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colonizes and rapidly dies. The upper end of
sapling mortality and growth distributions in
America is set by gap specialists: C. obtusifolia
at BCI (12% year™! mortality, 14% year™!
growth), C. sciadophylla at Yasuni (5.0%
year~ ! mortality, 6.3% year~! growth), and C.
monostachya at La Planada (8.8% year™!
mortality, 8.2% year—! growth). Diverse South-
cast Asian forests lacked species with such high
rates (27).

The most diverse tropical forests are the
least diverse demographically. It remains plau-
sible that demographic niches are packed more
tightly in some forests than others, but this
seems unlikely, because packing should depend
only on population size and turnover, which do
not vary much. Moreover, the successional-
niche hypothesis is not favored by the strong
peak in demographic rates near 1 to 2% year™!;
if demographic niches were crucial, then rates
ought to be spread evenly over the entire range
(28). Instead, the similarity in demography of
many species suggests trait convergence (29).
We believe that broad diversity differences are
due to the source pool of different biogeo-
graphic regions, and that demographic differ-
ences play a minor role in species coexistence.
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A Single Amino Acid Mutation
Contributes to Adaptive Beach
Mouse Color Pattern

Hopi E. Hoekstra,™* Rachel J. Hirschmann, Richard A. Bundey,?

Paul A. Insel,? Janet P. Crossland®

Natural populations of beach mice exhibit a characteristic color pattern, relative to their mainland
conspecifics, driven by natural selection for crypsis. We identified a derived, charge-changing
amino acid mutation in the melanocortin-1 receptor (Mc1r) in beach mice, which decreases
receptor function. In genetic crosses, allelic variation at Mc1r explains 9.8% to 36.4% of the
variation in seven pigmentation traits determining color pattern. The derived Mc1r allele is present
in Florida’s Gulf Coast beach mice but not in Atlantic coast mice with similar light coloration,
suggesting that different molecular mechanisms are responsible for convergent phenotypic
evolution. Here, we link a single mutation in the coding region of a pigmentation gene to adaptive

quantitative variation in the wild.

he identification of the specific molecu-
lar changes underlying adaptive variation
in quantitative traits in wild populations
is of prime interest (/, 2). Pigmentation pheno-
types are particularly amenable to genetic
dissection because of their high heritability and

our knowledge of the underlying developmental
pathway (3). In a series of classic natural history
studies (4, 5), Sumner documented pigment
variation in Peromyscus polionotus, including
eight extremely light-colored “beach mouse”
subspecies, which inhabit the primary dunes

and barrier islands of Florida’s Gulf and
Atlantic coasts (6). This light color pattern is
driven by selection for camouflage (7, 8) as
major predators of P. polionotus include visual
hunters (9). Because the barrier islands on the
Gulf Coast are <6000 years old (10), this
adaptive color variation may have evolved
rapidly.

We examined the contribution of the
melanocortin-1 receptor gene (Mclr) to this
adaptive color patterning. MCIR, a G protein—
coupled receptor, plays a key role in melano-
genesis by switching between the production of
dark eumelanin and light pheomelanin (/7).
Mutations in Mclr have been statistically
associated with Mendelian color polymor-
phisms in several mammalian species (e.g.,
12—-14) and in natural variants of avian plumage

(15, 16).
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A

Fig. 1. Photographs of a typical (A) mainland mouse (Peromyscus polionotus subgriseus) and (B)
Santa Rosa Island beach mouse (P. p. leucocephalus), highlighting the color pattern differences in
the flank, face, and rump between these subspecies.

Table 1. Statistical association between allelic variation at McIr and seven pigmentation traits in
459 F, individuals. Phenotypes were categorically scored based on the pigmentation pattern on
individual hairs in seven areas (traits). For all seven traits, each F, was scored as follows: 0,
unpigmented hair; 1, partially pigmented hair; and 2, fully pigmented hair. The total number of F,s
with each phenotypic score is partitioned by Mc1r genotype for each trait: RR, homozygous for the
dark Mc1r allele; RC, heterozygous; and CC, homozygous for the light Mc1r allele. The frequency of
F,s with each phenotype score is shown for each trait, with the phenotype of all F, individuals in
bold. The mean phenotypic score (+SD) for each trait is provided and is also partitioned among
each genotype. The percentage of variance explained by McIr genotype (PVE) and likelihood ratio
chi-square (X?) values are shown. *All seven tests were statistically significant (P < 0.0001).

We sequenced the entire coding region of
Mclr [954 base pairs (bp)] in five Santa Rosa
Island beach mice (P. p. leucocephalus) and
five mainland mice (P. p. subgriseus) from
colonies derived from wild populations (17).
A single, fixed nucleotide polymorphism
(SNP) occurs between the two subspecies,
resulting in a charge-changing amino acid
variant (R®C) in the first intracellular loop of
MCIR (fig. S1). To determine the ancestry of
this mutation, we genotyped this SNP in 14
other Peromyscus species (N = 45 individu-
als) (table S1). These additional species are
all fixed for R% as in the mainland “dark
allele,” suggesting that the “light allele” is
derived and not present in any other fully
pigmented Peromyscus species.

To examine independently the relationship
between this mutation (R®°C) and the derived
light-colored phenotype, we generated a large
reciprocal F, intercross between the Santa
Rosa Island beach mouse and the mainland
subspecies (Fig. 1). We characterized color
phenotype for seven pigmentation traits,
which provide an overall description of the
continuous variation in color pattern, and
genotyped the Mclr allele in 459 F, individ-
uals [126 with two dark Mclr alleles (RR),
215 with one dark and one light allele (RC),
and 118 with two light alleles (CC)]. Based
on the observed phenotypic variation among
F,s, beach mouse color pattern has a multi-
genic architecture (Table 1). Pairwise corre-
lation (R?) between traits ranged from 0.147
to 0.500 (P < 0.05 for all comparisons),
revealing a shared genetic basis among traits
but also indicating the role of loci expressed
in distinct spatial regions.

Two lines of evidence suggest that both
dominant and recessive alleles contribute to the
adaptive light color phenotype. First, all F,
hybrids are intermediate in overall color
pattern, with some traits resembling the main-
land parent and other traits the beach mouse
parent (Table 1). Second, dominance varies at
the Mclr locus itself. Phenotypic scores for
pigmentation traits among F,s are sometimes
above the mean score of 1, suggesting that the
light Mclr allele is partially recessive, and
sometimes below the mean score, suggesting
that the light McIr allele is partially dominant
(Table 1).

We found a significant statistical associa-
tion between the R®C polymorphism and all
seven traits, although the percentage of
phenotypic variance explained by Mclr var-
ied (9.8% to 36.4%) (Table 1). For some
pigmentation traits, the association between
phenotype and Mclr genotype was notable:
All RR F,s (N = 126) expressed the darkest
phenotype on the rostrum and, conversely,
only CC individuals expressed the lightest
rostrum phenotype (N = 49). We calculated
principal component scores for the combined
color traits and evaluated whether there were

. Mclr Phenotypic score PVE
Trait genotype 0 1 > Mean + SD (%) X2
Whisker 0.37 0.30 0.33 0.97 + 0.84 11.5 115.3*
RR 12 49 65 1.42
RC 69 77 69 1.00
(de 85 13 20 0.45
Rostrum 0.11 0.18 0.71 1.61 + 0.68 36.4 131.4*
RR 0 0 126 2.00
RC 0 40 175 1.81
cC 49 42 27 0.81
Cheek 0.14 0.60 0.26 1.12 + 0.63 27.2 232.9*
RR 0 91 35 1.28
RC 0 159 55 1.25
cC 66 23 29 0.69
Eyebrow 0.16 0.25 0.59 1.42 + 0.76 16.2 141.4*
RR 0 21 105 1.83
RC 18 62 135 1.54
cC 56 31 31 0.79
Ear 0.44 0.36 0.20 0.75 + 0.77 10.2 98.0*
RR 28 53 45 1.13
RC 89 79 47 0.80
cC 85 33 0 0.28
Ventrum 0.69 0.11 0.20 0.51 £ 0.81 16.3 122.6*
RR 55 27 44 0.91
RC 144 24 47 0.55
cC 118 0 0 0.00
Ankle 0.45 0.35 0.20 0.75 + 0.77 9.8 93.4*
RR 24 70 32 1.06
RC 94 66 55 0.82
cC 88 26 4 0.29
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significant differences between the Mclr alleles
for PC1 scores (PC1 explained 71% of the
variance in color traits); these analyses suggest
that McIr accounts for 26% of PC1 (P < 0.0001).
Together, these data indicate that McIr is a major
effect locus on color pattern, having pleiotropic
effects on pigmentation in spatially diverse areas
of the body.

Functional tests of the light and dark McIr
alleles demonstrate that the R®>C amino acid
mutation contributes to variation in adaptive
pigmentation. We performed in vitro assays
on HEK293T cells expressing light or dark
Peromyscus coding region alleles at similar
levels. Stimulation with an MCIR agonist
(NDP-aMSH) and subsequent measurement

A

Cyclic AMP

(pmol/mg protein)
pgyuesazazeB3IBEE

of generated cyclic adenosine monophosphate
(cAMP) by radioimmunoassay revealed that
compared with dark receptor—expressing cells,
cells that expressed the light MCIR had a
statistically significant reduction in basal and
stimulated cAMP formation (Fig. 2A) (P <
0.05, Student’s ¢ test, » = 4; maximum
responses: dark allele = 120 £ 15 pmol/mg
protein, light allele = 28 + 5 pmol/mg protein).
MCI1R-mediated cAMP formation is associated
with eumelanin production (/8); thus, reduced
cAMP production may underlie the lack of dark
pigmentation observed in mice expressing the
light MC1R.

The light MCIR displays lower affinity
binding to cMSH, and the decreased response

NDP-aMSH Specific binding
(fmolimg protein)

REPORTS I

to guanine nucleotide by the light receptor
implies an altered ability to interact with G
proteins (Fig. 2B). Specifically, whereas the
dark receptor displays a substantial GppNHp-
promoted shift in ICy, (from 1.37 + 0.01 nM
in the absence to 13.5 + 0.1 nM in the
presence of GppNHp), the light allele has a
decreased affinity for nucleotide and a
nonsignificant IC,, shift (without GppNHp,
222 + 30 nM; with, 178 + 14 nM). These
results demonstrate that a single amino acid
mutation in MCIR is responsible for reduced
ligand binding and G protein coupling,
consistent with the reduced ability of the
light MCIRs to promote cAMP formation in
vivo.

basal -10.0 90 8.5

[NDP-aMSH] (logh)

Fig. 2. Cyclic AMP and ligand-binding assays showing functional dif-
ferences between light and dark McIr alleles. All data points are means +
SEM. (A) HEK293T cells transfected with dark MC1R (filled circles) or light
MC1R (open circles) have different cCAMP responses to NDP-oMSH stimu-
lation. Bars indicate basal level of cAMP production in cells transfected

Fig. 3. Frequency of
Mc1r alleles in one
mainland and eight
beach mouse subspe-
cies from northern Flor-
ida. Images represent
typical color patterns
for each subspecies.
Red areas represent
the distribution of each
beach mouse subspe-
cies, and the gray area
represents the range of
mainland subspecies in
Florida. Lines indicate
sampling locales. Circles
represent frequencies of
the light McIr (white)
and dark Mclr (black)
alleles identified. The
number of alleles sam-
pled is provided.
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We next examined the frequency of Mclr
alleles in natural populations by genotyping
the informative SNP in eight beach mouse
subspecies and one mainland subspecies (Fig.
3 and table S2). In the Gulf Coast the light
allele was at highest frequency (0.95) in the
palest beach mouse subspecies, absent in the
darkest subspecies, and at intermediate fre-
quencies in the other subspecies (0.05 to
0.85) (Fig. 3). The distribution of Mc1r allele
frequencies among Gulf Coast beach mice is
not correlated with geographic distance. The
light Mclr allele was not detected in the
mainland subspecies (0 of 40 alleles). In
natural populations, different combinations
of functionally distinct Mclr alleles may
contribute to variation in color patterning
between mainland and Gulf Coast beach
mouse subspecies, among the Gulf Coast
subspecies, and within subspecies.

The derived McIr allele was absent from
the similarly light-colored Atlantic coast
beach mouse populations. We surveyed
Mclr allelic variation in two extant sub-
species of beach mice and the extinct pallid
beach mouse subspecies (~300 miles east
of the nearest Gulf Coast beach mouse
population) (Fig. 3). The absence of the
derived Mclr SNP from all three Atlantic
coast subspecies suggests that the same
mutation does not contribute to convergent
phenotypic adaptation and that light colora-

tion has evolved independently on the
Atlantic coast.

This work has specific implications for
understanding the evolutionary mechanisms
responsible for adaptive phenotypic change.
First, the identification and functional character-
ization of a single amino acid mutation’s effect
on quantitative variation provides a convincing
exception to a growing number of examples
demonstrating that variation in morphology is
governed by changes in gene regulatory regions
(19, 20). Second, the observation that different
combinations of alleles can produce similar
pigmentation patterns suggests that distinct mo-
lecular mechanisms can underlie adaptive con-
vergence even in similar selective environments
(but see 27). Finally, McIr represents a large ef-
fect locus, containing a quantitative trait nucle-
otide (QTN) contributing to variation in fitness,
consistent with the view that adaptation may
often proceed by large steps.
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Decay of Endoplasmic
Reticulum-Localized mRNAs During
the Unfolded Protein Response

Julie Hollien and Jonathan S. Weissman*

The unfolded protein response (UPR) allows the endoplasmic reticulum (ER) to recover from the
accumulation of misfolded proteins, in part by increasing its folding capacity. Inositol-requiring
enzyme—1 (IRE1) promotes this remodeling by detecting misfolded ER proteins and activating a
transcription factor, X-box—binding protein 1, through endonucleolytic cleavage of its messenger
RNA (mRNA). Here, we report that IRE1 independently mediates the rapid degradation of a specific
subset of mRNAs, based both on their localization to the ER membrane and on the amino acid
sequence they encode. This response is well suited to complement other UPR mechanisms because
it could selectively halt production of proteins that challenge the ER and clear the translocation
and folding machinery for the subsequent remodeling process.

maturation of proteins entering the secre-

tory pathway (/). When the folding bur-
den on the ER exceeds its capacity, a collection
of transcriptional and translational mechanisms
termed the UPR is initiated (2). The UPR is
essential for survival during ER stress and for
development in metazoans (3, 4), especially for
the differentiation of secretory cells (5-7). A
key sensor of the folding status of the ER is

The ER is responsible for the structural

IREI, a conserved transmembrane protein with
an ER luminal sensor domain and cytosolic
kinase and ribonuclease domains (8, 9). Ac-
cumulation of misfolded proteins in the ER
leads to the autophosphorylation and activa-
tion of IRE1, which cleaves specific sites in
the mRNA encoding the transcription factor
X-box-binding protein 1 (XBP-1) (0, /7). This
cleavage initiates an unconventional splicing
reaction, leading to production of an active

transcription factor. Although the sole output of
IRE1 activation in yeast appears to be the
splicing of the XBP-1 homolog HAC1 (12, 13),
several studies in metazoans suggest that
IRE1 has additional functions not mediated
by XBP-1 (/4-16). Overexpression of IRE1
can also promote cleavage of the 28S ribo-
somal RNA (rRNA) (/7) and the mRNA
encoding IREI itself (/8), which raises the
possibility that, under some circumstances,
the IRE1 nuclease can act on a broader range
of substrates.

To systematically test the XBP-1 depen-
dence of IREl outputs, we compared the
changes in expression profiles associated with
the UPR in Drosophila S2 cells depleted of
either IRE1 or XBP-1 by RNA interference
(RNAi) (Fig. 1, A and B). We induced the
UPR with the reducing agent dithiothreitol
(DTT), which prevents disulfide-linked
folding, and analyzed the changes in expression
of ~5000 genes using spotted DNA micro-
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University of California San Francisco, Howard Hughes
Medical Institute, and the California Institute for Quanti-
tative Biomedical Research, University of California San
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