reviewed by Searle 1968; Robinson
1970a; Silvers 1979). Natural phenotypic variation in these traits has been used to
propose classic theories of mammalian adaptation (e.g. Cott 1940), and their
ecological and behavioral relevance have been explored in various contexts (e.g. Cott
1940; Ortolani & Caro 1996). At the same time, natural and induced variants in these

traits became very important genetic markers for model animals in the pre-molecular
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era, and were crucial for initial efforts in gene mapping and characterization of
genomic processes (reviewed by Silvers 1979). For example, coat color variants were
the first mammalian traits analyzed with Mendelian genetics (Castle & Allen 1903);
they were used in the first demonstration of genetic linkage in a vertebrate (Haldane et
al. 1915); and they formed the basis for the hypothesis of X-chromosome inactivation
in mammals (Lyon 1961).

The use of these traits as genetic markers led to the accumulation of a
comprehensive body of knowledge on the genetics, biochemistry, physiology and
molecular biology of the processes involved in coat color determination of the house
mouse (Mus musculus) (e.g. Silvers 1979; Jackson 1994; Barsh 1996). Several genes
involved in the production and distribution of pigment in mice have now been
characterized at the molecular level (Jackson 1994; Barsh 1995, 1996; He et al. 2001).
They have been shown to be part of diverse cellular, developmental and physiological
processes, and in some cases to be implicated in pathologies such as anemia, sterility
and neurological disorders (e.g. Silvers 1979; Fleischman 1993; Jackson 1994).
Homologues for most of these genes have been identified and characterized in
humans, and in several cases are also associated with pathological conditions (e.g.
hypopigmentation {Fleischman 1993] and oculocutaneous albinism [Manga et al.
1997]; reviewed by Barsh [1995] and Sturm et al. [2001]). Their role in human skin
and hair color variation is still poorly understood, but available evidence indicates that
complex interactions and different forms of selection involving some of these same
genes could be responsible for the phenotypic variation observed in our species (Barsh

1996; Box et al. 1997; Rana et al. 1999; Harding et al. 2000; Rees 2000; Sturm et al.
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2001). Homologues for some of these genes have also been identified and
characterized in other species such as the cow (Bos taurus), pig (Sus scrofa) and horse
(Equus caballus), and often implicated in coat color and/or pathological phenotypes
similar to those observed in mice and humans (e.g. Klungland et al. 1995; Joerg et al.
1996; Kijas et al. 1998, 2001; Metallinos et al. 1998; Marklund et al. 1999).

In spite of this significant progress, detailed knowledge about the structure,
function, regulation and interactions of the genes involved in pigmentation remains in
its infancy for virtually all vertebrate groups. Moreover, little has been attempted so
far in terms of integrating the available knowledge from model organisms with the
phenotypic diversity observed in wild species and natural populations, in the context
of directly addressing and testing evolutionary hypotheses involving these traits. The
first examples of such attempts in vertebrates involve the characterization of molecular
variants of the MCIR gene (described in the next section) and their association with
coloration phenotypes in natural populations of humans (Homo sapiens), bananaquits
(Coereba flaveola) and black bears (Ursus americanus). In humans MCIR variants
are associated with red hair and fair skin (Valverde et al. 1995; Box et al. 1997), and
evolutionary studies indicate the occurrence of contrasting patterns of natural selection
acting on this gene in different geographic populations (Rana et al. 1999; Harding et
al. 2000; Rees 2000; Smith et al. 2001; more details are provided in Chapter 3).
Bananaquits are birds whose populations in different Caribbean islands show variable
frequencies of melanism (defined in the next section) associated with a mutation at
MCIR, whose dynamics may also be influenced by contrasting selective pressures

(Theron et al. 2001). In the case of black bears, the molecular basis of the ‘Kermode’
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phenotype (white-phased individuals occurring in British Columbia, Canada) has been
found to be a different type of mutation at MCIR, likely causing loss of function of the
resulting protein (Ritland et al. 2001). Until now, no study has addressed the
molecular basis of coat color phenotypes in multiple species of the same family of
organisms, attempting to investigate aspects of their evolutionary history and adaptive

significance.

Melanism

Among the diverse traits influencing mammalian coat color, melanism has
received considerable attention over the last four decades, both in terms of
experimental work in the mouse (Silvers 1979; Jackson 1993, 1994; Barsh 1995,
1996) and frequent reports of naturally occurring variants in many taxa (Searle 1968;
Robinson 1970a). Melanism is a phenomenon present in many life forms, and has
been broadly defined as ‘any situation in which there is, on average, a general
darkening of the ground color or patterning of an organism’ (Majerus 1998). In the
mouse, both dominant and recessive forms of this trait have been described, and
primarily attributed to two different genetic loci (allelic series): agouti and extension
(Silvers 1979). Mutations at these two loci were found to cause inverse phenotypic
effects in the mouse: in the agouti series the most dominant alleles lead to lighter
(yellow) pigmentation, whereas recessive mutants are associated with melanism; the
opposite is observed in the extension series, in which both dominant melanistic and
recessive yellow mutants have been described (Silvers 1979; Jackson 1994; Barsh

1996). Based on inheritance patterns of similar coloration mutants observed in other
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species, it has been hypothesized that variants at the agouti and extension series were
also implicated in pigméntation diversity in other groups (Haldane 1927; Searle 1968;
Robinson 1970a, 1976). Additional loci at which mutant alleles also led to melanistic
phenotypes were identified through experimental crosses in mice (e.g. mahogany
[mg], mahoganoid [md], umbrous [U] and dark [da]; Silvers 1979); however, these
genes have not yet been as well characterized in mice as agouti and extension, and
have not been proposed to alter coloration phenotypes in other mammalian species.

Both agouti and extension have now been well characterized at the molecular
level in mice (Bultman et al. 1992; Mountjoy et al. 1992; Robbins et al. 1993; Perry et
al. 1996). Extension corresponds to the MCIR (Melanocortin-1 receptor) gene, also
called MSHR, for c-Melanocyte Stimulating Hormone {0-MSH] Receptor. MCIR
encodes a seven-transmembrane G-protein-coupled receptor expressed in skin and hair
follicle melanocytes, and also in some immune system cells (Mountjoy et al. 1992;
Smith et al. 2001). It responds to extra-cellular c-MSH binding and activates the
synthesis of eumelanin (dark pigment: black or brown) by means of G-protein
coupling and cAMP signaling (Robbins et al. 1993; Jackson 1994; Barsh 1996; Lu et
al. 1998).

Agouti encodes a unique peptide whose human homologue has been called
ASIP (for Agouti Signaling Protein; the human protein has been called ASP [Wilson et
al. 1995]). The ASIP designation for the gene (ASIP for the protein) will be used
preferentially throughout this dissertation. ASIP codes for a paracrine peptide that is
produced in hair follicles (dermal papilla cells) and behaves as an inverse agonist to

the MCIR, preventing its activation by c--MSH and thus inducing a switch from
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eumelanin to pheomelanin (light pigment: yellow or reddish) synthesis (Lu et al. 1994;
Barsh 1996; Abdel-Malek et al. 2001). The wild-type pattern of regulation of these
two genes in dorsal hairs of mice is an initial and terminal synthesis of eumelanin,
interrupted by a switch to pheomelanin production caused by a pulse of agouti
expression (Jackson 1994; Barsh 1996). This produces a banded hair shaft, called the
‘agouti’ phenotype, which can also be observed in many other mammals including the
domestic cat (Searle 1968). Melanistic (black or mostly black) mouse phenotypes can
be due to mutants producing either a constitutively active MCI1R protein, with
dominant inheritance, or a defective (or defectively expressed) agouti peptide, with
recessive inheritance (Silvers 1979; Jackson 1993, 1994).

A third gene involved in the causation of melanism in the mouse, mahogany
(mg), has also been recently cloned (Gunn et al. 1999; Nagle et al. 1999). It was found
to encode a transmembrane form of arzractin (ATRN) which plays an important role in
stabilizing the molecular interaction between ASIP and MCIR on the melanocyte
plasma membrane, and also participates in other biological processes including
activities in immune and neurological systems (Gunn et al. 2001; He et al. 2001). So
far, mahogany/ATRN has not been found to play a role in pigmentation phenotypes in
any species other than the mouse, and therefore the remainder of this section will
focus on providing further background on the MCIR and ASIP genes.

The mouse MCIR coding region is intronless and spans 945 bp (315 amino-
acids), while the human homologue has two additional codons (Mountjoy et al. 1992).
The promoter region has so far been characterized in humans and mice (Moro et al.

1999; Adachi et al. 2000; Makova et al 2001; Smith et al 2001), and critical elements
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for MCIR expression have been identified ca. 500 bp upstream of the translation
initiation site. The mouse agouti (ASIP) gene is composed of three coding exons
(containing 170 bp, 65 bp and 385 bp, respectively) that span a genomic region of
approximately 5 kb, as well as three or four more distant upstream non-coding exons,
which were found to be variably included in alternatively transcribed/spliced mRNA
transcripts (Siracusa 1994; Vrieling et al. 1994). The overall genomic region that
includes all these exons consists of over 110 kb (Bultman et al. 1994). The resulting
agouti (ASIP) peptide is 131 amino acids long, and includes a signal sequence, an N-
linked glycosylation site, a central basic domain and a C-terminal tail that includes 10
cysteine residues (Perry et al. 1996; Miltenberger et al. 2002; more details will be
provided in Chapter 2).

In addition to mice and humans, ASIP and MCIR have now been sequenced in
a few other mammal species (and some other vertebrates, in the case of MCIR), in
several instances leading to the identification of sequence variants in one or both genes
that are associated with melanism or other coat color phenotypes (e.g. Joerg et al.
1996; Marklund et al. 1996; Vage et al. 1997; Everts et al. 2000; Newton et al. 2000).
MCIR variants have been implicated in melanism in the cow (Klungland et al. 1995),
red fox (Vage et al. 1997), pig (Kijas et al. 1998), sheep (Vige et al. 1999), and aiso in
chickens (Takeuchi et al. 1996) and bananaquit birds (Theron et al. 2001). ASIP
variants have been implicated in meianistic phenotypes in the red fox (Vage et al.
1997); rat (Kuramoto et al. 2001a) and horse (Rieder et al. 2001), in addition to the

originally described mouse mutations. This abundance of examples of coat-color
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altering mutations in these two interacting loci makes them attractive candidate genes

for studies of the genetic basis of melanism in other mammalian systems.

Genetics of coat color variation in the Felidae
Among mammals, felids are an extremely interesting group for the study of

coat colors and their evolution. Extensive intra-specific variation in these traits is
observed in domestic and wild cats, and conspicuous diversity across species has been
the basis for proposed hypotheses of adaptation, biogeography and ecological
associations (Beddard 1895; Cott 1940; Weigel 1961; Kitchener 1991; Ortolani &
Caro 1996). Polymorphic pigmentation is common in wild cat species, including
variation in background color (e.g. light tan or yellow to gray, reddish or dark brown)
and also in the presence, shape, coloration and distribution of markings (spots, stripes,
rosettes). In several felid species the variable components of polymorphic color are
known to segregate geographically, and have been used to describe differentiated
‘subspecies’ or local populations (e.g. Pocock 1940; Garcia-Perea 1994). Itis
conceivable that these variants may be associated with adaptation to local
environments, and may be important life history components in these species.
Nonetheless until now there has been no direct study of their ecological significance or
underlying genetic mechanisms, both of which may aid in the elucidation of their
adaptive relevance.

The domestic cat (Felis catus) can serve as a useful model for evolutionary
genetic studies in the Felidae. Available genomic resources in this species facilitate

the mapping and cloning of candidate genes (e.g. Menotti-Raymond et al. 1999;
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Murphy et al. 2000; Beck et al. 2001), and a framework of evolutionary studies at the
phylogenetic and population levels (e.g. Johnson & O’Brien 1997; Pecon-Slattery &
O’Brien 1998; Eizirik et al. 1998, 2001) provide useful information for comparative
studies within and among different species. The domestic cat can also be an important
model in the specific case of coat color phenotypes, as this species exhibits ample
variation in several pigmentation traits. At least nine different genetic loci involved in
cat coloration diversity have been identified on the basis of breeding experiments
(Doncaster 1904; Whiting 1918; Wright 1918; Castle 1919; Robinson 1959, 1976,
1991). These include the following (mutant allele described; nomenclature following
Robinson [1991]): (i) a (non-agouti), causing black color (melanism); (ii) b (brown),
changing black coloration to brown; (iii) ¢ (color), causing the Siamese (c*) and
Burmese (c®) phenotypes; (iv) 4 (dilute), causing dilution from black to bluish gray;
(v) I (inhibitor of melanin), causing the ‘silver’ or ‘smoke’ grayish phenotypes; (vi) O
(X-linked Orange), changing black pigment to orange, and causing the ‘tortoiseshell’
and ‘calico’ phenotypes in heterozygote females; (vii) S (white spotting); (viii) T
(tabby), affecting the striping/spotting patterns; and (ix) W (dominant white), causing
all-white coloration. So far only one of these loci (the ¢ [Siamese/Burmese] locus,
likely a homologue of the albino/Tyrosinase gene) has been mapped (O’Brien et al.
1986), and none has been characterized at the molecular level.

The occurrence of melanism has been at least anecdotally reported in as many as
20 of the 37 felid species (Ulmer 1941; Robinson 1976; Dittrich 1979) belonging to all
of the eight major evolutionary lineages identified in the family Felidae (Johnson &

O’Brien 1997; Pecon-Slattery & O'Brien 1998; Mattern & McLennan 2000) (Figure 1-
11
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1). In eleven of these species (representing at least five of the eight major lineages)
the occurrence of melanism has been confirmed by photographic or other direct
evidence (Table 1-1; Figure 1-1). Interestingly, although melanistic variants seem to
occur at considerably high frequencies in some cat species, in no case has this
phenotype reached fixation in any extant felid (Robinson 1970a, 1976; Kitchener
1991; Nowell & Jackson 1996). This is intriguing in the context of hypothesizing
about the evolutionary origin and maintenance of this phenotype in multiple species of
the same family, and the potential implications for the adaptive relevance of such a
trait in different ecological contexts.

In the domestic cat, melanism exhibits recessive inheritance (Whiting 1918;
Robinson 1959; see Table 1-1), suggesting agouti/ASIP as a candidate gene. The same
inheritance pattern has been observed in the leopard (Panthera pardus) (Robinson
1969, 1970b) and suggested for the pampas cat (Oncifelis colocolo) (Dittrich 1979),
whereas in the jaguar (Panthera onca) and possibly also in the jungle cat (Felis chaus)
melanism is inherited as 2 dominant trait (Dittrich 1979; see Table 1-1). Such
inheritance pattern would suggest extension/MCIR as a potential candidate gene for

melanism in these species, given the available knowledge from the mouse system.

Scope of this Study

The goal of this project was to investigate the molecular basis and evolutionary
history of melanism in the Felidae. For this purpose, it was necessary to identify
molecular variants associated with melanistic phenotypes in one or more felids, and to

investigate their occurrence in multiple species of the cat family. Using a candidate-
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