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A
daptation to the prevailing envi-
ronment results from Darwinian
natural selection (1). Physical,
behavioral, physiological, and

biochemical adaptations have been docu-
mented in laboratory experiments and in
nature (2–7), but it has been more difficult
to identify the genes and the molecular
mechanisms that underlie adaptation.
Recently, however, genes responsible for
adaptive evolution have been identified in
a wide range of taxa (8, 9).

This recent surge in understanding of
the molecular basis of adaptations is
remarkable, given the nearly infinite
number of possible modifications to the
DNA sequence of even “simple” organ-
isms. That some cases of “convergent”
evolution (similar traits evolving as adap-
tations to similar environmental chal-
lenges) appear to have arisen by mutation
of the same genes is even more remark-
able (10, 11). Conservation of molecular
mechanisms in these cases has been cited
as evidence that adaptive evolution is
highly constrained. The argument is that
the same genes are used repeatedly be-
cause very few mutations can increase
adaptation to a new environment without
severely compromising the integrity of
living systems (12, 13). That claim is con-
troversial, however, in part because there
are only a handful of examples where the
genetic basis of convergent evolution is
known (10). Rarer still are examples
where the downstream molecular events
caused by an adaptive mutation are un-
derstood. Research published in this issue
of PNAS addresses both of these issues
and illustrates that different mechanisms
can underlie similar adaptive phenotypes,
even when the causal mutations occur in
the same gene (14).
Rosenblum et al. (14) describe an ex-

ceptionally detailed study of the molecular
and functional basis of convergent evolu-
tion. These investigators previously found
associations between habitat, skin color,
and genotypes at the melanocortin-1 re-
ceptor (Mc1r) gene in three species of
lizard inhabiting the southwestern United
States (15). Spurious associations due to
population structure were ruled out by
comparing patterns of variation in other
genes and by standard tests to detect the
signature of natural selection at Mcr1. In
this analysis, pale-colored individuals from
all three species were collected from the
white gypsum soil found in White Sands
National Monument in New Mexico, and
dark-colored animals from nearby dark-

soil habitats. Individuals were also col-
lected from transitional habitats. Highly
significant associations between single
amino acid substitutions in the Mcr1 gene
and dorsal skin color were found for all
species (Fig. 1A). The position of the pu-
tative causal mutation in the gene differed
among species, but all occurred within
transmembrane regions of the receptor,
which are thought to function in ligand
binding, in signaling, and in maintaining
structural integrity of the molecule. Be-
cause of the limited geographic range of
pale (blanched) individuals, and because
most other populations and related species
are dark, the allele associated with
blanched coloration was considered to be
derived and the allele associated with
darker color was considered to be the an-
cestral wild-type allele.
Although statistical associations

between DNA variants and adaptive phe-
notypes are suggestive, they do not prove a
causal relationship. The gold standard of
proof, genetically transforming an indi-
vidual of one genotype by placing an

alternate allele into its genome, is not
possible in most organisms. Indeed, many
organisms of great evolutionary interest
are not even amenable to laboratory
rearing and breeding. For these species,
other approaches must be deployed to
establish causation and to understand
function. One relatively powerful method
is to place genetic variants into cell cul-
tures that have been developed to allow
insertion and expression of genes from
many different species. Rosenblum et al.
(14) used this approach to determine if the
amino acid substitutions they had dis-
covered caused measurable differences in
cell function when placed into mammalian
cells. By measuring accumulation of in-
tracellular cAMP, the signaling capacity of
different Mc1r alleles was tested. In two
species, the eastern fence lizard

Fig. 1. In each of three species of lizard, the light-colored blanched variety occurs where the soil substrate
is pale (inWhite Sands, NM), although themore highly pigmentedwild-type variety occurswhere the soil is
dark. (A) For each species, color differences are associated with a distinct amino acid substitution in the
gene encoding the melanocortin-1 receptor (Mc1r). In the eastern fence lizard (S. undulatus) and the little
striped whiptail lizard (A. inornata), the putative causal mutation resulted in lower signal transduction
efficiency compared to the wild-type allele when expressed in amammalian cell. In contrast, the Val-to-Ile
mutation in the lesser earless lizard (H. maculata) did not cause decreased signaling efficiency. This result
indicates either that the modification to theMcr1 gene is not the causal mutation in the earless lizard, or
that the modification has very different functional effects than in the other two species. Surprisingly, the
dominance of the blanched allele differed in the two species for which functional differences were found
(dominant alleles are indicated byunderlines). (B) Thedifference in dominancewas associatedwith distinct
geographic distributions of alleles, with the blanched allele at nearly 90% in the white sand population of
whiptail lizards, but never exceeding 50% in the fence lizards.
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(Sceloporus undulatus) and the little stri-
ped whiptail lizard (Aspidoscelis inornata),
these assays showed that the derived
blanched allele had lower signaling ca-
pacity in the presence of a natural agonist
of the Mc1r receptor (Fig. 1A). In the
third species, however, (the lesser earless
lizard, Holbrookia maculata), the blanched
and wild-type alleles exhibited no differ-
ences in signaling, suggesting that the
identified mutation is not causal or that it
regulates color in a different manner than
the mutations identified in the other
two species.
Although similar signaling effects of

Mc1r mutations in the fence and whiptail
lizards suggest conservation of molecular
mechanism, a closer look indicates other-
wise. Cellular signaling capacity can be
affected by the number of receptors pres-
ent at the cell surface, or by reduced
coupling efficiency of the receptor. The
His208Tyr amino acid substitution in the
fence lizard caused a 20% reduction in the
concentration of Mc1r receptor in the cell
membrane, but the Thr170Ile substitution
in the whiptail lizard did not cause any
change (and neither did the Val168Ile
mutation in the earless lizard). The au-
thors conclude that amino acid sub-
stitution in the fence lizard leads to low
pigmentation because the mutant receptor
does not incorporate into membranes of
pigment-producing cells as efficiently as
the wild-type version, although the muta-
tion in the whiptail lizard must achieve
lower signaling capacity through reduced

coupling efficiency (14). Moreover, these
mechanisms are consistent with observed
dominance patterns of the pigmentation
phenotypes (Fig. 1A).

Rosenblum et al. describe

an exceptionally detailed

study of the molecular

and functional basis of

convergent evolution.

In the fence lizard, the blanched allele is
dominant, consistent with the mutant re-
ceptor displacing the wild-type version
from the cell membrane. In contrast, the
blanched allele is recessive in the whiptail
lizard, as has been observed for Mc1r
mutations that affect signaling efficiency in
mice and humans (16).
That details such as dominance are

important for understanding the evolu-
tionary dynamics is highlighted by the
spatial distribution of allele frequencies in
the fence and whiptail lizards (Fig. 1B). In
the fence lizard, the blanched allele is
dominant, its frequency never exceeds
50% in any habitat, and it is completely
absent from the dark-soil area. In con-
trast, blanched allele is recessive in the
whiptail lizard, it is nearly fixed in white-
sand habitats, and it persists at low fre-
quency in the dark-soil region. These

geographic patterns are partly explained
by dominance, but a more complete un-
derstanding will require information on
the fitness of each genotype, mutation
rates, and gene flow. For example, the
intermediate frequency of the blanched
allele in the fence lizard in the white-sand
habitat suggests that homozygotes have
reduced fitness or that gene flow from
dark-soil areas is high, relative to the sit-
uation in the whiptail lizard.
A more profound question arising from

this and other studies is “how predictable
is the process of adaptation?” The answer
at present would have to be “not very.”
Mc1r is involved in many but not all cases
of vertebrate pigment evolution, and
several examples have been attributed to
other candidate genes (17, 18). In no
case, however, is it understood why a
particular gene or mechanism contributes
to some cases of adaptation, and not to
others. Given the inherently stochastic
nature of two major evolutionary forces
(genetic drift and mutation), it is not too
surprising that our current predictive
ability is limited. As examples accumu-
late, and in particular as more functional
approaches are incorporated into evolu-
tionary studies, general patterns might
emerge. Indeed, such patterns and evo-
lutionary “rules” have been proposed (9,
11). Time (and more studies like Rose-
nblum et al. (14)) will tell how well these
predictions fare.
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