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Lighter variations of pigmentation in humans are associated with diminished
number, size, and density of melanosomes, the pigmented organelles of
melanocytes. Here we show that zebrafish golden mutants share these
melanosomal changes and that golden encodes a putative cation exchanger
slc24a5 (nckx5) that localizes to an intracellular membrane, likely the
melanosome or its precursor. The human ortholog is highly similar in
sequence and functional in zebrafish. The evolutionarily conserved ancestral
allele of a human coding polymorphism predominates in African and East
Asian populations. In contrast, the variant allele is nearly fixed in European
populations, is associated with a substantial reduction in regional heterozy-
gosity, and correlates with lighter skin pigmentation in admixed populations,
suggesting a key role for the SLC24A5 gene in human pigmentation.

Pigment color and pattern are important for

camouflage and the communication of visual

cues. In vertebrates, body coloration is a

function of specialized pigment cells derived

from the neural crest (1). The melanocytes

of birds and mammals (homologous to melano-

phores in other vertebrates) produce the

insoluble polymeric pigment melanin. Mel-

anin plays an important role in the protec-

tion of DNA from ultraviolet radiation (2)

and the enhancement of visual acuity by con-

trolling light scatter (3). Melanin pigmen-

tation abnormalities have been associated

with inflammation and cancer, as well as

visual, endocrine, auditory, and platelet de-

fects (4).

Despite the cloning of many human

albinism genes and the knowledge of over

100 genes that affect coat color in mice,

the genetic origin of the striking varia-

tions in human skin color is one of the re-

maining puzzles in biology (5). Because

the primary ultrastructural differences be-

tween melanocytes of dark-skinned Afri-

cans and lighter-skinned Europeans include

changes in melanosome number, size, and

density (6, 7), we reasoned that animal mod-

els with similar differences may contribute to

our understanding of human skin color. Here

we present evidence that the human ortholog

of a gene associated with a pigment mutation

in zebrafish, SLC24A5, plays a role in human

skin pigmentation.

The zebrafish golden phenotype. The

study of pigmentation variants (5, 8) has

led to the identification of most of the

known genes that affect pigmentation and

has contributed to our understanding of

basic genetic principles in peas, fruit flies,

corn, mice, and other classical model

systems. The first recessive mutation stud-

ied in zebrafish (Danio rerio), golden

(golb1), causes hypopigmentation of skin

melanophores (Fig. 1) and retinal pigment

epithelium (Fig. 2) (9). Despite its common

use for the calibration of germ-line muta-

genesis (10), the golden gene remained

unidentified.

The golden phenotype is characterized by

delayed and reduced development of mela-

nin pigmentation. At approximately 48 hours

postfertilization (hpf ), melanin pigmentation

is evident in the melanophores and retinal

pigment epithelium (RPE) of wild-type

embryos (Fig. 2A) but is not apparent in

golden embryos (Fig. 2B). By 72 hpf, golden

melanophores and RPE begin to develop

pigmentation (Fig. 2, F and G) that is lighter

than that of wild type (Fig. 2, D and E). In

adult zebrafish, the melanophore-rich dark

stripes are considerably lighter in golden

compared with wild-type animals (Fig. 1, A

and B). In regions of the ventral stripes

where melanophore density is low enough to

distinguish individual cells, it is apparent

that the melanophores of golden adults are

less melanin-rich than those in wild-type fish

(Fig. 1, A and B).

Transmission electron microscopy was used

to determine the cellular basis of golden hypo-

pigmentation in skin melanophores and RPE

of È55-hpf wild-type and golden zebrafish.

Wild-type melanophores contained numer-

ous, uniformly dense, round-to-oval melano-

somes (Fig. 1, C and E). The melanophores of

golden fish were thinner and contained fewer

melanosomes (Fig. 1D). In addition, golden

melanosomes were smaller, less electron-dense,

and irregularly shaped (Fig. 1F). Comparable

differences between wild-type and golden mel-

anosomes were present in the RPE (fig. S1,

A and B).

Dysmorphic melanosomes have also been

reported in mouse models of Hermansky-

Pudlak syndrome (HPS) (11, 12). Because HPS

is characterized by defects in platelet-dense

granules and lysosomes as well as melano-
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somes, we examined whether the golden

mutation also affects thrombocyte function

in the zebrafish. A comparison of golden

and wild-type larvae in a laser-induced ar-

terial thrombosis assay (13) revealed no sig-

nificant difference in clotting time (35 versus

30 s). The golden phenotype thus appears

to be restricted to melanin pigment cells in

zebrafish.

The zebrafish golden gene is slc24a5/
nckx5. Similarities between zebrafish golden

and light-skinned human melanosomes sug-

gested that the positional cloning of golden

might lead to the identification of a phylo-

genetically conserved class of genes that

regulate melanosome morphogenesis. Posi-

tional cloning, morpholino knockdown,

DNA and RNA rescue, and expression

analysis were used to identify the gene

underlying the golden phenotype. Linkage

analysis of 1126 homozygous golb1 embryos

(representing 2252 meioses) revealed a sin-

gle crossover between golden and micro-

satellite marker z13836 on chromosome 18.

This map distance of 0.044 centimorgans

(cM) [95% confidence interval (CI), 0.01 to

0.16 cM] corresponds to a physical distance

of about 33 kilobases (kb) (using 1 cM 0 740

kb) (14). Marker z9484 was also tightly

linked to golden but informative in fewer

individuals; no recombinants between z9484

and golden were identified in 468 embryos

(95% CI, distance G0.32 cM). Polymerase chain

reaction (PCR) analysis of a g-radiation–

induced deletion allele, golb13 (15), showed a

loss of markers z10264, z9404, z928, and

z13836, but not z9484 (fig. S2A). Screening

of a zebrafish genomic library (16) led to the

identification of a clone (PAC215f11) con-

taining both z13836 and z9484 within an

È85-kb insert. Microinjection of PAC215f11

into golden embryos produced mosaic res-

cue of wild-type pigmentation in embryonic

melanophores and RPE (Fig. 2, H and I), in-

dicating the presence of a functional golden

gene within this clone.

Shotgun sequencing, contig assembly,

and gene prediction revealed two partial

and three complete genes within PAC215f11

(fig. S2B): the 3¶ end of a thrombospondin-

repeat–containing gene (flj13710), a putative

potassium-dependent sodium/calcium ex-

changer (slc24a5), myelin expression factor

2 (myef2), a cortexin homolog (ctxn2), and

the 5¶ end of a sodium/potassium/chloride

cotransporter gene (slc12a1). We screened

each candidate gene using morpholino anti-

sense oligonucleotides directed against either

the initiation codon (17) or splice donor

junctions (18). Only embryos injected with a

morpholino targeted to slc24a5 (either of two

splice-junction morpholinos or one start codon

morpholino) successfully phenocopied gold-

en (Fig. 2C). In rescue experiments, injection

of full-length, wild-type slc24a5 transcript

into homozygous golb1 embryos led to the

partial restoration of wild-type pigmentation

in both melanophores and RPE (Fig. 2, J and

K). Taken together, these results confirm the

identity of golden as slc24a5.

To identify the mutation in the golb1 allele,

we compared complementary DNA (cDNA)

and genomic sequence from wild-type and

golb1 embryos. A CYA nucleotide transversion

that converts Tyr208 to a stop codon was found

in golb1 cDNA clones (GenBank accession

number AY682554) and verified by sequenc-

ing golb1 genomic DNA (fig. S3C). Con-

ceptual translation of the mutant sequence

predicts the truncation of the golden poly-

peptide to about 40% of its normal size, with

loss of the central hydrophilic loop and the

C-terminal cluster of potential transmem-

brane domains.

In wild-type embryos, the RNA expression

pattern of slc24a5 (Fig. 3A) resembled that of

the melanin biosynthesis marker dct (Fig. 3B),

consistent with expression of slc24a5 in melano-

phores and RPE. In contrast, slc24a5 ex-

pression was nearly undetectable in golden

embryos (Fig. 3C), the expected result of

nonsense-mediated mRNA decay (19). The

extent of protein deletion associated with the

golb1 mutation, together with its low expres-

sion, suggests that golb1 is a null mutation.

The persistence of melanosome morphogen-

esis, despite likely absence of function, sug-

gests that golden plays a modulatory rather

than essential role in the formation of the mel-

anosome. The pattern of dct expression seen

in golden embryos (Fig. 3D) resembles that of

wild-type embryos, indicating that the golden

mutation does not affect the generation or mi-

gration of melanophores.

Conservation of golden gene structure
and function in vertebrate evolution.
Comparison of golden cDNA (accession

number AY538713) to genomic (accession

number AY581204) sequences shows that

the wild-type gene contains nine exons (fig.

S2C) encoding 513 amino acids (fig. S3A).

Fig. 1. Phenotype of golden zebrafish. Lateral
views of adult wild-type (A) and golden (B)
zebrafish. Insets show melanophores (arrow-
heads). Scale bars, 5 mm (inset, 0.5 mm). golb1

mutants have melanophores that are, on av-
erage, smaller, more pale, and transparent.
Transmission electron micrographs of skin mel-
anophore from 55-hpf wild-type (C and E) and
golb1 (D and F) larvae. golb1 skin melanophores
(arrowheads show edges) are thinner and con-
tain fewer melanosomes than do those of wild
type. Melanosomes of golb1 larvae are fewer
in number, smaller, less-pigmented, and irregu-
lar compared with wild type. Scale bars in (C)
and (D), 1000 nm; in (E) and (F), 200 nm.

Fig. 2. Rescue and mor-
pholino knockdown estab-
lish slc24a5 as the golden
gene. Lateral views of 48-
hpf (A) wild-type and (B)
golb1 zebrafish larvae. (C)
48-hpf wild-type larva
injected with morpholino
targeted to the transla-
tional start site of slc24a5
phenocopies the golb1 mu-
tation. Lateral view of eye
(D) and dorsal view of
head (E) of 72-hpf wild-
type embryos. (F and G)
golb1 pigmentation pattern at 72 hpf, showing lightly pigmented
cells. (H and I) 72 hpf golb1 larva injected with PAC215f11 show
mosaic rescue; arrow identifies a heavily pigmented melanophore. (J
and K) 72-hpf golb1 larva injected with full-length zebrafish slc24a5
RNA. (L and M) 72-hpf golb1 larvae injected with full-length human
European (Thr111) SLC24A5 RNA. Rescue with the ancestral human
allele (Ala111) is shown in fig. S4. Rescue in RNA-injected embryos is
more apparent in melanophores (K) and (M) than in RPE. Scale bars
in [(A) to (C)], 300 mm; in (D), (F), (H), (J), and (L), 100 mm; in (E), (G),
(I), (K), and (M), 200 mm.
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BLAST searches revealed that the protein is

most similar to potassium-dependent sodium/

calcium exchangers (encoded by the NCKX

gene family), with highest similarity (68 to

69% amino acid identity) to murine Slc24a5

(accession number BAC40800) and human

SLC24A5 (accession number NP_995322)

(fig. S3B). The zebrafish golden gene shares

less similarity with other human NCKX

genes (35 to 41% identity to SLC24A1 to

SLC24A4) or sodium/calcium exchanger

(NCX) genes (26 to 29% identity to SLC8A1

to SLC8A3). Shared intron/exon structure

and gene order (slc24a5, myef2, ctxn2, and

slc12a5) between fish and mammals further

supports the conclusion that the zebrafish

golden gene and SLC24A5 are orthologs.

The high sequence similarity among the

orthologous sequences from fish and mam-

mals (fig. S3A) suggested that function may

also be conserved. The ability of human

SLC24A5 mRNA to rescue melanin pigmen-

tation when injected into golden zebrafish

embryos (Fig. 2, L and M, and fig. S4) dem-

onstrated functional conservation of the

mammalian and fish polypeptides across ver-

tebrate evolution.

Tissue-specific expression of Slc24a5.
Quantitative reverse transcriptase PCR (RT-

PCR) was used to examine Slc24a5 expres-

sion in normal mouse tissues and in the B16

melanoma cell line (Fig. 3E). Slc24a5 ex-

pression varied 1000-fold between tissues,

with concentrations in skin and eye at least

10-fold higher than in other tissues. The

mouse melanoma showed È100-fold greater

expression of Slc24a5 compared with normal

skin and eye. These results suggest that

mammalian Slc24a5, like zebrafish golden,

appears to be highly expressed in melanin-

producing cells.

Model for the role of SLC24A5 in
pigmentation. SLC24A5 shares with other

members of the protein family a potential

hydrophobic signal sequence near the amino

terminus and 11 hydrophobic segments,

forming two groups of potential trans-

membrane segments separated by a central

cytoplasmic domain. This structure is con-

sistent with membrane localization, although

the specific topology of these proteins re-

mains controversial (20). Elucidation of the

specific role of this exchanger in melano-

some morphogenesis requires knowledge of

its subcellular localization and transport prop-

erties. Although previously characterized

members of the NCKX and NCX families

have been shown to be plasma membrane

proteins (21), the melanosomal phenotype

of golden suggested the possibility that the

slc24a5 protein resides in the melanosome

membrane. To distinguish between these al-

ternatives, confocal microscopy was used to

localize green fluorescent protein (GFP)–

and hemagglutinin (HA)-tagged derivatives

of zebrafish slc24a5 in MNT1, a constitu-

tively pigmented human melanoma cell line

(22). Both slc24a5 fusion proteins displayed

an intracellular pattern of localization (Fig.

4, A and B), which is distinct from that of

a known plasma membrane control (Fig.

4C). The HA-tagged protein showed pheno-

typic rescue of the golden phenotype (Fig.

4D), indicating that tag addition did not ab-

rogate its function. Taken together, these

results indicate that the slc24a5 protein

functions in intracellular, membrane-bound

structures, consistent with melanosomes and/or

their precursors.

Several observations suggest a model for

the involvement of slc24a5 in organellar

calcium uptake (Fig. 4E). First, the intracel-

lular localization of the slc24a5 protein

suggests that it affects organellar, rather than

cytoplasmic, calcium concentrations, in con-

trast with other members of the NCX and

NCKX families. Second, the accumulation

of calcium in mammalian melanosomes

appears to occur in a transmembrane pH

gradient–dependent manner (23). Third, sev-

eral subunits of the vacuolar proton adeno-

sine triphosphatase (V-ATPase) and at least

two intracellular sodium/proton exchangers

have also been localized to melanosomes

(24, 25). In the model, active transport of pro-

Fig. 3. Expression of slc24a5 in zebrafish embryos
and adult mouse tissues. The expression of
slc24a5 (A) and dct (B) in melanophores and
RPE of a 24-hpf wild-type zebrafish larva show
similar patterns. (C) golb1 larvae lack detectable
slc24a5 expression. (D) dct expression in 24-hpf
golb1 larva is similar to that in wild type. Scale
bar, 200 mm. (E) Quantitative RT-PCR analysis of
Slc24a5 expression in mouse tissues and B16
melanoma. Expression was normalized using the
ratio between Slc24a5 and the control transcript,
RNA polymerase II (Polr2e).

Fig. 4. Subcellular localization of slc24a5.
Human MNT1 cells transfected with (A) GFP-
tagged zebrafish slc24a5 (green) and (B) HA-
tagged slc24a5 (red) clearly show intracellular
expression. (C) HA-tagged D3 dopamine recep-
tor localizes to the plasma membrane in MNT1
cells (red). 4¶,6¶-diamidino-2-phenylindole
(DAPI) counterstain was used to visualize nu-
clei (blue). Scale bars in (A) and (B), 10 mm; in
(C), 5 mm. (D) Rescue of dark pigmentation in
a melanophore of a golden embryo by HA-
tagged slc24a5. These dark cells appear in golden
embryos injected with the HA-tagged con-
struct, but not in mock-injected embryos. Scale
bar, 10 mm. (E) Model for calcium accumu-
lation in melanosomes. Protons are actively
transported into the melanosome by the V-ATPase
(left). The proton electrochemical potential gra-
dient drives sodium uptake via the sodium
(Naþ)/proton (Hþ) exchanger (center). Sodium
efflux is coupled to calcium uptake by the slc24a5
polypeptide (right). If potassium (dashed ar-
row) is cotransported with calcium, it must ei-
ther accumulate within the melanosome or exit
by means of additional transporters (not de-
picted). Pi, inorganic phosphate; ADP, adenosine
diphosphate.
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tons by the V-ATPase is coupled to slc24a5-

mediated calcium transport via a sodium/

proton exchanger. The melanosomal pheno-

type of the zebrafish golden mutant sug-

gests that the calcium accumulation predicted

by the model plays a role in melanosome

morphogenesis and melanogenesis. The ob-

servations that processing of the melanosomal

scaffolding protein pmel17 is mediated by a

furin-like protease (26) and that furin activ-

ity is calcium-dependent (27) are consistent

with this view. The role of pH in melano-

genesis has been studied far more extensive-

ly than that of calcium, with alterations in

pH affecting both the maturation of tyrosinase

and its catalytic activity (25, 28). The in-

terdependence of proton and calcium gra-

dients in the model may thus provide a

second mechanism, in addition to calcium-

dependent melanosome morphogenesis, by

which the activity of slc24a5 might affect

melanin pigmentation.

Role of SLC24A5 in human pigmenta-
tion. To evaluate the potential impact of

SLC24A5 on the evolution of human skin

pigmentation, we looked for polymorphisms

within the gene. We noted that the G and A

alleles of the single nucleotide polymor-

phism (SNP) rs1426654 encoded alanine or

threonine, respectively, at amino acid 111 in

the third exon of SLC24A5. This was the only

coding SNP within SLC24A5 in the Inter-

national Haplotype Map (HapMap) release

16c.1 (29). Sequence comparisons indicate

the presence of alanine at the corresponding

position in all other known members of the

SLC24 (NCKX) gene family (fig. S5). The

SNP rs1426654 had been previously shown

to rank second (after the FY null allele at the

Duffy antigen locus) in a tabulation of 3011

ancestry-informative markers (30). The al-

lele frequency for the Thr111 variant ranged

from 98.7 to 100% among several European-

American population samples, whereas the

ancestral alanine allele (Ala111) had a fre-

quency of 93 to 100% in African, Indigenous

American, and East Asian population samples

(fig. S6) (29, 30). The difference in allele

frequencies between the European and Afri-

can populations at rs1426654 ranks within the

top 0.01% of SNP markers in the HapMap

database (29), consistent with the possibility

that this SNP has been a target of natural or

sexual selection.

A striking reduction in heterozygosity

near SLC24A5 in the European HapMap

sample (Fig. 5A) constitutes additional evi-

dence for selection. The 150-kb region on

chromosome 15 that includes SLC24A5,

MYEF2, CTNX2, and part of SLC12A1 has

an average heterozygosity of only 0.0072 in

the European sample, which is considerably

lower than that of the non-European HapMap

samples (0.175 to 0.226). This region, which

contains several additional SNPs with high-

frequency differences between populations,

was the largest contiguous autosomal region

of low heterozygosity in the European (CEU)

population sample (Fig. 5B). This pattern of

variation is consistent with the occurrence of a

selective sweep in this genomic region in a

population ancestral to Europeans. For com-

parison, diminished heterozygosity is seen

in a 22-kb region encompassing the 3¶ half

of MATP (SLC45A2) in European samples,

and more detailed analysis of this genomic

region shows evidence for a selective sweep

(31). However, the gene for agouti signaling

protein (ASIP), which is known to be involved

in pigmentation differences (32), shows no

such evidence.

The availability of samples from two

recently admixed populations, an African-

American and an African-Caribbean popula-

tion, allowed us to determine whether the

rs1426654 polymorphism in SLC24A5 cor-

relates with skin pigmentation levels, as

measured by reflectometry (33). Regression

analysis using ancestry and SLC24A5 geno-

type as independent variables revealed an

impact of SLC24A5 on skin pigmentation

(Fig. 6). Despite considerable overlap in skin

pigmentation between genotypic groups,

regression lines for individuals with GG

versus AG and GG versus AA genotypes

were separated by about 7 and 9.5 melanin

units, respectively (Fig. 6A). These differ-

ences are more evident in plots of skin

pigmentation separated by genotype (Fig.

6B). SLC24A5 genotype contributed an es-

timated 7.5, 9.5, or 11.2 melanin units to the

differences in melanin pigmentation among

African-Americans and African-Caribbeans

in the dominant, unconstrained (additive ef-

fect plus dominance deviation), or additive

models, respectively.

The computer program ADMIXMAP pro-

vides a test of gene effect that corrects for

potential biases caused by uncertainty in the

estimation of admixture from marker data

(34). Score tests for association of melanin

index with the SLC24A5 polymorphism were

significant in both African-American (P 0
3 � 10j6) and African-Caribbean population

subsamples (P 0 2 � 10j4). The effect of

SLC24A5 on melanin index is between 7.6

and 11.4 melanin units (95% confidence

limits). The data suggest that the skin-

lightening effect of the A (Thr) allele is

partially dominant to the G (Ala) allele.

Based on the average pigmentation difference

between European-Americans and African-

Americans of about 30 melanin units (33),

Fig. 5. Region of de-
creased heterozygosity
in Europeans on chromo-
some 15 near SLC24A5.
(A) Heterozygosity for
four HapMap popula-
tions plotted as averages
over 10-kb intervals. YRI,
Yoruba from Ibadan,
Nigeria (black); CHB,
Han Chinese from Beijing
(green); JPT, Japanese
from Tokyo (light blue);
CEU, CEPH (Foundation
Jean Dausset–Centre
d’Etude du Polymor-
phisme Humain) popu-
lation of northern and
western European ances-
try from Utah (red). The
data are from HapMap
release 18 (phase II). (B)
Distribution in genome
of extended regions
with low heterozygos-
ity in the CEU sample.
Only regions larger
than 5 kb in which all
SNPs have minor allele
frequencies e0.05 and
which contained at
least one SNP with a
population frequency
difference between
CEU and YRI of greater
than 0.75 were plotted.
Regions were divided
at gaps between genotyped SNPs exceeding 10 kb. The data are from HapMap release 16c.1. An
asterisk marks the region containing SLC24A5 within 15q21.
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our results suggest that SLC24A5 explains

between 25 and 38% of the European-African

difference in skin melanin index.

Relative contributions of SLC24A5 and
other genes to human pigment variation.
Our estimates of the effect of SLC24A5 on

pigmentation are consistent with previous

work indicating that multiple genes must

be invoked to explain the skin pigmentation

differences between Europeans and Afri-

cans (5, 35). Significant effects of several

previously known pigmentation genes have

been demonstrated, including those of MATP

(36), ASIP (32), TYR (33), and OCA2 (33),

but the magnitude of the contribution has

been determined only for ASIP, which ac-

counts for e4 melanin units (32). MATP

may have a larger effect (37), but it can be

concluded that much of the remaining dif-

ference in skin pigmentation remains to be

explained.

Variation of skin, eye, and hair color in

Europeans, in whom a haplotype contain-

ing the derived Thr111 allele predominates,

indicates that other genes contribute to

pigmentation within this population. For

example, variants in MC1R have been linked

to red hair and very light skin [reviewed

in (37)], whereas OCA2 or a gene closely

linked to it is involved in eye color (7, 38).

The lightening caused by the derived allele

of SLC24A5 may be permissive for the ef-

fect of other genes on eye or hair color in

Europeans.

Because Africans and East Asians share

the ancestral Ala111 allele of rs1426654,

this polymorphism cannot be responsible for

the marked difference in skin pigmenta-

tion between these groups. Although we

cannot rule out a contribution from other

polymorphisms within this gene, the high

heterozygosity in this region argues against

a selective sweep in a population ancestral

to East Asians. It will be interesting to de-

termine whether the polymorphisms respon-

sible for determining the lighter skin color

of East Asians are unique to these popula-

tions or shared with Europeans.

The importance of model systems in
human gene discovery. Our identification

of the role of SLC24A5 in human pigmen-

tation began with the positional cloning of a

mutation in zebrafish. Typically, the search

for genes associated with specific pheno-

types in humans results in multiple poten-

tial candidates. Our results suggest that

distinguishing the functional genes from

multiple candidates may require a combi-

nation of phylogenetic analysis, nonmam-

malian functional genomics, and human

genetics. Such cross-disciplinary approaches

thus appear to be an effective way to mine

societal benefit from our investment in the

human genome.
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Fig. 6. Effect of SLC24A5 genotype on pigmentation in admixed populations. (A) Variation of
measured pigmentation with estimated ancestry and SLC24A5 genotype. Each point represents a
single individual; SLC24A5 genotypes are indicated by color. Lines show regressions, constrained to
have equal slopes, for each of the three genotypes. (B) Histograms showing the distribution of
pigmentation after adjustment for ancestry for each genotype. Values shown are the difference
between the measured melanin index and the calculated GG regression line ( y 0 0.2113x þ
30.91). The corresponding uncorrected histograms are shown in fig. S7. Mean and SD (in
parentheses) are given as follows: for GG, 0 (8.5), n 0 202 individuals; for AG, –7.0 (7.4), n 0 85; for
AA, –9.6 (6.4), n 0 21.
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Experimental Procedures 

Fish Culture 

 Zebrafish were maintained as described (S1).  Wild-type zebrafish were obtained from 

Lyles Tropical Fish (Ruskin, FL); golb1, WIK and AB lines were obtained from the Zebrafish 

International Resource Center (Eugene, OR). 

Histological and in situ hybridization analyses   

 Tissue sections from adult and larval zebrafish skin and retina were prepared as 

previously described (S2, S3).  Thin sections were examined with a JEOL 1200 EX transmission 

electron microscope. Whole mount in situ hybridization was performed (S4) using a previously 

described dct (trp2) probe (S5) or a golden probe corresponding to a 650 bp fragment of the 

slc24a5 cDNA (nt 580-1229).  Photography was done in the Penn State Zebrafish Functional 

Genomics Core Facility. 

Genetic Mapping and Genomics   

 The golb1 locus was mapped to LG 18 by S. Johnson and J. Postlethwait (personal 

communications).  The golb1 genetic interval was refined by genotyping 1126 golden embryos 

recovered from crosses between gol b1/AB or gol b1/WIK heterozygotes for linked markers (S6, 

S7).  These primer pairs were also used for detection of markers in a deletion strain and to 

identify clones from a genomic library (16).  PAC215f11 included gol-linked markers and 

rescued the golden phenotype and so was subjected to shotgun DNA sequence analysis.  As 

PAC215f11 contained a high density of repeat elements that prevented construction of a high 

coverage library generated from randomly sheared PAC DNA, two alternate libraries were 

constructed for sequencing: a random transposon insertion library (GPS-1 Genome Priming 



System, NEB) and a library consisting of fragments generated by partial HpyCH4V digestion. 

Sequences were error-checked and assembled into contigs using the Phred/Phrap programs (S8, 

S9).  Gene prediction, similarity searches, and annotation employed GeneMachine (S10), 

BLAST (S11), and GCG programs (S12).   

 To confirm the golb1 mutation, genomic DNA was isolated from 4 dpf larvae (DNeasy 

Tissue Kit, Qiagen), a ~150 bp segment of DNA containing the nonsense mutation in golb1 was 

amplified using primers StopF1 (5’-CTGGCCGTTGTTCAGAGATTGTG-3’) and StopR2 (5’-

CAGAGAATAAAGTGAGGAGTGATGG-3’), and the PCR products were sequenced.  Sequencing 

was performed in the Sequencing Core of the Jake Gittlen Cancer Research Foundation and the 

Penn State College of Medicine Macromolecular Core Facility. 

RNA isolation and cDNA cloning 

 RNAs were isolated using either TRIzol Reagent (Invitrogen) or the RNeasy and 

Qiashredder kits (Qiagen).  RNA isolated from 31-36 hpf zebrafish larvae pre-scored for golden 

phenotype was subjected to 5’- and 3’-RACE using GeneRacer (Invitrogen).  The gene specific 

primers for 5’RACE were: 5Race3 (5’-GCGAGGTTTCAGACACCAGCAGCA-3’) and 5Race4 

(nested) (5’-CTGAACAACGGCCAGCAGCTCAGA-3’); and for 3’RACE were 3Race3 (5’-

TCCCGGACACAGTGATGGGAATGA-3’) and 3Race4 (nested) (5’-

AGTATCCCCGACACCGTGGCCAGT-3’).  The full-length cDNA sequence was 2003 nt, with 

the coding region spanning nt 61 to 1602 (accession AY538713).    

Knockdown and Rescue Experiments 

 For morpholino knockdown and DNA or RNA rescue experiments, approx. 1 nl solution 

containing 0.05% Phenol Red was injected into 1-4-cell embryos. The following morpholino 

oligonucleotides (Gene Tools) were used (sequence complementary to the intron is underlined 

  



for splice-junction morpholinos): ctxn2, 5’-ATGTTCCCGCTCCAGCCCCAGCATC-3’; myef2, 

5’-TGTGAGACTCACGTTGGCCACAAAG-3’ and 5’-

CTGCTCGAAGGTCACCGTCCCCATC-3’; flj13710, 5’-

AGCTGCTGCTCACCTGAGCGCTCCA-3’ and 5’-TTTTGATAGCTGTACCTGGCTCCTG-

3’; slc24a5, 5’-TAGTCACGCACTGCAGAGGACAGCA-3’, 5’-

AGGCTCACCAGTAAACTCTGTTATC-3’ and 5’-GCTGGAGAAACACGTCTGTCCTCAT-

3’. Morpholinos were prepared in 1x Danieau buffer (S1).  PAC rescue was performed as 

previously described (S13) using 0.075 ng of DNA. For human rescue, experiments, SLC24A5 

cDNA was amplified using RNA from human RPE as template.  The resultant cDNA contained 

Thr-111.  An Ala-111 allele with only the same single nucleotide change associated with the 

African allele in human populations was produced from this clone using PCR mutagenesis.  

Capped RNA transcripts were produced by in vitro transcription (mMESSAGEmMACHINE kit, 

Ambion) of template cDNAs cloned in the pT3TS vector (S14) or CS2+ (S15) vectors.  Zebrafish 

slc24a5 was expressed from pT3TS and N-terminal HA-tagged zebrafish slc24a5 was expressed 

from CS2+-HA. Human SLC24A5(Thr111) was expressed from pT3TS and SLC24A5(Ala111) 

was expressed from CS2+.  SLC24A5(Ala111) was generated by in vitro mutagenesis of the 

Thr111 allele. Capped RNA transcripts were produced by in vitro transcription 

(mMESSAGEmMACHINE kit, Ambion). Rescue experiments were performed by injection of 

either 0.0625 – 0.1 ng/nl RNA or 0.025 ng/nl DNA into golden 1-cell zygotes. RNA rescues 

were performed using 0.0625 ng/nl RNA.  

Quantitative PCR 

 B16-F1 cells were obtained from ATCC.  Mouse tissue and B16 RNA was reverse 

transcribed using the SuperScript II First Strand cDNA Synthesis Kit (Invitrogen).  Quantitative 

  



PCR was performed on mouse tissue and B16 cDNA using the Brilliant SYBR Green QPCR 

Core Reagent Kit (Stratagene) according to the manufacturer’s protocol using the MX4000 

Multiplex Quantitative PCR System (Stratagene).  Experimental primers mu5f1 (5’ – 

GGGATCCCAGACACAGTGAT – 3’) and mu5r1 (5’ – GGGAAGACCTAGGCATAGCA – 

3’) amplified a ~162 bp segment of mu SLC24A5.  Control primers muPolr2eF2 (5’ – 

CACGGTACTTTGGGATCAAG – 3’) and muPolr2eR2 (5’ – TGTGGGTTCCTCTTCATTGT 

– 3’) amplified ~204bp segment of murine RNA polymerase II.  Amplification efficiency as 

estimated by analysis of samples at two dilutions was used to extrapolate to initial 

concentrations.   

Subcellular Localization 

 GFP was fused to the C-terminus of zebrafish slc24a5 in vector pEGFP-N1 (Clontech).  

A triple HA-tag fusion at the C-terminus of zebrafish slc24a5 was inserted into vector 

pCDNA3.1 (Invitrogen).  The positive control for plasma membrane expression was a monkey 

dopamine D3 receptor cDNA with an N-terminal HA tag, in the vector pCB6 (S16).  DNA 

constructs were transfected into MNT1 cells using Effectene reagent (Qiagen) according to the 

manufacturer's protocols.  The HA tag was visualized using the monoclonal anti-HA antibody 

16B12 at 1:500 (Covance) and Cy3-conjugated goat anti-mouse antibody at 1:800 (Jackson 

Immunoresearch) as previously described (S17).  Confocal images were obtained using a Leica 

TCS SP2 AOBS microscope in the Microscopy Imaging Core Facility of the Penn State College 

of Medicine.  
Human population genetics 

Frequency differences between the CEU and YRI populations were calculated for each 

autosomal SNP in HapMap release 16c.1 (29).  rs1426654 ranked 30-37 (indeterminate due to 

  



ties) out of 977,676 SNPs in this comparison.  Similar results are observed in whole-genome 

comparisons of FST calculated as previously described (S18) or locus-specific branch length 

(S19).   

Statistical methods: testing associations with genotype 

 To investigate associations with genotype, we studied samples of 105 African Caribbean 

and 203 African American individuals whose skin melanin content (M index) had been measured 

on the inner arm with a narrow-band reflectometer (S20). Accordingly, these individuals had 

been typed at 33 ancestry-informative marker loci as described previously, allowing 3-way 

genetic admixture between west African, European, and Native American ancestry to be 

modeled (33).  This modeling of genetic admixture is necessary in order to control for hidden 

population stratification when testing associations of skin pigmentation with genotype (S21). We 

used the ADMIXMAP program (S22, 34; http://www.ucd.ie/genepi/software.html) to fit a linear 

regression of M index on sex and individual admixture proportions inferred from the marker and 

trait data. Score tests for association with SLC24A5 genotype were calculated by averaging over 

the posterior distribution of missing-data as described previously.  This test allows for 

uncertainty in estimation of individual admixture proportions from marker data. The effect of 

this locus was examined also by including terms for additive effect (average effect of one extra 

copy of allele A) and dominance deviation (heterozygote mean minus mean of both 

homozygotes) in the regression model.   

The African-Caribbean, but not the African-American population, shows significant 

deviations from Hardy-Weinberg equilibrium (p = 0.02). When admixture in the African-

Caribbean population was modeled with ADMIXMAP, the observed and expected frequencies of 

heterozygotes did not differ significantly, consistent with hidden stratification in this population 

  



(S21) as an explanation for the deficit of heterozygotes in the crude analysis. 
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SOM Figures & Legends: 

Fig. S1.   

 

The golden phenotype in retinal pigment epithelium.  (A) Wild-type RPE cells (72 hpf) are large 
and contain numerous large, round melanosomes.  (B) The RPE cells of golb1 are much smaller 
and contain fewer melanosomes.  These melanosomes are smaller and less densely pigmented.  
Arrowheads indicate boundaries of the RPE. PR, photoreceptor cell; C, choroid.  Scale bars: 
1000nm (150nm inset). 



  

 

Fig. S2.   

 

Positional cloning of the golden gene  (A) Genomic map of the portion of LG 18 including 
golden.  Genotyping did not order z1795 and z9484 with respect to adjacent markers; horizontal 
lines indicate the range of potential marker positions.  Markers from z928 to z13836 are deleted 
in golb13.  (B) Genomic sequence of PAC215f11 determined from assembly of shotgun and 
transposon-insertion-based sequences from PAC215f11 (above) and by the Sanger Center 
(below).  Remaining gaps in the compiled sequence are indicated.  The PAC contains portions of 
genes flj13710 and slc12a1 and all of slc24a5, myef2, and ctxn2.  Arrows indicate the direction 
of transcription.  (C) The golden/slc24a5 gene has nine exons.  Coding regions are shown as 
closed boxes, and non-coding regions as open boxes.  The asterisk indicates the position of the 
golb1 mutation.  Positions of the three tested morpholinos are indicated by dashes. 



  

 

Fig. S3.   

 

Sequence analysis of the golden gene.  (A) Protein comparison between zebrafish slc24a5 and 
the orthologous polypeptides of human, mouse, and Fugu.  Identical sequences are black, and 
conserved regions blue.  Potential transmembrane segments are underlined, and intron positions 
are indicated above.  The position of the golb1 nonsense mutation is indicated by a red asterisk.  
Sources of sequences:  human SLC8A1 (NP_066920), SLC8A2 (Q9UPR5), SLC8A3 
(NP_150287), SLC24A1 (NP_004718), SLC24A2 (NP_065077), SLC24A3 (NP_065740), 
SLC24A4 (NP_705932), SLC24A5 (NP_995322); mouse (BAC40800), Fugu 
(BK004894/CAAB01000235), zebrafish golden/slc24a5 (AY538713, this paper).  (B) Similarity 
dendrogram of zebrafish slc24a5 and human sodium, calcium exchanger polypeptides produced 
using the PILEUP program (S12).  (C) Sequence traces of genomic DNA show C→A mutation 
in the 5th exon (codon 208, boxed) of golb1.   



  

 

Fig. S4.   

 

Rescue of the zebrafish golden phenotype by human SLC24A5(Ala111).  Neighboring darkly 
pigmented (SLC24A5+, filled arrowheads) and lightly pigmented golden (gol) cells (open 
arrowheads) in 60 hpf golden embryos following injection of golden zygotes with a DNA 
expression plasmid containing human SLC24A5(Ala111). 



  

 

Fig. S5.  

 
 
Alignment of SLC24A5 near rs1426654.  Partial sequences of SLC24A5 orthologues from 
various vertebrate species are shown in alignment.  The position of rs1426654 (aa 111) is marked 
by an asterisk, and the amino acids encoded by the G and A alleles are shown in red.  Residues 
that are conserved in all SLC24A5 sequences and all SLC24 family sequences (vertebrate and 
invertebrate) are shown at the bottom.  Accession numbers for sequences:  Zebrafish, this paper; 
medaka, BJ713544; Fugu rubripes, CAAB01000235; three-spined stickleback, DN686371; 
Xenopus tropicalis, DN099900; chicken, XP_413812; dog, XP_851849; cow, 
Bt10_WGA1838_2; rabbit, DN890784; mouse, AAH94232; rat, XP_230584; chimpanzee, 
XP_510380; human, NP_995322.   



  

 

Fig. S6.   

 
 
SNP allele frequencies in SLC24A5.  Each group of four circles represents the distribution of 
alleles in the CEPH population in Utah (Northern/Western European; CEU), Han Chinese in 
Beijing (CHB), Japanese in Tokyo (JPT) and Yoruban tribe in West Africa (YRI); each circle is 
a pie-chart of allele frequencies whose colors correspond to the individual base of corresponding 
color code, designated for each group of four circles.  Open circles indicate lack of genotypic 
data.  Note the result for rs1426654, for which the G allele (red), which corresponds with the 
ancestral Alanine a position 111, predominates in the CHG, JPT and YRI populations, and for 
which CEU population is 100% the derived allele, A (blue), which corresponds to the Thr allele.  
The extent of the gene and positions of the exons are indicated at the bottom.  Adapted from 
www.HapMap.org. 



  

 

Fig. S7.   

 
 
Variation in measured skin pigmentation for each rs1426654 genotype.  The left three panels 
display raw data showing distribution of melanin index in each sub-sample, in which displayed 
differences reflect both the effect of rs1426654 genotype and the effects of other genes with 
alleles that correlate with ancestry.  The right three panels show the data after adjustment 
according to regression analysis, as shown in Figure 6B.   

 
 




