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and green variation, respectively, and
show that repeated selection on standing
variation drives diversification of warning
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SUMMARY

The strawberry poison frog, Oophaga pumilio, is a striking example of natural color variation, making it a valu-
able system for studying the genetic and evolutionary mechanisms underlying phenotypic diversity. While
most populations of this poisonous frog are bright red, frogs from Bocas del Toro Province, Panama, exhibit
remarkable variation in color, both within and among island populations. This diversity in warning coloration
challenges conventional models of aposematism and has fueled extensive debate about its evolutionary and
genetic origins. A major obstacle to understanding this phenomenon has been the species’ large genome
(~6.7 Gb). To address this, we sequenced exomes from 347 individuals across ten populations and identified
genetic factors associated with color variation. Our analyses identified kit as a major candidate gene linked to
blue-red polymorphism, where an increase in the proportion and organization of melanosomes with respect
to other pigments contributes to blue coloration. Variation in ttc39b, a gene involved in conversion from yel-
low to red carotenoids, is strongly associated with the yellow-red polymorphism. We also identify bco1, a
carotenoid-cleaving gene, which shows strong evidence of population differentiation and higher expression
in green frogs. The haplotypes at all three loci predate population divergence and exhibit signatures of selec-
tive sweeps, indicating that selection has repeatedly acted on standing genetic variation in different popula-
tions. Our findings support a dynamic evolutionary model in which new morphs emerge through a balance of
selective pressures, including predation, intraspecific competition, and mate choice.

INTRODUCTION

The strawberry poison frog, Oophaga pumilio, has bright red
coloration in most of its continental distribution in Central Amer-
ica.' This coloration functions in aposematism as a warning signal
to predaltors.2 However, in the Bocas del Toro Province of Pan-
ama, this species exhibits remarkable variation in color and
pattern.3 Colors on the islands include yellow, orange, red, green,
blue, and some intermediate phenotypes (Figure 1A). The forma-
tion of the Bocas del Toro archipelago was recent—1,000-9,000
years ago” —suggesting that the dramatic phenotypic differences
emerged in a very short period of time. Most color variation is
found between islands (polytypism),® with each allopatric popula-
tion being monomorphic. However, a few areas have sympatric

variation (polymorphism).® This variation has made O. pumilio a
model for understanding the mechanisms underlying the mainte-
nance of phenotypic variation, with numerous studies on
O. pumilio focused on its ecology,®’~'" toxicity, "'? sexual selec-
tion,"®~'° natural selection,'®'® and population history.'”
Standard theory on aposematism suggests that natural selec-
tion acts to reduce warning signal variation.>'® For example,
if red coloration is recognized and avoided by predators,
selection would act against new mutations that give rise to alter-
native colors, making the high degree of phenotypic variability
observed in Bocas del Toro somewhat enigmatic. Several hy-
potheses have been proposed to explain the emergence and
maintenance of this variation in O. pumilio. Some of them include
(1) viability selection, where color variation may have evolved as
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Figure 1. Population structure of Oophaga
pumilio in Bocas del Toro archipelago

(A) Sampling locations, population labels, and
colors used in PCA. Labels of populations have an
added letter to specify the color of the individuals
(R, red; I, intermediate; B, blue; G, green; Y, yel-
low; and O, orange).

(B) PCA of genome-wide variation.

(C) Trees of relationship between ancestry com-
ponents using k = 7 to k = 10.

(D) Structure plot of how ancestry components are

Isla Bastimentos West

distributed in different populations, using the
same colors as in (C).

(E) Topology using four migration/admixture
events with the highest probability (45%).

See also Figure S1, Table S1, and Data S1.
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genetic drift, geographic isolation, and
potential changes in predation pres-
sure’® can explain the observed pheno-
typic variation, or if selection has to be
invoked. Furthermore, can selection drive
the spread of new color variants locally
despite the standard theory on aposema-
tism asserting that selection should act
against new variants?

Our aim in this project is to understand
the genetic basis of colorin O. pumilio and
the evolutionary mechanisms that pro-
duce the array of variation in Bocas del

Toro. Because coloration is ultimately a

k=8

product of underlying cellular and molec-

k=9

ular structures, understanding its proxi-
mate mechanisms is key to interpreting

k=10

SC-R DB-R DB-I DB-B  SK-B

an adaptation to different environments or predators as an
honest signal of toxicity”"'>"'°; (2) geographic isolation, since
most morphs are restricted to different islands'”?%; (3) a lack of
predators combined with neutral drift>'; and (4) sexual selection,
in the form of female mate choice and male-male competi-
tion.®%?2:23 Many of these hypotheses and mechanisms are
not mutually exclusive, with most authors agreeing that several
factors are likely responsible for this variation.>'"?*** Oophaga
pumilio has complex parental care, and tadpoles learn to recog-
nize traits of their parents (i.e., imprinting), which may influence
their own mating behavior later in life.® Oophaga pumilio shows
evidence of assortative mate preferences, whereby females®
prefer to mate with males of their own morph.2%2” Additionally,
males compete by defending territories and are generally more
aggressive toward males of their own morph, leading to the pos-
sibility of sexual selection favoring rare morphs.'*2? Imprinting,
female bias, and male bias together are the main reasons why
sexual selection is often suggested to drive the maintenance
and divergence of these morphs.® However, a central question
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its evolutionary significance. In particular,
by identifying genes, or genomic regions,
that underlie phenotypic variation, we can
determine if selection is acting on these
regions and answer the question as to
whether new color variants increase in frequency purely by
genetic drift or if they are the target of selection and have
increased in frequency because they confer a fithess advantage
to the individuals carrying them.

In amphibians, color variation is primarily controlled by
specialized pigment cells known as chromatophores, which
are arranged in layers within the skin.?°°? There are several
types of chromatophores: melanophores (black/brown pig-
ments), iridophores (structural reflectors), xanthophores (yel-
low/orange pigments), and erythrophores (red pigments).2%-*°
The diversity of coloration and patterning arises from the relative
abundance, spatial distribution, and interactions among these
cell types, which are established during development.*® In addi-
tion, some amphibians exhibit physiological color changes via
contraction or expansion of these cells in response to environ-
mental cues.®*

In O. pumilio, the ancestral coloration is red,> but populations
in Bocas del Toro exhibit orange, yellow, green, and blue morphs
as well. Amphibians do not have chromatophores that produce

TB-R PD-G
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green or blue pigments. Instead, blue can be produced as a
structural color from diffraction or interference of light®® caused
by specific layerings of different chromatophores, particularly iri-
dophores beneath other pigment cells.®"** Green hues typically
arise from the optical combination of this structural blue with
yellow carotenoid pigments within xanthophores.®* Since verte-
brates cannot synthesize carotenoids de novo, they must obtain
them from their diet, either depositing them directly or metabo-
lizing them before incorporation into tissues.®*>” As a resuilt,
frogs fed a diet richer in carotenoids can display brighter green
coloration.*®*° In some amphibians, green coloration may also
result from chlorosis, the accumulation of the pigment biliverdin
in bones or lymph, producing a blue-green tint.*° However, den-
drobatid frogs such as O. pumilio do not appear to have elevated
biliverdin levels,*®*! suggesting their blue/green coloration is
largely a combination of structural and carotenoid mechanisms.

Previous genetic research on O. pumilio has been restricted to
mitochondrial DNA, microsatellite,”> amplified fragment length
polymorphism (AFLP),"° differential expression**>** studies, and
RADSeq,“® in addition to the generation of a reference genome.*®
However, population-scale genomic data for this species have
been slow to come due to the large (~6.76 Gb) and highly repet-
itive genome, which makes this type of approach technically
challenging and expensive. To address these challenges, we pre-
sent exome sequencing data from 347 individuals from Bocas
del Toro. We use genome-wide association studies (GWASSs)
coupled with selection scans to identify genes underlying the co-
lor polymorphisms and use further population genetic analyses of
these genes to answer decades-old questions regarding the un-
derlying genomic architecture of the Bocas del Toro skin color
variation.

RESULTS

Population structure and demographic history in Bocas
del Toro

To infer the population structure and history of the Bocas del
Toro O. pumilio, we sampled 347 individuals from eight different
morphs, each defined by a unique combination of skin patterning
and coloration, denoted by locality abbreviation and color (B,
blue; R, red; O, orange; G, green; Y, yellow; |, intermediate).
Mainland populations from the Aguacate Peninsula include
Rana Azul (RA-B), Shark Hole (SK-B), and Dolphin Bay (DB-B,
DB-l, and DB-R). Island populations were sampled from Isla
Bastimentos (Bastimentos West [BW-R and BW-Y] and Tran-
quilo Bay [TB-RY]), Isla Solarte (Hospital Point [HP-O]), Isla Popa
(North Popa [PD-G] and South Popa [PO-G]), Isla Colén
(CL-G), and Isla San Cristébal (SC-R) (Figure 1A). We performed
principal-component analysis (PCA; Figure 1B) on 10,788,793
filtered SNPs. PC1 separates frogs geographically from east to
west, except for the Popa morph, which is placed between
TB-R and mainland morphs from the peninsula (SK, DB, and
RA). PC2 correlates with a north-south axis of Isla Bastimentos
(BW and TB). PC3 separates the SC-R morph from the mainland
frogs from the peninsula (Figure S1).

We used the software suite OHANA®" for unsupervised
ancestry component assignment, testing different numbers of
ancestral lineages, k, with k = 7 to k = 10. Most sampled popula-
tions are allocated to their own component using k=7 (Figures 1C
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and 1D), except for the mainland morphs from the Aguacate
Peninsula, which share a component. The Aguacate blue morph
separates into RA-B and SK-B subpopulations at k = 9. Some
SK-B frogs are admixed between DB and RA-B. Admixture ana-
lyses did not separate polymorphic populations BW (BW-Y and
BW-R) and DB (DB-B and DB-R) into different ancestry compo-
nents, even up to k = 10 components (Figures 1B and 1D). Three
Popa morph individuals sampled in the north of Isla Popa (PD-G)
are estimated to be admixed with the TB population and separate
from other PO individuals in the PCA (Figure 1B).

We next calculated genome-wide pairwise Fgt (Table S1).
Allopatric populations showed trends similar to previous studies
using microsatellites and AFLPs.'®'” Sympatric morphs within
the same population (BW and DB) that could not be separated
in the structure analysis or PCA have low values of Fst (~0.01)
and are indistinguishable based on a genome-wide neighbor-
joining tree (Figure S1). Some populations within the same island
are genetically differentiated. For example, TB and BW from
Isla Bastimentos show no admixture and are more diverged
genome-wide (Fst > 0.2) than populations from different islands.
By contrast, BW and the CL populations are on different islands
and have lower divergence (Fst = 0.135). Another example is that
the PD population is slightly less diverged from the TB-R popu-
lation on Bastimentos (Fst = 0.126) than from the PO population
(Fst = 0.133). These comparisons illustrate that within-island
divergence can approach or exceed among-island levels, even
in phenotypically similar populations.

Previous studies detected no evidence of migration in Bocas
del Toro."” However, using AdmixtureBayes,*® we tested topol-
ogies with up to four admixture events (Figures 1E and S1). To-
pologies with fewer than four migration events were rejected by
4-population (ABBA/BABA) tests using Oophaga sylvatica as an
outgroup (Data S1A-S1C), providing evidence for substantial
migration among islands. For example, the topology recovered
with 100% probability when specifying zero admixture events
has the subgraph ([TB and PD] and PO; O. sylvatica), while
the 4-population test shows ([PO and PD] TB; O. sylvatica) as
the most prevalent topology. The top three topologies identified
by AdmixtureBayes"® represent 74% of the probability with four
admixture events. Interpreting these topologies with respect to
colonization scenarios suggests an ancestor from the mainland
splitting into two lineages: one entering the archipelago from
the north through CL and another from the south via the Agua-
cate Peninsula (Figures 1E and S1). The northern lineage subse-
quently splits into (HP and BW) and (TB and PD). The southern
lineage is RA and SC (DB and SK), with admixture from RA to SK
(as also seen in the OHANA analysis; Figure 1C). CL is admixed
between north and south lineages, with its proximity to the
mainland likely facilitating migration. Similarly, PO is admixed
between PD and mainland ancestry. Isla Popa split from the
Aguacate Peninsula ~1,000 years ago” and is currently sepa-
rated by a small stretch of water (Figure S1). All three admixture
topologies indicate bidirectional migration between the Agua-
cate Peninsula and Isla Popa. Our results suggest extensive
gene flow between Bocas del Toro populations, contradicting
a simple model of population splits without subsequent gene
flow. Multiple colonization waves during past periods of lower
sea level® and/or continued ongoing gene flow likely explain
the observed patterns.
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Table 1. Demographic model results

Split with migration

Pop1- Pop2 Nref Nu1 Nu2 Split time years Migration rate LL LLdata
BW-CL 6,548 21,779 12,699 44,070 5.09E—-05 —126,920 —7,073
CL-HP 7,069 20,855 17,343 43,949 3.72E-05 —83,350 —-3,774
CL-RA 6,901 21,774 14,560 39,208 4.51E-05 —29,900 —-1,114
BW-SC 4,362 14,549 10,364 65,280 1.97E-05 —382,708 -11,173
DB-RA 9,130 20,381 12,403 29,304 2.24E-04 —49,822 —5,134
DB-SK 9,453 15,346 15,985 27,801 2.77E-03 —60,564 —8,849
DB-TB 6,251 20,280 16,896 58,762 2.08E—-05 —630,758 —21,080
HP-PD 6,728 15,885 17,569 49,293 4.89E-05 —21,308 —1,049
HP-TB 2,922 15,331 14,953 77,852 4.45E—05 —209,593 —7,926
PD-TB 6,699 16,080 14,149 55,487 7.26E—-05 —18,623 -1,201
PO-RA 6,711 20,674 13,415 41,544 5.68E—05 —35,125 —2,238
PO-SK 6,475 19,367 15,606 46,132 5.54E—-05 —139,476 —7,458
SC-SK 6,793 7,714 18,835 46,689 8.00E—05 —137,605 —6,061
SC-TB 7,853 10,281 18,407 54,228 1.49E-05 —266,103 —6,850
BW-HP 4,047 11,974 16,922 65,906 4.89E—-05 —304,227 —12,592

Pairwise demographic models with an ancestral population size, followed by split and migration. Models shown have the best log-likelihood per pair.
Population abbreviations are the same as those used in Figure 1: DB, Dolphin Bay; SK, Shark Hole; RA, Rana Azul; PO, South Popa; CL, Colén; BW,

Bastimentos West; HP, Hospital Point; PD, North Popa; SC, San Cristobal; and TB, Tranquilo Bay.

To further investigate the timescale of migration and the split
between populations, we performed demographic inference for
pairs of populations using dadi.”® Assuming a mutation rate of
10~° bp per year,**°" the divergence time between populations
predates all of the island formation times (Table 1). For example,
Isla Colén and Isla Bastimentos separated ~5,200 years ago.”
Our results suggest the split time between the two closest
(genetically and geographically) populations, CL and BW, was
~44,000 years ago (Table 1). This suggests that these morphs
arose either through drift or selection on standing genetic varia-
tion that predates the current-day configuration of these islands.

Distinct carotenoid compositions between color morphs
We analyzed the carotenoid composition of dorsal skin in
O. pumilio morphs using high-performance liquid chromatog-
raphy (HPLC) and found differences in carotenoid concentrations
among color morphs (Table S2; Figure 2). Overall, the skin of red
and orange morphs had the highest total carotenoid content,
while green and yellow frogs displayed intermediate levels. By
contrast, blue frogs were almost entirely devoid of carotenoids.

To better understand variation in carotenoid composition, we
grouped morphs based on their similarities (Figure 2; Table S2).
Red and orange frogs contained high concentrations of all
carotenoid types, with the main difference being that orange
frogs had higher levels of -carotene and colorless apocarote-
noids but lower red ketocarotenoid content. However, no
pigment was completely absent in either group. Green and
yellow morphs, particularly CL-G and BW-Y, had similar carot-
enoid profiles (Figure 2A). HPLC analysis of a CL-G individual re-
vealed a complete absence of red ketocarotenoids (Figure 2D).
Blue frogs, on the other hand, exhibited a drastically different
carotenoid composition, being almost completely without ca-
rotenoids except for colorless apocarotenoids and a few dietary
yellow pigments (Figure 2E).

4 Current Biology 36, 1-18, March 23, 2026

To assess the significance of these differences, we performed
a SIMPER test in R using the vegan package.®® Due to small
sample sizes, we grouped morphs into three categories for
analysis: (1) red/orange (n = 5), (2) yellow/green (n = 4), and (3)
blue (n = 2), excluding the intermediate/brown DB morph. We
found that red ketocarotenoids and dietary orange carotenoids
were significantly more abundant in red/orange frogs compared
with yellow/green frogs. Additionally, colorless apocarotenoid
content differed significantly between yellow/green and blue
morphs, with higher content of apocarotenoids in blue frogs
(Table S2).

Finally, we examined the relationship between carotenoid
concentrations and spectrometric color measurements. Apoc-
arotenoid concentration correlated negatively with green wave-
length brightness measurements, while p-carotene concentra-
tion showed a positive linear relationship with red hue and
brightness (Table S3).

Genomic basis of skin color variation

Blue

To uncover the genomic basis of blue coloration, we sampled
blue frogs from RA-B, DB-B, and SK-B. Since DB is a polymor-
phic blue population, also harboring red and intermediate phe-
notypes with very low genome-wide divergence between
morphs (Fst = 0.01), we would expect that by performing an
Fst scan along the genome, we would detect a highly divergent
region between sympatric morphs. Adding an outgroup allows
us to detect which of the morphs is diverging from the ancestral
form. We performed a window-based (size = 100,000 bp; step =
20,000 bp) population branch statistic (PBS) scan, which is anal-
ogous to a three-way Fst scan, comparing the DB-B and DB-R,
using the TB-R population as an outgroup. The most differenti-
ated gene between red-blue morphs was found in the blue frogs
(DB-B) and is kit (Figures 3A-3C). The kit gene is contained within
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Figure 2. Carotenoid composition in skin of O. pumilio color morphs

(A) Carotenoid content in different morphs. The dorsal color of the morphs is shown in squares to the left of the names. On the x axis, carotenoids are numbered in
squares and colored according to the type of carotenoid. The heatmap shows pigment concentrations (ng/g), and the color of each cell corresponds to deviations
from the mean concentration across all samples (Z score). Note that values are not normally distributed, and Z scores are used here solely for visualization.
(B) Two-dimensional HPLC chromatogram showing the carotenoid composition of a representative red morph individual (Almirante, mainland). Here and below,
peaks are labeled with numbers corresponding to those in (A).

(C) Chromatogram showing the carotenoid composition of a representative orange morph individual (HP).

(D) Chromatogram showing the carotenoid composition of a representative green morph individual (CL).

(E) Chromatogram showing the carotenoid composition of a representative blue morph individual (RA).

See also Tables S2 and S3.

a single outlier 100 kb window. Adjacent overlapping windows  systems.®**° Kit ligand (kit/ga) binds to Kit to activate it and
(20 kb step) did not surpass the threshold, and no other genes  has also been associated with multiple color and pattern pheno-
are located in this region. Kit is a tyrosinase kinase receptor types.®>™ In particular, kitiga is linked to red-blue polymorphism
involved in melanocyte precursor expansion, survival, prolifera-  in betta fish.>® Overexpression of kitiga can affect size and num-
tion, and migration.®® This gene has a role in coloration in other  ber of melanocytes, leading to hyperpigmentation.®°
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Figure 3. Genetic basis of blue coloration in O. pumilio

Total Brightness

Total Brightness

(A) PBS scan of Dolphin Bay blue (DB-B) branch against DB-R and TB-R. Mapped to O. pumilio, the plot using synteny, alternating colors are chromosomes from

O. sylvatica.
(B) PBS tree of kit scaffold.
(C) PBS genome-wide.

(D) Genomic association to reflectance at blue wavelengths using unrelated individuals. The horizontal axis shows the position of every SNP that was included in
the GWAS with respect to O. sylvatica synteny. The vertical axis is the negative logarithm (base 10) of the p value (—log10(p value)) of the association.
(E) Blue wavelength (SB) measurements grouped by population, with measurements on five individuals per morph.
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We also conducted a GWAS using reflectance measures at
blue wavelengths across all morphs (Figure 3D), analyzing only
unrelated individuals (n = 321) and using imputed population-
average phenotypes (Figure 3E), while correcting for population
structure using a relatedness matrix. Again, the gene with the
strongest association with blue wavelengths was kit. We identi-
fied two non-synonymous mutations in kit: V533l and G959R.
V533l is located in the transmembrane domain of Kit. This muta-
tion is fixed for the ancestral allele in BW, has a higher frequency
in darker populations (Figure 3F), and explains 4.5% of the
phenotypic variance among populations. Meanwhile, G959R,
located in the C-terminal domain of Kit (Figure 3G), is fixed for
the ancestral allele in bright populations such as TB-R, BW-Y/
BW-R, and HP-O, but instead segregates in DB and in duller/
darker colored populations (Figure 3F). This mutation explains
11% of the phenotypic variance among populations. Encourag-
ingly, a previous expression study also identified mutations
unique to blue frogs in the kit gene.*® The SNP within kit that ex-
plains the most variance among populations is a synonymous
mutation located in an exon (scaffold31043:53032, adjusted
p = 9.15e-23) and explains 13% of the variance. We note that,
for any of these mutations, we cannot make causal inferences,
and the amount of variance explained might be affected by link-
age disequilibrium (LD) with other variants.

The morphs differ in the thickness of the dermis (the layer of the
skin where pigments are found) and in the total number of
pigment cells per unit area. As such, rather than quantifying the
different types of pigment-containing cells separately, we
compared the relative proportions of different pigments in
the skin. Interestingly, we found that blue O. pumilio have a
higher proportion of melanosomes (containing black pigments)
compared with red and green frogs (Figure 3K). A kit-driven alter-
ation in melanosome composition could explain shifts in pigment
proportions, leading to structural blue coloration. The kit allele
present in blue frogs likely enhances melanin production,
increasing melanosome density and contributing to their darker
skin. Histological sections of blue frogs show an increased den-
sity of melanophores, a reduction in xanthophores, and a similar
overall abundance of iridophores compared with red morphs
(Figure S2). However, a key difference lies in the spatial arrange-
ment of these chromatophores: in blue frogs, melanophores
occur closer to the epidermis, altering the layering between
pigment cells and reflecting platelets. Although iridophores do
not appear reduced in absolute number, their platelets may be
proportionally fewer relative to other pigments (Figure 2K) and
are positioned under melanophores instead of above them.
Because iridophores produce blue-green coloration when
spatially close to melanophores but tend to reflect longer wave-
lengths, such as red, when isolated,’’ this altered layering and
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proportion in blue frogs results in closer interaction of melanin
and reflecting platelets, consistent with blue structural coloration.
By contrast, brighter populations, such as BW, where kit is fixed
for the reference allele, have fewer melanosomes (Figures 3K and
S2), contributing to their lighter coloration.

Inthe genome-wide tree, individuals from the DB polymorphic
population do not cluster by color (Figure S1). However, in the kit
gene tree, most of the blue frogs from DB (28 of 32) cluster with
the remaining blue frogs from the Aguacate Peninsula (34 of 37;
SK and RA), in a clade distinct from the red frogs from DB
(Figure 3J).

To investigate selection acting on kit, we compared local
values of average pairwise differences (r) and Tajima’s D to
genome-wide values in DB. The blue morph has reduced vari-
ability and low values of Tajima’s D, suggesting a selective
sweep in this morph (Figures 3H and 3l). We also performed an
HKA test to determine if the ratio of polymorphism within morphs
to divergence between morphs in our candidate genes was
consistent with genome-wide values. DB-B frogs have relatively
fewer polymorphic sites in kit than DB-R frogs. SK, the mono-
morphic blue population, has significantly fewer polymorphic
sites in kit (g < 0.05), supporting the hypothesis of a selective
sweep (Table S4).

Yellow, orange, and red

Vertebrates cannot produce carotenoids, the pigments that pro-
duce yellow, orange, and red coloration, and instead must obtain
them through their diet.>*> The only yellow morph in Bocas del
Toro is in BW-Y. There is very little genetic differentiation be-
tween yellow and red color morphs on BW, as their genome-
wide Fgr is very low (~0.01; Table S1). However, a few genes
have very different allele frequencies between morphs. Some
SNPs show extremely high differentiation (Fst = 0.98), and
even when averaged across 100 kb windows (step = 20 kb),
Fstremains elevated (>0.2; not shown). To identify which branch
contributes to this differentiation between the morphs, we calcu-
lated PBS using an outgroup, revealing regions with particularly
high PBSguy values (>0.4; Figure 4A). Among these genes, we
identified ttc39b, tyrp1, psip1, zdhhc21, frem1, and nfib. This
group of genes was initially described to be located in the mouse
brown locus (its mutation causes albino phenotypes), which con-
tains the known pigmentation genes tyrp7 and bnc2.%? In the
fragmented O. pumilio assembly,*>“® the genes are on different
scaffolds, but we note that they are also in the same syntenic re-
gion of the high-quality O. sylvatica genome, suggesting that the
synteny is conserved across tetrapods and that these Fgt out-
liers represent the same divergence signal.

We used the blue population RA-B as an outgroup in a PBS
scan between the BW populations (BW-R and BW-Y) to deter-
mine which morph contributed to the observed allele frequency

(F) Allele frequency of non-synonymous mutations of kit.

(G) Structure of Kit in O. pumilio generated with SWISS-MODEL.®° Non-synonymous mutations are highlighted in green.

(H) Pairwise differences (x) in windows containing 1,000 sites (variant and invariant) that pass all quality filters in the kit scaffold. The shaded area contains the
protein-coding region. Blue squares correspond to DB-B, red to DB-R, and black to SK-B. Horizontal lines indicate genome-wide averages (red, DB-R; blue,
DB-B), and the blue line lies directly beneath the red line and thus is not visible. To the right, overlaid histograms of the distributions of pairwise differences, from
left to right: genome-wide and within the gene kit. Morph differences are shown above each histogram (A).

(I) Tajima’s D presented in the same format as (H). Arrows in the genome-wide histogram show the location of the window with the smallest Tajima’s D value.
(J) Gene tree of kit. Mainland populations and SC are colored according to dorsal coloration of the frog, and all other island individuals are in gray.

(K) Proportion of pigments in different color morphs of O. pumilio, reproduced from Freeborn.**

See also Figures S2 and S3, Tables S4-S6, and Data S2.
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Figure 4. Genetic basis of yellow/red coloration in O. pumilio

(A) PBS scan of BW-Y branch against BW-R and RA-B.

(B) PBS tree of ttc39b scaffold.

(C) PBS genome-wide.

(D) Genomic association to reflectance measurements at red wavelengths using unrelated individuals. The horizontal axis shows the position of every SNP that
was included in the GWAS with respect to O. sylvatica synteny. The vertical axis is the negative logarithm (base 10) of the p value (—log10(p value)) of the as-
sociation.

(E) Red wavelength (SR) measurements grouped by population, with measurements on five individuals per morph.

(F) Allele frequency of SNPs in ttc39b: P_RNA _scaffold_17998:28559, the highest Fst BWY-BWR value (Fst = 0.98); P_RNA_scaffold_17998:47512, the top
ttc39b SNP in the green GWAS; P_RNA_scaffold_17998:71352, the top ttc39b SNP in the red GWAS; and in psip7—. P_RNA_scaffold_10726:251470, the top
SNP in the red GWAS.

(G) Gene trees, colored according to Figure 1A: BW-Y (yellow), BW-R (gold), CL-G (light green), PP-G (dark green), and TB-R (red).

(H) gPCR results showing gene-expression ratio of housekeeping gene sdha and ttc39b.

(I) Pairwise differences (r) in windows containing 1000 sites (variant and invariant) that pass all quality filters in the ttc39b scaffold. The shaded area contains the
gene ttc39b, and yellow squares correspond to BW-Y, red to BW-R, and green to CL-G. Horizontal lines indicate genome-wide averages (red, BW-R; black,
BW-Y), and the black line lies directly beneath the red line and is not visible. To the right, overlaid histograms of the distributions of pairwise differences, from left to
right: genome-wide and within the gene ttc39b. The vertical dashed lines represent the means of the distributions (BWR, red; BWY, black).

(J) Tajima’s D presented in the same format as (I).

See also Figure S3, Tables S4 and S5, and Data S2.
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changes. We found a sharp peak in the BW-Y PBS branch
(Figures 4A and 4B). The BW-Y branch is 70 times longer in
ttc39b than genome-wide (genome-wide = 0.00567, ttc39b =
0.414; Figures 3B and 3C). Ttc39b is the gene with the highest
BW-Y PBS value between yellow and red frogs of the polymor-
phic BW population. This gene is involved in carotenoid-based
phenotypes in fish and birds.®*°° It was also found as a candi-
date gene with differential expression between different color
morphs of other dendrobatids.®” In birds, ttc39b enhances the
conversion of dietary yellow carotenoids into red ketocarote-
noids,® with recessive mutations in ttc39b resulting in yellow
phenotypes.®® Our results suggest this mechanism might be
conserved in frogs.

We conducted a GWAS across all populations using reflec-
tance measures at red wavelengths. The lowest p values were
observed in psip1, snapc3, frem1, and ttc39b (Figures 4D and
4E), all located within the same genomic region. We chose to
focus on psip1, which showed the strongest association in the
GWAS, and ttc39b, which exhibited the greatest divergence
among morphs. Examining the SNPs with the smallest p values
in ttc39b and psip1, we found alleles that were fixed in most
populations but segregating in HP-O, TB-R, and BW-Y/BW-R.
These SNPs explain 29% and 7.5% of the variance among pop-
ulations (genetic + environmental + measurement), respectively.
The second peak in the GWAS is in kit (Figure 4D), and its top
SNP explains 5% of the variance. As this GWAS was done
measuring reflectance at red wavelengths using all morphs,
the presence of the two peaks might suggest that variants in
both regions are needed to produce red coloration, with alterna-
tive haplotypes in each of those genomic regions resulting in
non-red morphs.

We also identified a highly differentiated SNP between BW
morphs (Fst = 0.98) within the scaffold containing ttc39b.
Most yellow morphs in BW carry the alternative allele, which
is also present in green frogs (Figure 4F). Given ttc39b’s known
role in carotenoid metabolism —specifically enhancing the con-
version of yellow to red pigments®’ —mutations in or near this
gene may underlie the loss of red pigmentation. While we did
not detect highly differentiated non-synonymous mutations,
we identified several intronic SNPs with striking allele fre-
quency differences between color morphs (Figure 4F), suggest-
ing a regulatory mechanism. Supporting this, ttc39b was differ-
entially expressed in BW morphs, with red frogs showing higher
expression (Figure 4H). Since red is the ancestral coloration in
O. pumilio,*® and non-red individuals predominantly carry the
alternative allele in the homozygous state, this suggests
reduced ttc39b function in non-red morphs. Previous pedigree
studies showed that color variation in BW is largely determined
by a single locus, with red dominant over yellow.'* Our findings
strongly suggest this locus is ttc39b.

Although the genome-wide phylogenetic tree does not sepa-
rate yellow and red individuals in BW, the ttc39b gene tree
distinctly clusters yellow individuals with green frogs from CL,
PO, and PD (Figure 4G). That the ttc39b yellow haplotype clus-
ters solidly within green frog haplotypes suggests that there is
shared ancestry between the haplotype associated with yellow
coloration in BW and the one found in green frogs from CL,
PO, and PD. Furthermore, the estimated time to coalescence
of ttc39b between the red and yellow morphs of BW is much
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greater (~1.7 million years ago [mya]) than the divergence times
among different Bocas del Toro populations (all <80,000 years;
Table 1), suggesting that the yellow haplotype arose prior to
the formation of the islands.

To assess selection at this locus, we compared rand Tajima’s
D to genome-wide levels. The yellow morph exhibited low = and
a wide range of values for Tajima’s D (Figures 41 and 4J), with a
dip around position 36,816. In fact, the window covering posi-
tions 35,487-38,145 fall within the lowest 6% of Tajima’s D
values and the lowest 3% of = values in BW-Y. Furthermore,
in that window, the difference between the values for the red
and the yellow morph is among the 96% and 99.6% most
extreme in the genome. Tajima’s D, and to a certain degree m,
increase starting at ~40,000 bp from the extreme dip, and
both the yellow and red morphs have increased values of Taji-
ma’s D in the flanking regions, which is compatible with selec-
tion acting on a haplotype that entered the population by admix-
ture.®®"° The low values of Tajima’s D and reduced values of tin
this region also conflict with hypotheses of long-standing local
balancing selection on Bastimentos as a mechanism to maintain
the polymorphism. An HKA test further supports selection in the
yellow morph, revealing fewer polymorphic sites within BW-Y
(g < 0.05; Table S4).

The clustering of the BW-Y ttc39b haplotype with green pop-
ulations (CL-G and PO-G; Figure 4G) suggests it was introduced
to BW via admixture and subsequently increased in frequency
due to continued positive selection. This is consistent with
Admixture Bayes results, which indicate gene flow between
the ancestors of CL and BW (Figures 1E and S1).

Green

Identifying the genetic basis of green coloration was more chal-
lenging due to the absence of a polymorphic green population.
This challenge is compounded by the fact that amphibians do
not possess a green pigment per se. Rather, green coloration
is generally produced by the combination of yellow pigments
and blue structural coloration.®* To investigate this, we per-
formed a GWAS using reflectance measures at green wave-
lengths and found ttc39b and psip71 at the lead association
peak (Figures 5A and 5B), although SNPs near psip7 had smaller
p values. Gene trees for ttc39b and psip1 (Figure 4G) suggest
that yellow and green frogs share similar alleles at these loci.
Additionally, green frogs from CL, PO, and PD have yellow ven-
ters (Figure S2), supporting the hypothesis that one component
of green coloration is yellow pigmentation, inherited via a haplo-
type shared with the yellow BW-Y population.

Previous research on ttc39b and its involvement in carotenoid
conversion, along with our expression results (Figure 4H), sug-
gests that ttc39b plays a major role in green coloration, as both
green and yellow frogs have lower expression of ttc39b
compared with red frogs. However, a causative role for psip1
cannot be excluded. Interestingly, the top SNP in psip1 is the
same as that identified in the red GWAS and explains 33% of
the variance in green coloration among populations. Mean-
while, the top SNP in ttc39b explains 18% of the variance and
exhibits a similar allele frequency distribution across all morphs
as the most differentiated SNP among Bastimentos morphs
(Figure 4F).

We conducted PBS scans focused on the branches of the two
independent green frog populations, CL-G and PO-G, comparing
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Figure 5. Genetic basis of green coloration in O. pumilio

(A) Genomic association to reflectance measurements at green wavelengths using unrelated individuals. The horizontal axis shows the position of every SNP that
was included in the GWAS with respect to O. sylvatica synteny. The vertical axis is the negative logarithm (base 10) of the p value (—log10(p value)) of the as-

sociation.

(B) Green wavelengths (SG) measurements grouped by population, with measurements on five individuals per morph.

(C) PBS scan of the CL green branch against DB-B and DB-R.
(D) PBS scan of PO green branch against SK-B and TB-R.

(E) Venn diagram of the strategy for finding genes differentiated in green frogs.
(F) Differential expression of bco1 and mc5r in different color morphs. Adjusted p value significance levels are shown as *p < 0.05, ***p < 0.005; non-significant (NS).

(G) Tree of Bco1 (protein) made with consensus sequence per population.
(H) Non-synonymous mutations found in bco1.
See also Figure S3, Table S5, and Data S2.

them to non-green morphs. Since some of the genetic basis for
green seems to be at least partially shared with yellow frogs,
we chose one red and one blue outgroup to maximize the ability
to detect a pattern specific to green. To minimize the noise, we
chose the least diverged (Table S1) red and blue populations rela-
tive to each green population: (1) a PBS analysis of CL-G versus
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DB-B and DB-R (Figure 5C) and (2) of PO-G versus SK-B and
TB-R (Figure 5D). In addition to ttc39b, the only other genes we
found as outliers in both scans were bcol and dscaml1
(Figure 5E). Dscaml1 is expressed in rods, rod bipolar cells, and
subsets of amacrine cells (interneurons in the retina that modu-
late visual signals). Its disruption has been linked to congenital
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stationary night blindness, suggesting this gene may play an
important role in vision.”" Notably, at least one study has reported
differences in visual sensitivity among O. pumilio color morphs,
including comparisons between red and green morphs, raising
the possibility that variation in this gene could be associated
with morph-specific visual differences.””

Bco1 is beta-carotene oxygenase 1, a gene that cleaves beta-
carotenoids (dietary yellow and orange carotenoids) into smaller,
often colorless apocarotenoids.”®”* Expression of bco1 is mark-
edly higher in green frogs (Figure 5F) compared with red and blue
morphs. To investigate its evolutionary history, we estimated
haplotype divergence times in bcol between green and red
morphs (CL-G versus DB-R; PO-G versus TB-R). Both compar-
isons yielded similar results, with an average coalescence time
of ~2 mya—substantially older than the divergence times among
Bocas del Toro populations (Tables 1 and S5). Remarkably, the
green haplotype predates the formation of the islands and is
the oldest haplotype we identified across all candidate genes.
In addition, we generated a tree using the consensus sequence
for each of the populations (Figure 5G) and detected four non-
synonymous mutations segregating within bco7, with the alter-
native alleles occurring at higher frequency in green frogs
(Figure 5H), further supporting the conclusion that this haplotype
is ancient. Bco1 has been previously reported in color variation in
ornamental betta fish,*® and its paralog bco2 has been found to
be involved in multiple color phenotypes.”>"® One of the chal-
lenges of the bco1 region for our analysis is that it has missing
data. Several key SNPs did not meet the minimum quality thresh-
olds required for inclusion in the GWAS, which prevented site-
specific tests at this locus. As a result, the gene could only be
identified through a window-based approach. Because green
coloration results from the combination of yellow pigmentation
and blue structural coloration, some overlap in genes between
yellow and green morphs is expected (e.g., ttc39b). By contrast,
genes such as bco1, which appear to be specifically associated
with green, would not necessarily be expected to be detected in
the yellow morph, as green coloration is not required to produce
yellow.

Other interesting outlier genes in either green PBS scan are
frem2, mcbr, fcgbp, and col6a6 (Figures 5C and 5D). Mcbr is
one of the five genes in the family of melanocortin receptors
found in most vertebrates.”® This gene is expressed in melano-
phores and xanthophores and has a role in pigment disper-
sion.?98 Mc5r is differentially expressed in different morphs of
O. pumilio (Figure 5F). Frem2 has been implicated in melano-
phore development.®* Fcgbp has not been functionally found in
pigment pathways but was one of the few genes identified to
show strong evidence of selection in polar bears (with pigment-
free fur) compared with brown bears (with brown fur), indicating
a potential role in pigmentation.®® We found this gene associated
with reflection of green wavelengths (Figure 5A), with its top SNP
explaining 17% of the variance. Collagen gene col6a6 was found
as an outlier in multiple PBS analyses: in the green branch of
PO-G, SK-B, and TB-R (Figure 5D), in the blue branch of SK-B,
PO-G, and TB-R (Figure S3), and in the orange branch of HP-O,
CL-G, and PO-G (Figure S3). Collagen is important for skin color
and its reflective properties in frogs.”®> The thickness of the
collagen layer differs between different morphs of O. pumilio,
and red frogs have significantly thicker collagen layers than
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blue frogs.*®> Thus, our finding of a collagen gene such as
col6a6 in many different comparisons among morphs could indi-
cate that the gene plays a role in color variation through changes
in collagen layer thickness.

We identified additional pigmentation-associated genes as out-
liers across multiple PBS scans. In the comparison between green
and orange frogs, the orange morph exhibited a longer branch for
the gene scarb?, a known carotenoid gene (Figure S3).#%:6%:86
Several keratin genes (krt10, krt12, krt14, krt17, and krt24) were
found as outliers in red frogs®’ (Figure S3). We also found gnpat,
adamts8, and lyst as outliers in the blue frogs (RA-B) compared
with BW populations (Figure S3). Gnpat has an adaptive variant
in humans that promotes melanin synthesis in Tibetans as an
adaptive mechanism against UV radiation, making their skin
darker.?” Lyst has been repeatedly implicated in pigmentation
variation, with mutations producing lighter skin or coat color phe-
notypes across diverse vertebrate taxa, including mammals
and reptiles.®®°" Although adamts8 has not been directly linked
to pigmentation, several of its paralogs, such as adamis9,%
adamts13,%® and adamts20,%*°* play known roles in chromato-
phore differentiation and migration.

DISCUSSION

In this study, we identified several candidate genes responsible
for color differences in the extremely variable morphs of
O. pumilio from Bocas del Toro, Panama. For blue frogs, the
strongest candidate is kit, which harbors two non-synonymous
candidate mutations (V533l and G959R). Using the consensus
sequence for the gene in each population (Figure S2), we found
that the brighter morphs, like yellow, orange, and red, on
average, do not have any of these mutations. V533l is present
in darker morphs like green, blue, and red morphs from DB,
which are probably better described as burgundy (darker red)
and have blue ventral coloration. G959R is only predominant in
blue frogs. The amino acid changes in the same position in hu-
mans are associated with cancer, as are most described muta-
tions in this gene.”® More interestingly, a mutation in the C-termi-
nal domain makes it more amphipathic, resulting in piebaldism
(white patchiness where melanin is missing; Table S6).°° The
O. pumilio mutation G959R in the C-terminal domain increases
hydrophobicity, potentially having the opposite effect, increasing
Kit activation and melanization. This hypothesis is compatible
with our finding that blue frogs have more dermal melanosomes.
A sweep in this gene and association with both blue and red
wavelengths supports the hypothesis that this is a key gene
that differentiates red frogs from blue. In addition, blue frogs
lack pigmented carotenoids. They display only colorless apocar-
otenoids, and histological sections show differences in chro-
matophore organization, including melanophores located closer
to the epidermis in blue frogs. Collectively, these genomic,
biochemical, and histological observations support the hypothe-
sis that alterations in Kit and associated pigmentation pathways
contribute to the distinct blue coloration in O. pumilio.

It was previously hypothesized, based on segregation pat-
terns in pedigrees, that a single locus dominant for red was
responsible for the yellow/red phenotypic polymorphism in the
BW population.”® Our analyses suggest that this locus includes
ttc39b, a gene that enhances the conversion of dietary yellow
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carotenoids into red ketocarotenoids.*> Our HPLC results sup-
port this hypothesis, with yellow and green frogs having very
low content of ketocarotenoids (Figure 2). The haplotype is
shared between yellow frogs from Bastimentos and green frogs
from Isla Coldn and Isla Popa. The fact that the yellow Bastimen-
tos haplotype (BW-Y) is positioned within the green flog clade
(CL-G + sylvaticPO-G + PD-G) in the haplotype tree for ttc39b,
but not in the genomic tree, suggests that the haplotype was
introduced by migration from Isla Colén into Isla Bastimentos
(Figure 4G). We identify recent selection occurring in BW with
very few genetic polymorphisms within the yellow frogs. A similar
pattern of low variation in ttc39b is also observed in the CL-G
(Table S4), which is compatible with the hypothesis that selec-
tion might have acted in green frogs first before the transfer of
the haplotype to Isla Bastimentos. In addition, the surrounding
region shows extended LD and multiple outlier genes, raising
the possibility that other loci, or even an undetected structural
variant such as an inversion, could also contribute to the pheno-
typic differences.

Another important gene with several non-synonymous muta-
tions and higher expression in the green morphs is bco7. We hy-
pothesize that this gene is changing the carotenoid content in
green frogs compared with frogs with other colors. By quanti-
fying the different pigments and reflecting platelets, we provide
evidence that both blue and green morphs in O. pumilio are pro-
duced, at least partly, through structural coloration. Blue frogs
are produced through a change in light absorbance via an
increased number of melanosomes (Figure 3K), and green frogs
are produced via different content of carotenoids (Tables S2 and
S3). Bco1’s function is to cleave longer carotenoids into color-
less apocarotenoids, and the observed differences in types of
carotenoids can be explained by the divergence of this gene in
the different color morphs and the higher levels of expression
in green morphs. The absence or low concentration of red keto-
carotenoids in yellow and green morphs, compared with red/or-
ange, supports the role of ttc39b—a gene under selection with
extreme allele frequency differences between morphs—as a ma-
jor contributor to skin color variation. Carotenoid processing
may be key to explaining the differences between O. pumilio
color morphs. However, detailed functional studies would be
needed to confirm the mechanism of action of the associated
genes identified in this study.

Many hypotheses involving both selective and neutral evolu-
tionary processes have been proposed regarding the origin
and maintenance of color variation in O. pumilio in Bocas del
Toro.">'"?8 We propose a morph pump dynamic model, a pro-
cess that maintains high degrees of polymorphism over long pe-
riods of time. The original idea comes from the “species pump”
hypothesis with cycles of island connectivity and isolation.®” The
islands of Bocas del Toro have been connected and recon-
nected throughout the history of sea level fluctuations stemming
from past changes in global climate.®® Our demographic models
suggest that the populations started diverging before the current
iteration of the islands formed, implying that the variation that
we observed in the islands could have been segregating in
O. pumilio before the populations split. Our calculations of haplo-
type divergence between genes of interest suggest that all of
them predate the current-day configuration of the archipelago
(Tables 1 and S5).
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We find selection signatures in some of our candidate genes.
In particular, we find a signal of recent selection on the intro-
duced haplotype of the ttc39b gene associated with yellow co-
lor in the polymorphic population from Bastimentos. This dem-
onstrates that novel phenotypes can be selected for within
islands after island formation. We find similar evidence of selec-
tion associated with the blue phenotype in the polymorphic DB
region of mainland Panama. This suggests that the evolution of
new morphs is not necessarily associated with the formation of
the islands but instead can be driven by local selection. It also
raises two new questions. First, what is the source of this selec-
tion? And second, why is its influence limited to the Bocas del
Toro area?

While this study cannot identify the source of selection on
color, previous results suggest that male-male competition, fe-
male mate choice, or viability selection are possible explana-
tions.®”+1%22:%° Male-male competition and female mate prefer-
ences have been shown to be color-assortative, which, in the
case of male-male competition, provides a mechanism for selec-
tion to favor rare morphs in polymorphic populations.®”:"%:22:99
Why populations throughout the rest of the species range, which
includes the Caribbean lowlands of Costa Rica and Nicaragua,
remain uniformly red remains a more open question. A possible
answer is that the beneficial effects of divergent coloration are
transient and that rare morphs eventually go extinct in the larger
populations on the mainland but may locally fix on islands or iso-
lated populations (i.e., DB) with a smaller population size.

Fitness trade-offs between predation, female choice, and
male-male competition likely shift over time, influenced by envi-
ronmental changes. In BW and DB —both human-disturbed yet
densely populated by O. pumilio—we find evidence of selection
favoring new morphs. These trade-offs may periodically favor
rare or common morphs, and with different morphs on neigh-
boring islands acting as reservoirs of genetic variation, a dy-
namic system could emerge, maintaining the high color diversity
seen in the Bocas del Toro archipelago. While our results do not
directly confirm this, prior research on male-male competi-
tion'®?2 and predation,® along with our findings on selection
for novel color morphs introduced by gene flow, support this
hypothesis.

Another hypothesis to explain why color variation and poly-
morphism in O. pumilio appear to be limited to the Bocas del
Toro area of Panama could be the existence of a locus affecting
behavior, where an allele that affects the development of learned
color-dependent male-male aggression and female choice is
limited to the Bocas del Toro lineage.® In this case, the selection
we observed favoring rare coloration should be limited to line-
ages that also bear such an “imprinting” allele. More behavioral
studies in O. pumilio, both within and outside Bocas del Toro, will
be needed to investigate this hypothesis. In either case, our re-
sults demonstrate that the polymorphisms in Bocas del Toro
are driven by selection that, at least temporarily, favors rare
morphs and cannot be explained simply as a consequence of
drift associated with bottlenecks during colonization or island
formation.

Our study has several limitations. One major challenge is the
highly repetitive and large genome of O. pumilio. The currently
available reference genome is highly fragmented, and a more
complete assembly could help reduce some of the noise in our
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results. Another limitation is our use of exome capture with low
coverage. This approach was chosen to reduce costs while maxi-
mizing the number of populations and individuals sampled across
different morphs (n = 347), making it a valuable resource for future
research. However, exome capture limits our ability to genotype
all positions, meaning we may have missed the exact causal
variant responsible for these color polymorphisms. Regarding
the GWAS, we acknowledge that using imputed phenotype
values per morph rather than individual-level measurements re-
duces our ability to detect loci that cause phenotypic variation
within morphs and may simplify the inferred genetic architecture.
Nonetheless, evidence supports a more complex basis for color-
ation: multiple genes identified as PBS outliers correspond to
known pigmentation pathways, and previous gene-expression
studies*®** also implicate several color-related genes. Taken
together, these results suggest that, while the full architecture
likely involves multiple loci, the different GWAS performed here
capture the strongest-effect variants that are most influential in
differentiating color morphs.

For demographic modeling, our reliance on exome data pre-
cluded restricting analyses to putatively neutral regions when
constructing the site frequency spectrum (SFS), which would be
ideal for demographic inference. In addition, our model assumes
a simple split with constant migration. More realistic scenarios
involving temporally variable migration linked to past changes in
land configuration and sea level would likely better reflect the
history of these populations but would be difficult to optimize
without substantial overparameterization. More broadly, demo-
graphic inference based on the SFS is inherently limited, as
distinct demographic histories can produce similar genomic pat-
terns.*® In a geographically structured system such as Oophaga
pumilio, which has experienced repeated isolation and reconnec-
tion, parameters related to population size changes and gene
flow may therefore not be uniquely identifiable. Our inferred de-
mographic histories should be interpreted in this context.

Despite these limitations, our study provides valuable insights
into the evolutionary dynamics of color variation in O. pumilio.
By integrating genomic data with phenotypic measurements—
including color (spectrometric values), carotenoid content
(HPLC), gene expression (RNA sequencing [RNA-seq] and
gPCR), and pigment proportions—we offer a comprehensive
framework for studying color evolution. Additionally, we propose
key candidate genes and potential mechanisms underlying
color variation, laying a strong foundation for future research.
Improved genomic resources and demographic models will
further enhance our understanding of the genetic and ecological
factors shaping color diversity in this species. Moreover, our
study demonstrates a cost-effective approach for investigating
populations with highly repetitive, large genomes, making it a
valuable model for similar systems.

Our findings highlight how uncovering the genetic basis of co-
lor variation in Oophaga pumilio provides a powerful window into
the mechanisms of adaptation and diversification in natural pop-
ulations. More broadly, understanding how specific genes shape
striking phenotypic diversity in this system contributes to funda-
mental questions in evolutionary biology, including the predict-
ability of adaptation, the role of selection in maintaining diversity,
and the processes by which novel traits spread across
populations.
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FASTME 2.1.6.2 Lefort et al.""® https://gite.lirmm.fr/atgc/FastME

ngsRelate version 2 Hanghgj et al.'? https://github.com/ANGSD/NgsRelate

Exome capture processing pipeline Computational Genomics https://github.com/CGRL-QB3-UCBerkeley/
Resource Laboratory at MarkerDevelopmentPopGen
UC Berkeley

Site windows of Tajima’s D and nucleotide diversity This paper https://github.com/aguilar-gomez/angsdSupplement/

Analysis pipeline and custom scripts This paper https://github.com/aguilar-gomez/pumilioAnalysis

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of 347 Oophaga pumilio frogs were sampled from the Bocas Del Toro Province in Panama. Sampling was conducted under
approval from the University of Pittsburgh IACUC (protocol no. 15106566) and permits issued by the Panamanian government (Mi-
Ambiente, Collection/research permit no. SC/A-42-16 and export permit no. SEX/A-122-16). Aguacate blue morph frogs were
sampled from the Aguacate Peninsula ( [AG] n=37: Shark Hole n=30 [SK] and Rana Azul n=71 [RA]), which is still part of the mainland
but located a short distance from the archipelago. From the same peninsula, we sampled frogs from the blue-red transition zone Dol-
phin Bay ([DB] n: red=31, blue=32 and intermediate=41). The orange frogs were sampled from Solarte ((HP] n=30, Hospital Point). We
sampled frogs from the San Cristobal morph, which is red with blue legs and sometimes black speckles ([SC] n=26, San Cristobal and
South San Cristobal). Popa green frogs were sampled from two locations on Popa Island ([PP] n=37, Punta Laurel [PO] and Popa Dos
[PD]). Red frogs were sampled from Bastimentos island in Tranquilo Bay ([TB] n = 35). At the northwestern tip of this same island, we
sampled a polymorphic population known as Bastimentos West (BW). We sampled yellow frogs (BW-Y, n=30) and red frogs (BW-R,
n=33) from this area. We also collected green frogs from two locations on Colon Island ([CL] n=15, Boca del Drago and La Gruta). The
exact locations are omitted because of the persisting illegal pet trade of O. pumilio. Frogs were sampled from distinct local “neighbor-
hoods” to minimize the probability of collecting closely related individuals.

METHOD DETAILS

Reflectance Spectrometry and Color Assignment

Color measurements were based on the average of five representative individuals for each population. More details of these samples
and the complete detailed methods can be found in Freeborn.*® The values measured from Freeborn®® were imputed to the samples
from this study, assigning the average value of its corresponding population (and specific morph in the Dolphin Bay and Bastimentos
West polymorphic populations). Dorsal coloration of each animal was measured at three predefined regions per side with a
JAZA1507 reflectance spectrophotometer connected to Oceanview software. Measurements were taken in a darkroom and the in-
strument was calibrated at each session’s start with light and dark standards. Upon completing one round of measurements for a set
of five frogs, sample order was randomized and the process was repeated a second time for each frog. Using pavo'°’ in R, raw spec-
tral data were processed to visualize spectra and calculate colorimetric variables. Spectra were restricted to the UV-visible range,
300-700nm, and wavelengths were averaged into 1nm bins. We used the summary.rspec function in pavo to calculate total bright-
ness (B1), the wavelength at the reflectance midpoint (hue, H3), and the relative contribution of a spectral range to total brightness
(chroma, S1). Pavo splits S1 into six wavelength ranges corresponding with trichromat-perceived hues: Sy (ultraviolet, lambda min-
400nm); Sy (violet, lambda min-415nm); Sg (blue, 400nm-510nm); Sg (green, 510nm-605nm); Sy (yellow, 550nm-625nm); Sg (red,
605-lambda max). Vision in Oophaga pumilio is trichromatic (A max LWS = 561, MWS = 489, and SWS = 466 nm).""”

Pigment Quantification

Frogs were euthanized via decapitation and double-pithing following IACUC protocol (University of Pittsburgh, No. 15106566). Dorsal
skin was removed, placed in vials with ~1.5 mL room-temperature Karnovsky’s fixative (Morris 1965, pH 7.0-7.2), and, after ~2
hours, replaced with 0.2M sodium cacodylate buffer (pH 7.2) and stored at 4°C. Using a stereomicroscope, up to four 1-2 mm
"matchstick" pieces were taken from each skin sample, avoiding melanistic spots. The pieces were postfixed in 1% osmium tetrox-
ide, dehydrated in ethanol, rinsed with propylene oxide, embedded in Epon epoxy resin, and cured at 60°C for at least 48 hours. Thick
(1 p) and thin (350 nm) sections were prepared by histologists at the Center for Biological Imaging (CBI), University of Pittsburgh, and
mounted on glass slides.

High-resolution images of one section per matchstick were scanned at 400x magnification using a Zeiss TissueGnostics micro-
scope. Images of unstained sections were re-scanned with a polarizer for overlaying light and polarized images. NIS-Elements
and ImageJ software''® were used to quantify areas of melanins, carotenoids, and reflecting platelets in the dermis. Proportions
of total pigment, melanosomes, carotenoids, and reflecting platelets were calculated for each histosection. The counts of the
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pigments were transformed using pivot coordinates, a specialized isometric log-ratio transformation.’'® In this method, the first co-
ordinate captures the relative information between two compositional parts (e.g., melanosomes and carotenoids) with respect to the
third (e.g., reflecting platelets). This approach enables separate statistical models for each component, isolating their contributions.
Data included measurements from 1-4 histosections per individual and 3-5 individuals per morph.

Carotenoid Composition

High-performance liquid chromatography (HPLC) was used on pooled samples of each color morph. Analytical methods followed
McGraw'2° with modifications by Crothers et al.'?! for O. pumilio. Carotenoids were extracted with a 1:1 hexane/MTBE mixture
and analyzed using a Waters HPLC 2695 with a PDA detector 2996. Chromatograms recorded absorbance wavelengths (A) over
retention time (minutes). Peak absorbance wavelengths (Amax) identified pigment types, and the area under each peak estimated
pigment quantities (from which concentrations were calculated, as ng pigment per g skin).

Dietary carotenoids can be deposited directly in tissues or enzymatically modified before deposition. These modifications result in
three major classes: (1) apocarotenoids, formed by oxidative cleavage of the polyene chain, (2) €,e-carotenoids, derived through a
B-to-¢ shift in the ring double bond and oxidation of the 3-hydroxyl group and (3) ketocarotenoids (4-keto-carotenoids), produced
by adding ketone groups at the C4 position which shifts absorption toward the red spectrum.®**” Based on these transformations,
we categorized carotenoids into five groups: (1) colorless processed carotenoids (apocarotenoids), (2) dietary orange carotenoids
(e.g. carotene), (3) dietary yellow carotenoids (e.g. xanthophylls), (4) processed yellow carotenoids (g,e-carotenoids), and (5) pro-
cessed red carotenoids (ketocarotenoids). Morphs were grouped into three categories for analysis: (1) red/orange (n = 5), (2) yel-
low/green (n = 4), and (3) blue (n = 2), excluding the intermediate/brown Dolphin Bay morph. We plotted the values using heatmap.2
in R from the gplots package.'?' Values were scaled per column and a Z-score was calculated per column. To assess the differences
between content of pigments between different color morphs, we performed a SIMPER test in R using the vegan package®”
(Table S2).

Probe Design for Exome Capture

The initial transcriptome was 108 Mb represented by 152,862 transcripts.** The transcripts were mapped to the Oophaga pumi-
lio**+%*#% and Ranitomeya imitator genomes using STARlong 2.7.0d."%? using the following parameters: —outFilterMismatchNmax
5000, —outFilterMismatchNoverReadLmax.1, —seedSearchStartLmax 20, —seedPerReadNmax 50000, —-sjdbOverhang 100 —outFil-
terScoreMin 0, —outFilterScoreMinOverLread 0, —outFilterMatchNminOverLread.5 —seedPerWindowNmax 1000. We removed the
transcripts that did not map to these two assemblies. This resulted in 141,482 transcripts and 104 Mb. Then we used transcript_fil-
ter.pl v0.2.0 to remove isoforms. We did two rounds of filtering using the following parameters: 1) minimum 80% coverage and 98%
identical 2) 90% coverage, 95% identical. The isoform removal step resulted in 97 Mb. We removed most mitochondrial genes using
the annotation and kept cytB. We used 6-Process Annotation (https://github.com/CGRL-QB3-UCBerkeley/MarkerDevelopment
PopGen) to filter out sequences smaller than 150 bp and with a GC content smaller than 35% or larger than 75%. This script
also masked repeats setting the parameter to “Xenopus genus” and “vertebrates”. Finally, we checked whether all candidate color
genes were present in our transcriptome. Genes that were missing from the transcriptome were added using their corresponding
sequences from the O. pumilio or R. imitator genomes.The final design had 90 Mb and 115,420 regions and was sent to
NimbleGene for approval. NimbleGene made 116,121 probes that targeted 80 Mb, estimating a final coverage of 86 Mb across
110,329 transcripts. The exome capture design is available on Dryad: https://doi.org/10.5061/dryad.np5hqc055.

Library prep

Genomic DNA was extracted from frog tissue samples using the DNEasy Blood and Tissue Kit (Qiagen) according to the manufac-
turer’s protocol for animal tissue. High molecular weight DNA samples from 347 O. pumilio individuals were diluted to obtain volumes
between 100 and 170 pL with concentrations lower or equal to 30 ng/puL. Samples with similar concentrations and the same volume
were grouped in sonication batches. We sonicated using Q800R3 Sonicator from QSonica. We sonicated DNA samples for four mi-
nutes, with a pulse of 15 seconds ON / 15 seconds OFF, at 40% amplitude. Tubes were spun down in a centrifuge halfway (after two
minutes) and restarted. Samples with low concentration (i.e., <1 ng/uL) were sonicated for an extra minute (five minutes total soni-
cation time; same parameters). Target fragment size was ~300-500bp. We verified that the sonication worked properly by running
1 pL of each sample on a 2% agarose gel.

Sonication was followed by size selection using lab-made SPRI beads [20% PEG-8000 / 2.5M NaCl / 1 mg/mL Sera-Mag Speed-
Bead Carboxylate-Modified Magnetic Particles (Hydrophobic) 65152105050250'?] to refine the fragment sizing. These magnetic
beads reversibly bind to larger or smaller sized DNA fragments depending on the volume added. The target for our libraries was
~350 bp, so we used a 0.5x ratio for the right-side selection and 0.65x for the left-side. We used the Rainin Benchsmart 96, a
high-throughput pipetting system, to treat 96 samples simultaneously. Each plate had randomly selected samples from different
populations. An agarose gel was run after the double-sided bead cleaning to confirm the fragment sizes. Then, we used a modified
Kapa HyperPrep library prep kit for end repair and A-tailing, '** followed by adapter ligation with a universal stub. The next step was a
post-ligation bead clean-up to remove excess adapters and ligase. Finally, we performed a 0.8x SPRI cleaning on the Benchsmart.

The final stage of library preparation was to use long, TruSeg-style indexing oligos to amplify the libraries in order to: 1) enrich for
fragments with adapter ligated on both ends, 2) to extend the length to anneal to the lllumina flowcell, and 3) to incorporate a unique
dual-index molecular tag so that the reads associated with the 347 pooled libraries could later be separated during demultiplexing.
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We used plates provided by the Functional Genomics Laboratory (University of California, Berkeley) that contain 5 pL of a pre-mixed
unique P5 and P7 indexing oligos for each sample. To this we added 15 pL of Kapa 2x HiFi HotStart ReadyMix and 10 pL of our
adapter-ligated product. Then this was given 8-10 cycles (depending on DNA input mass) of indexing PCR according to the standard
Kapa Hyper Prep gDNA protocol. Amplification involved initial denaturation at 98°C for 45 seconds. This was followed by 8-12 cycles
(depending on DNA quantity) of denaturation at 98°C for 15 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 60
seconds. A final step of DNA extension lasted 5 minutes at 72°C. The Benchsmart was again used to do a final 0.8x bead clean-up to
remove excess indexing oligos and dimers. After completing the libraries, we did quality control by measuring the final concentration
using a Qubit fluorimeter and running agarose gels and Bioanalyzer DNA 1000 chips to obtain library sizing information. After adding
the adapter and index, the average size of libraries was ~450-650 bp.

Pooling and Exome Capture

For the capture hybridization we made five pools containing ~70 samples each: we pipetted different volumes per sample depending
on the concentration to ensure we had the same mass for each sample (150 ng). Each pool consisted of samples from different pop-
ulations and contained a total of ~3 pg of DNA. We added 15 pL of blocking oligos (Roche UBO), 5 uL of Cot-1 from each of three
different species (human, mouse, chicken), and 15 pL of Roche Developer Reagent. Then we concentrated the pools in a vacuum
centrifuge and resuspended the pools in Roche Nimblegen buffers 5 and 6. We aliquoted the Nimblegen probes into strip tubes,
added the DNA mix to the probes, denatured at 95°C, and started hybridizing at 47°C. We incubated for 72 hours and 45 minutes.
[Aside from starting with higher library mass, incorporating additional blocking elements (both due to the larger genome size of Oo-
phaga pumilio), and the longer hybridization time, we followed the Roche SeqCap EZ HyperCap Workflow User’s Guide v2.0 protocol
as written.] After probe hybridization, we followed the Nimblegen protocol to bind the probes to streptavidin-coated beads (Dyna-
beads M270, Thermo Scientific), thoroughly wash the beads/probe/library complex, and elute the captured DNA. 20 pL of bead-
bound captured product was used as template for enrichment PCR and added to 25 pL Kapa 2x HiFi HotStart ReadyMix and
5 pL Kapa 10x lllumina Primer Mix. This was given 10 cycles of amplification according to the EZ HyperCap v2.0 protocol and
each capture product was amplified separately in three different reactions. These were cleaned with a 1.0x ratio of SPRI beads,
eluted in 20 pL and then the three reactions for each pool were combined. We assessed the final concentration, size distribution,
and quality of the amplified captured pools using Qubit fluorimeter values, Bioanalyzer, and agarose gel electrophoresis.

Sequencing and Read processing

We sequenced two lanes of lllumina NovaSeq 6000 150PE Flow Cell S4 at the Vincent J. Coates Genomics Sequencing Laboratory
(“QB3 Genomics, UC Berkeley, Berkeley, CA, RRID:SCR_022170"). We used Trimmomatic-0.39'%® to remove adapters
(ILLUMINACLIP:TruSeqg3-PE.fa:2:30:10), leading and trailing low quality or N bases (below quality 3) (LEADING:3,TRAILING:3 ),
cut reads when the average quality per base drops below 15 in a 4-base sliding window (SLIDINGWINDOW:4:15), and drop reads
below the 75 bases long (MINLEN:75). We also used PRINSEQ-lite 0.20.4 to remove low complexity reads (-lc_method dust
-lc_threshold 7) and overrepresented sequences (-custom_params "G 50").

Mapping and annotation

The reads from each sequencing lane were mapped independently to the O. pumilio rescaffolded genome, (referred to in the main
text as “fragmented O.pumilio assembly”) [total length: 4,837,165,062 bp/ L50: 11,434/ N50: 105,380 bp]**“® using BWA-MEM
version 0.7.17."%“ Next, we filtered the alignments with SAMtools 1.11"'%° and used the flag -F 1804 to exclude reads: read unmapped
(0x4), mate unmapped (0x8), non-primary alignment (0x100), read fails platform/vendor quality checks (0x200), and read is PCR or
optical duplicate (0x400). Finally, we merged the BAM files coming from different lanes for each individual. The publicly available re-
scaffolded genome*® was not annotated, so we used the coordinates of the mapped transcriptome to the O. pumilio (see section
Probe design for exome capture) as annotation. Later, we contacted the author of the rescaffolded genome*® and he kindly provided
the gff file, without gene names. For all the labeled genes, the CDS was extracted using GffRead'’® and blasted against the nucle-
otide database.'** We made sure all genes corresponded in both annotations.

SNP filtering

SNP filtering was performed using ANGSD 0.947-13-gb7eb654."°” We kept SNPs with a minimum of 250 individuals with 1x depth
(minind, setMinDepthind), maximum depth of 50x (setMaxDepthind), base quality 25 (minQ), mapping quality 25 (minMapQ), poly-
morphic sites p-value<1e-6 (SNP_pval), remove triallelic sites and use the reference genome as major (skipTriallelic, doMajorMinor),
discard reads with flag >=256 (remove_bads), discard reads that do not map uniquely (uniqueOnly), keep only paired-end reads that
mapped correctly (only_proper_pairs). We also removed SNPs with excess heterozygotes (hetbias_pval 1e-6), strand bias (sb_pval
1e-4), end distance bias (edge_pval 1e-4), and map quality bias (mapQ_pval 1e-4). This filtering resulted in 10,231,695 sites. These
sites have an average depth of 8.22x.

Population Structure Analyses

A 5% minor allele frequency was implemented to run the population structure analyses. We obtained 1,973,099 SNPs after this filter.
We used PCAngsd 1.10"2° to perform Principal Component Analysis (PCA). The program gpas from OHANA*’ was used to calculate
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ancestry components with k=4 to k=10. We sampled randomly 1% of the sites to calculate ancestry components. We calculated the
covariance of the allele frequencies in different components using nemeco from OHANA* to approximate a tree.

Demographic Inference

We generated a binary vcf file using the command -doBcf 1 from ANGSD'” and -doGeno 3, and -doPost 1 using the same filters as
described in the SNP filtering section, but including the two outgroup samples (O. sylvatica). We converted the vcf file to plink format
with -maf 0.0057 to make sure we included variants that are present in at least 2 individuals (2/349); this resulted in 1,982,428 var-
iants. We converted the plink format into TreeMix'°® format, which is the same format needed in AdmixtureBayes.*® We ran
AdmixtureBayes on the input file for TreeMix when allowing for each of 0, 1, 2, 3, and 4 admixture events, and obtained a distribution
of admixture graphs for each number of events. Three independent MCMC chains were run for each analysis, and convergence was
assessed through both trace plot analysis and Gelman-Rubin convergence diagnostics to verify that the stationary distribution had
been reached. Each chain was run with the parameters —-n 750000 -MCMC_chains 31 —spacing 1.4 -maxtemp 1000 -max_admixes k
—-num_ind_snps 40000, where k denotes the number of admixture events that were allowed. For the analyzeSamples step, a burn-in
fraction of 0.3 and a thinning rate of 10 were used to obtain our sample of graphs from the stationary distribution.

To test the performance of AdmixtureBayes with parameters resembling the O. pumilio dataset, we ran a set of simulations to
check the self-consistency of the AdmixtureBayes results. In particular, we ran simulations with both 0 admixture events and 1
admixture event with branch lengths and admixture proportions that matched those that were inferred by AdmixtureBayes on the
real dataset. Mutation rates and sample numbers in each population were set to match the real data. For each simulation, a
50Mb region was simulated in msprime'%® with a mutation rate of 2 x 10 "(-9) and a recombination rate of 10 “(-8). Sample sizes
for each population were chosen to match the real dataset: 3 from PD, 35 from TB, 30 from HP, 15 from CL, 63 from CM, 34 from
PO, 7 from RA, 26 from SC, 104 from DB, 30 from SK, and 4 from the outgroup. The branch lengths for the 0 admixture event
simulations can be represented by the Newick Tree: (((((((SK:0.000000012,DB:0.0064):0.026,SC:0.2367):0.0183,RA:0.024):0.139,
P0:0.102):0.0182,(CL:0.0767,CM:0.176):0.033):0.046,HP:0.141):0.0246,(PD:0.044,TB:0.176):0.064):0.115,0utgroup:0.115); and the
branch lengths and admixture proportions for the 1 admixture event simulations can be represented by the Newick tree: (((((SK:0.
00001228429,DB:0.0064):0.0266,SC:0.2362):0.0174,RA:0.0246):0.1298,((HP2:0.1474,CM:0.126):0.0596,CL:0.0652):0.0489):0.027,
PO:0.0887):0.0628,((TB:0.14119,HP1:0.1625):0.04725,PD:0.0315):0.066):0.115,0outgroup:0.115); followed by HP1 and HP2 admix-
ing with an admixture proportion of 0.5 each and the resulting HP population having a terminal branch length of 0.07598. For
each number of admixture graphs (0 and 1), 20 independent 50Mb regions were generated. AdmixtureBayes was run on each
with the arguments —n 20000 and —-max_admixes k for k = 0 or k = 1. All other parameters were left to their default values. For
each dataset, we examined the tree that was sampled with the highest posterior and also examined 100 trees sampled from the pos-
terior distribution. For each tree, we calculated the topology equality, which is 1 if the topology matches the simulated topology and
0 otherwise. We considered the distribution of the topology equality for the tree with the highest posterior (which we call the mode)
across all 20 datasets and do the same for the average value of the topology equality over all 100 samples trees from the posterior
(which we call the mean). Across both the mode and mean and both 0 and 1 admixture events, we find all topology equality metrics
to be > 0.99, indicative of strong concordance between the inferred and true topologies. All simulation scripts can be found in
the AdmixtureBayesSimulations folder of the 7_Demography directory on the accompanying GitHub (https://github.com/aguilar-
gomez/pumilioAnalysis/).

We calculated the folded 2dsfs using realSFS'°” and ran dadi*® with pairs of populations using two models: 1) population split and
2) population split with migration. The mutation rate was set to 107, per year and the generation time was set to two years.”® The total
length of DNA sequence analyzed to obtain the SNP data (10,788,793 bp) was set to 164,229,310 bp, which includes invariant sites.
This number was obtained from mapping the exome capture data to the whole genome and keeping only positions that passed the
following thresholds: 250 individuals with 1x depth (minind, setMinDepthind), maximum depth of 50x (setMaxDepthind), base quality
25 (minQ), and mapping quality 25 (minMapQ). We generated the folded joint SFS for each pair of populations using realSFS. We
ran the program 100 times for each pair of populations and selected the model with the highest log-likelihood. We used the split
with migration model, which has the following parameters: population sizes (nu1,nu2), time of the split (T), and migration rates
(m12, m21, we used symmetric migration). The initial parameters for the models were (params = [1,1,1,1], lower_bounds = [1e-3,
1e-3, 1e-3, 1e-5], upper_bounds = [200,200, 300, 100]). For the model with no migration, we used the same parameters and set
m12=m21=0. We used the method (dadi.Misc.perturb_params) to perturb the parameters for each run.

Synteny alignment

We aligned the genome of O. sylvatica, which was provided by the group of Lauren O’Connell from Stanford University (now publicly
available SRA: PRINA909817), and the rescaffolded Oophaga pumilio genome.*® The alignment was performed with nucmer from
MUMmer4,""® which aligns the two genomes using a minimum cluster length (-c 2000), ten threads (-t 10), and used FASTA files as
input. The alignment results are filtered with delta-filter' '° to retain only high-confidence one-to-one alignments with at least 95%
identity. The filtered data is then processed using a Python script to create a layout file for visualization, which is split into a reference
layout containing chromosome names and lengths, and a query layout listing the sequences to be visualized. Finally, the mummerplot
tool generated a PNG plot of the alignment, using the layout and filtered alignment data. The output of the layout.py script provided a
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one-to-one correspondence between the scaffolds of O. pumilio and chromosome level genome of O. sylvatica. For plotting using the
synteny, we organized the scaffolds according to the layout output; scaffolds that did not have a confident match are plotted at the
right from the chromosomes.

Coding mutations and protein trees

We generated a consensus fasta sequence per population (-doFasta 2 from ANGSD'%"). Then we used the gff3 file to extract the CDS
and compare the sequences between morphs. We obtained the synonymous and non-synonymous mutations in the candidate
genes. We explored the structure of the protein changes using SWISS-MODEL®® (https://swissmodel.expasy.org/). We aggregated
the consensus CDS from each population in a single file. Since they were generated from the same coordinates, putting all the se-
guences in the same fasta file worked as an alignment. We generated a tree with the neighbor joining algorithm in Jalview' ' using the
aggregated fasta as input.

Average genomic tree and gene trees

The gene trees with each individual having its own branch were generated using genotype likelihoods as described in Jin et al.>® and
briefly described next; for the average genomic tree, we used the 10,231,695 sites described in SNP filtering. We used the sites pass-
ing the filters that fall within the corresponding scaffold. All the trees generated for genes of interest had only one gene per scaffold.
We calculated the distances using ngsDist''® with genotype likelihoods. We implemented neighbor-joining (BIONJ) FASTME
2.1.6.2""° to infer the trees. All the trees are unrooted.

4-population (ABBA-BABA) test

We used ANGSD 0.947-13-gb7eb654'° to perform a 4-population test (ABBA-BABA test) using the -doAbbababa2 function (Data
S1). This test evaluates deviations from a strictly bifurcating tree topology by quantifying excess allele sharing among populations.
We provided a list of BAM files containing aligned sequencing reads and population size information. Analyses were restricted to a
predefined set of genomic regions using both a region file (-rf) and a site file containing variant positions (-sites) (see SNP filtering). To
ensure high-quality site representation, we included only uniquely mapping reads (-uniqueOnly 1) and removed triallelic sites
(-rmTrans 0). We mapped O. sylvatica reads (kindly provided by Lauren O’ Conelll) to the O. pumilio genome to generate a BAM
file that was used as an outgroup for all the test.

qPCR experimental methods

We extracted total RNA from skin tissue samples preserved in RNAlater. Tissues were homogenized using 2 mL tubes pre-filled with
2.8 mm ceramic beads in a bead mill homogenizer. RNA was purified with the Monarch Spin RNA Isolation Kit (NEB #T2110)
following the manufacturer’s protocol, including on-column DNase | treatment to remove genomic DNA. RNA concentration and
quality were assessed using Qubit, and all procedures were performed under RNase-free conditions. Reverse transcription was
carried out using the SuperScript IV VILO Master Mix (Invitrogen) as part of a two-step RT-qPCR workflow. cDNA synthesis reac-
tions contained 250 ng of total RNA in a 20 pL volume and used a mixed priming strategy consisting of oligo(dT)\1s and random hex-
amers. No-RT controls were included for each sample. The thermal protocol consisted of 25°C for 10 min (primer annealing), 50°C
for 10 min (cDNA synthesis), and 85°C for 5 min (enzyme inactivation). Quantitative PCR was performed in 20 puL reactions contain-
ing 10 uL SYBRGREEN Select Master Mix (Applied Biosystems), 1 uL each of 5 uM forward and reverse primers (final concentration
250 nM), 2 pL of 1:10 diluted cDNA, and nuclease-free water. Cycling consisted of 50°C for 2 min (UDG activation), 95°C for 2 min
(polymerase activation), followed by 40-45 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s, and concluded with a melt-curve
analysis (95°C for 15 s, 55°C for 1 min, then ramping to 95°C at 0.15°C/s). Primers were designed in Primer3 based on coding
sequence transcript alignments to Oophaga pumilio scaffolds in Geneious and were placed across exon-exon junctions near
the 3’ end of transcripts to ensure amplification of cDNA rather than genomic DNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

qPCR statistical methods
To calculate the gene expression ratio, we used the Pfaffl metho which considers primer efficiencies (E). We calculated each
sample’s average and standard deviation CT in the gene of interest (GOI) and reference gene (REF). The ACT was calculated using
a reference sample in all plates.

We used the following formula to calculate the gene expression ratio:

126
d,

ACTgo;

in — CGol
expRatio = EACTrer
REF

And we calculated the standard error (SE) to add error bars:

SEexpRatio = expRatio * \/ VarACTgo * l0g(Egor)*+Var ACTrer * log(Erer )

e6 Current Biology 36, 1-18.e1-e8, March 23, 2026


https://swissmodel.expasy.org/

Please cite this article in press as: Aguilar-Gémez et al., Selection-driven color variation in the aposematic strawberry poison frog, Oophaga pumilio,
Current Biology (2026), https://doi.org/10.1016/j.cub.2026.01.041

Current Biology ¢? CelPress

OPEN ACCESS

Selection scans and genomic associations

We calculated the population divergence using rea/SFS'?” to estimate the fixation index Fsr. We performed selection scans by calcu-
lating the Population Branch Statistic (PBS) by windows across the genome using realSFS. We calculated the unfolded 2dsfs of the
three pairs of each combination. We obtained a global estimation of Fgr (Table S1) and PBS, followed by window estimation
(size=100,000 bp, step=20,000 bp). We excluded incomplete windows. We annotated the 99.8th outliers with windows with at least
20 SNPs. Windows were annotated with a gene name if they overlap with the gene annotation; we kept the label on the window with
the highest PBS value for each gene.

Genomic associations were performed on spectrophotometer measurements of light wavelengths. We used GEMMA 0.98.5'"" to
perform a Wald test using a standardized relatedness matrix (calculated with GEMMA). To identify related individuals, we estimated
pairwise relatedness within each population using ngsRelate2,'?® which relies on genotype likelihoods (Data S2). Individuals with
relatedness r > 0.1 were considered related. This resulted in 32 related pairs; to avoid inflating association signals, we removed
26 individuals, retaining only one individual per related pair in the GWAS.

To reduce the number of SNPs displayed in the Manhattan plots, we excluded SNPs with p-value > 0.1. From the surviving SNPs,
we annotated SNPs in the 99.98th percentile of the test statistic distribution and retained only genes containing at least two outlier
SNPs. SNPs were assigned to genes only if they fell within annotated gene boundaries, including introns. To visualize genomic
context, we aligned the O. pumilio genome to the contig-level O. sylvatica assembly and plotted scaffold positions according to
this synteny map.

The inflation factor (A ) was calculated by transforming p-values from the Wald test into chi-square statistics using the inverse chi-
square cumulative distribution function with one degree of freedom. Then, the factor was computed as the ratio of the empirical me-
dian to its theoretical expectation under a chi-square distribution with one degree of freedom. The chi-square statistics were then
adjusted by this factor to correct for inflation, and the corrected values were converted back to p-values using the chi-square survival
function. Values of A greater than 1 indicate inflation due to unaccounted structure or relatedness, whereas values less than 1 indicate
deflation, which may arise from overcorrection or limited power. In our analyses, A was 0.70 (blue), 0.93 (red), and 0.85 (green), all
below 1 and therefore indicative of slight deflation rather than inflation. Following best practices, we corrected test statistics using
the maximum of A and 1; because all A values were < 1, no inflation correction was applied. We note this explicitly to clarify that the
observed Q-Q patterns do not reflect inflation.

The proportion of genetic variance among populations explained by the top associated SNP variants in each association peak was
estimated using the following formula according to Zhou et al.’?°

PUE ogen * E-f2+SE2)

phe

Where Ugen is calculated using the allele frequency (af) of the SNP oge,,: 2*af(1-af). The effect size (§) and its standard error (SE) are
calculated for each SNP by GEMMA. The phenotypic variance ( aghe) was calculated using the reflectance values per population.
Differential expression

Publically available RNA-seq skin cell dataset from five green, five red, and five blue Bocas del Toro O. pumilio*® was downloaded
using fasterg-dump from NCBIl.mTrimmomatic (v0.39) parameters: “2:30:10:2:keepBothReads LEADING:3 TRAILING:3 MIN-
LEN:75” was used to remove adapters. We generated a gtf file using gffread'°® (v0.12.7) from the gff annotation without gene names
provided by the author of the publicly available dataset. We used STAR’s'%? “—runMode genomeGenerate” function to index the
genome using the following parameter “-limitGenomeGenerateRAM 4272279470500 —genomeSAindexNbases 15.086”. After-
wards, we aligned the reads to the indexed reference genome using STAR (v2.7.10): “~runMode alignReads” with parameter “-read-
FilesCommand zcat —quantMode TranscriptomeSAM”. Transcript quantification was done using RSEM v1.3.3. with rsem-prepare-
reference followed by rsem-calculate-expression.

For the annotation, we used TransDecoder''? (v5.5.0)’s gff3_file_to_bed.pl to transform the gff file into a bed file. We blasted all the
transcripts to the Blast Nucleotide Database'" since the gff was provided without gene names. We kept the gene name annotation
for each transcript with the highest bitscore. For our genes of interest, we also corroborated the annotation of the transcripts and the
genome assembly location using our assembly annotation. We ran differential expression analysis with DESeq2''® in R (v4.2.0), using
RSEM ‘expected_counts’ as input. All differential expression analyses were performed using DESeq2 size-factor-normalized counts
derived from RSEM expected counts. Transcripts were aggregated by gene name. We subset to only candidate genes that were
outliers of selection - color association genomic scans. We did all the pairwise combinations (blue-red-green) and ran the DESeq2
analysis function. We kept the significant DE genes (g-value<0.05).

Haplotype divergence estimation

We estimated haplotype divergence between two morphs within the target gene region by first calculating site allele likelihoods for
shared segregating sites using ANGSD with the -doSaf 1 option. We then computed the two-dimensional joint site frequency
spectrum (2D SFS) using realSFS. Pairwise nucleotide divergence (12 ) between the two morphs was calculated from the 2D
SFS using the expected number of differences between alleles sampled from each morph. Specifically, for each bin (i,j)in the
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2D SFS, where i and j represent the number of derived alleles in morphs 1 and 2, respectively, and n4, n.are the number of alleles
per morph, we used the formula:

mo22 i(n2 — )+l — i
T = Z ZSFS:‘J ( NH( )

= =% nin2

Finally, divergence time for the gene of interest dTy,; was estimated as:

12
dTgoi = 248
Where u = 10~ %is the mutation rate per site per year, and S is the number of shared segregating sites between the two morphs in the
gene region.

HKA test
We used the HKA test'®" to assess whether the genes we found involved in pigmentation have neutral evolution patterns. We calcu-
lated the allele frequencies using ANGSD (-doMaf 1)'*? and the allele in the reference genome as major (-doMajorMinor 4). We kept
non-variable sites and biallelic variants that passed the above SNP filtering. We compared O. pumilio population allele frequencies
against the outgroup R. imitator. A site was defined as polymorphic when segregating (.001< af1 <.999) in the population of interest
and fixed (af2 <.001 or af2 >.999) in the outgroup. A site was defined as fixed if the population and the outgroup were fixed for different
alleles. By adding a divergent outgroup, some of our biallelic SNPs in O. pumilio were triallelic, with a different allele in R. imitator. We
also counted a site as both fixed and polymorphic if it was segregating in O. pumilio and fixed for a third allele in the outgroup.
We counted all the fixed and polymorphic sites genome-wide. We built a contingency table comparing the fixed and polymorphic
sites within a scaffold compared to genome-wide counts and performed a X2 test using Yates correction. We adjusted the X2 values
using genomic control and calculating a deflation/inflation index.

Tajima’s D
We calculated site allele frequency likelihood using doSaf -1 of all the sites that passed the SNP filters and the invariable sites that
passed the mapping and read quality filters. Then we calculated the maximum likelihood estimate of the folded site frequency spec-
trum (realSFS) and thetas estimate for each site using saf2theta.’*® The output of this method gives estimates of nucleotide diversity
(Pairwise: tP) and Watterson theta (Watterson; tW). We calculated Tajima’s D according to the formula described in Tajima’®:
tP — tW
e1S+e,S(S — 1)

where S is the number of segregating sites and e4 and e, are variance estimators. We performed the calculations using windows of
1000 sites. The scripts used can be found here: https://github.com/aguilar-gomez/angsdSupplement/
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Figure S1. Additional population structure and admixture graph inference results. Related to
Figure 1. A) Genome-wide tree. Population abbreviations are the same used in Figure 1: DB (Dolphin
Bay), SK (Shark Hole), RA (Rana Azul), PO ( South Popa), CL (Colon), BW (Bastimentos West), HP
(Hospital Point), PD (North Popa), SC (San Cristébal), and TB (Tranquilo Bay); B) Additional PCA
components. PC3 and PC4 with the variance they explain in parentheses. Colors in panel B correspond
to the same population colors shown in A. C) Additional topologies and their probabilities given the
number of migration events. 0 events (100%), 1 event (100%), 2 events (100%), 3 events (68%, 32% [not
shown]), and 4 events (45% [shown in Figure 1E], 17%, 12% [not shown]). The probability of these three
topologies is 74% of all sampled graphs with 4 migration events; the rest of the topologies each have
1-3% probability and are not shown here. Population abbreviations are the same used in Figure 1: DB
(Dolphin Bay), SK (Shark Hole), RA (Rana Azul), PO ( South Popa), CL (Colon), BW (Bastimentos West),
HP (Hospital Point), PD (North Popa), SC (San Cristdbal), and TB (Tranquilo Bay). The map shows the
time of the most recent split of the islands in years, and the arrows show inferred gene flow matching the
colors to the admixture events. The white star shows the inferred ancestral population of all the islands.



A Red morph Blue morph B

Dorsal Ventral Dorsal Ventral

............. DB-R Kit

RA-B Kit

T Kit' .

SK-B Kit

------------ DBl Kit

V533I

--BW-1 Kit
............. BW-R Kit f
'»;" #
o 42
.......................... PO-G Kit B
.
,,,,,,,,,,,,,,,,,,,,,,,,,, s K . .
0.000

0.001 0.002 0.003

Figure S2. Chromatophore Layering and Kit Amino Acid Variation Underlying Blue Coloration in
Oophaga pumilio. Related to Figure 3. A) Representative transverse sections of O. pumilio skin
stained with toluidine blue show the organization of the epidermis, collagen layer, and the three major
chromatophore types: melanophores (Me), iridophores (Ir), and xanthophores (Xa). Melanophores contain
melanosomes, iridophores contain reflecting platelets, and xanthophores contain carotenoid pigments.
Red morphs exhibit abundant xanthophores and more deeply positioned melanophores, with iridophores
distributed beneath them. In contrast, blue morphs show a dense band of melanophores located
immediately beneath the epidermis, reduced xanthophores, and iridophores arranged in a more compact
layer directly below the melanophores. These differences in chromatophore abundance and layering are
consistent with pigment-based red coloration versus structurally enhanced blue coloration. B) A protein
tree of Kit. Population abbreviations are: DB (Dolphin Bay), SK (Shark Hole), RA (Rana Azul), PO ( South
Popa), CL (Colon), BW (Bastimentos West), HP (Hospital Point), PD (North Popa), SC (San Cristébal),
and TB (Tranquilo Bay). Distance is shown on the x-axis and amino acid changes are shown next to the
branches they affect. On the right, we present pictures of dorsal and ventral skin of a representative
individual from each population.
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Figure S3. Additional PBS scans. Related to Figures 3,4 and 5. From top to bottom: Branch of Rana
Azul blue frogs (RA-B) vs Bastimentos West morphs (BW-R and BW-Y); Branch of Hospital Point orange
frogs ( HP-O) vs Colon (CL-G) and South Popa (PO-G) green frogs; Branch of Tranquilo Bay red frogs
(TB-R) vs Shark Hole blue (SK-B) and South Popa green (PO-G).



SK | RA | CL |BWR|BWY |DBB | DBI |[IDBR| HP | PD | PO | SC | TB

SK - 10.054{0.126 (0.19410.193 (0.012| 0.011 |0.012{0.178|0.191]0.124 {0.1320.202

RA |0.054( - 0.137)0.207(0.208| 0.06 |0.058 | 0.06 [0.177]0.193(0.125]0.146]0.187

CL |0.126]0.137| - 0.134|0.135]0.131]0.127]0.131]|0.1340.1830.114 |10.281]0.173

BWR [0.1940.207]0.134| - |0.009]0.199(0.188]0.202]0.1520.232]0.156 |0.281| 0.21

BWY [0.1930.208(0.135(0.009|] - (0.197]|0.186| 0.2 [0.152]0.234]0.155(0.279]0.207

DBB |0.012| 0.06 |0.131]0.199(0.197| - [0.009| 0.01 |0.182(0.194| 0.13 |0.137(0.207

DBI |0.011]0.058(0.127|0.188]0.186[0.009| - ]0.008(0.178]0.192(0.1280.135]0.206

DBR |0.012] 0.06 |0.131|0.202| 0.2 | 0.01 (0.008| - ]0.183(0.195]|0.131]0.136(0.207

HP (0.178]0.177(0.134 (0.15210.152(0.182|0.178|10.183| - 0.159]0.142(0.2530.154

PD (0.191]0.193(0.183(0.232|0.234 ({0.1940.1920.195(0.159| - ]0.139(0.2570.126

PO (0.124(0.125(0.114 (0.156(0.155( 0.13 [0.128 (0.131(0.142(0.139| - [0.222(0.164
281

SC (0.132(0.146(0.195(0.281(0.279(0.137(0.135(0.136 (0.253 [0.257 (0.222 - [0.271

TB |0.2020.187]0.173| 0.21 |[0.207 |0.207 [ 0.206 {0.20710.154 ({0.1260.164 |10.271| -

Table S1. Pairwise Fs; between Bocas del Toro morphs. Related to Figure 1 and STAR Methods.
Population abbreviations are the same used in Figure 1: SK (Shark Hole), RA (Rana Azul), CL (Colon),
BW (Bastimentos West; BWR: red, BWY:yellow), DB (Dolphin Bay; DBB: blue, DBR: red,
DBl:intermediate), HP (Hospital Point), PD (North Popa), PO ( South Popa), SC (San Cristébal) and TB
(Tranquilo Bay).



Cum Perm

A B species Av | Sd |Ratio| AvA |AvB| Sum | p-value
Red Yellow [ colorless processed
orange green pigment 0.017(0.01| 1.40| 4.80 (3.28| 0.634 0.921
Red Yellow dietary orange
orange green pigment 0.515|0.19 | 2.68 [143.38| 6.23 | 0.783 0.020
Red Yellow dietary yellow
orange green pigment 0.039|0.01| 2.99 | 10.05 | 0.67 | 0.930 0.030
Red Yellow processed yellow
orange green pigment 0.119]10.08 | 1.43 | 34.77 | 8.57| 0.979 0.980
Red Yellow
orange green 0.121]0.06 | 1.94 | 27.56 | 1.94| 1.000 0.020
Red colorless processed
orange Blue pigment 0.0060.00( 1.39| 4.80 (3.90| 0.615 1.000
Red dietary orange
orange Blue pigment 0.589|0.17 | 3.44 |143.38| 0.00| 0.795 0.020
Red dietary yellow
orange Blue pigment 0.046 | 0.01 | 3.83 | 10.05 | 0.00 | 0.945 0.020
Red processed yellow
orange Blue pigment 0.17210.09 1.91| 34.77 [ 0.16| 0.994 0.337
Red
orange Blue 0.144]0.07 | 2.01 | 27.56 | 0.00| 1.000 0.020
colorless

Yellow processed

green Blue pigment 0.181|0.10| 1.76 | 3.28 |3.90| 0.403 0.010
Yellow dietary orange

green Blue pigment 0.186]0.16| 1.16 | 6.23 |0.00| 0.638 0.990
Yellow dietary yellow

green Blue pigment 0.019]0.021 1.18 | 0.67 |0.00| 0.865 0.960
Yellow processed yellow

green Blue pigment 0.320( 0.21| 1.50 | 8.57 (0.16| 0.976 0.010

Yellow
green Blue 0.088]0.04)2.48| 1.94 [0.00| 1.000 0.634

Table S2. SIMPER test results showing carotenoid differences between O. pumilio color

morphs. Related to Figure 2 and STAR Methods. Morphs were grouped into three groups for these
tests: 1) red/orange, 2) yellow/green and 3) blue; intermediate color morphs were excluded (blue-red

intermediate).



Carotenoid Pigment B Sk Sy Se Ss Sy

Apocarotenoid ns + ns - ns ns
Canary Xanthophyll Ester 1 +* +** ns ns - -
Canary Xanthophyll Ester 2 +* + ¥ ns ns - -
Canary Xanthophyll Ester 3 ns +** ns ns - -
Echinenone ns ns ns ns ns ns
Canthaxanthin Ester 1 ns +* ns ns ns ns
Canthaxanthin Ester 2 ns +* ns ns ns ns
B-carotene + + ns ns - -
Ketocarotenoid Ester 2 +* +* +* ns - -
Cis Lutein Ester + + ns ns - -
Lutein Ester 1 + + ns ns - -

Table S3. Linear relationships between skin carotenoid concentrations and colorimetric
variables. Related to Figure 2. Reproduced from Freeborn '. Significance codes: 0 “**** 0.001 “** 0.01

" not significant ‘ns’. B: brightness, Sg: red, Sy: yellow, Sg: green, Sg: blue, Sy: violet.

Population | Color | Pop | gene Poly;z;phic ';i::g co:ﬁiczted pvalue | qvalue | significant
Al [BwW 27 91 | 24085 [0.0091[0.1207| FALSE
Bas‘t,iv'z:t"ms-@ttcwb 25 91 | 15884 [0.0414[0.2076| FALSE
Yellow [BW-Y 19 96 | 3.8431 [0.0016[0.0499| TRUE
Colon |Green |CL-G 17 96 | 4.8832 [0.0003[0.0271| TRUE
Al [DB 105 170 | 0.3854 [0.2726[0.5347| FALSE
Dolphin Bay-E _ 76 171 | 05117 |0.2506|0.4744| FALSE
Bue |oBB | 60 172 | 2.8373 [0.0050 [0.0921| FALSE
Shark Hole [Blue |SK-B 54 174 | 5.9185 [0.0001]0.0150| TRUE

Table S4. HKA test. Related to Figures 3 and 4. This test shows reduced polymorphism in genes
of interest in non-red populations. Population abbreviations are the same used in Figure 1: DB
(Dolphin Bay), SK (Shark Hole), CL (Colén), BW (Bastimentos West).



gene morph 1 morph 2 diffePraeixiesse(pi) Shared sites (k) dT = pi /(2*mu*k)
ttc39b BW- yellow BW-red 27.8 7960 1,746,231
psip1 BW- yellow BW-red 45.38 17136 1,324,113
kit DB-blue DB- red 16.39 11251 728,380
PO-green TB-red 19.69 3734 2,636,583
bco1 CL-green DB-red 21.52 3740 2,877,005

Table S5. Haplotype divergence time. Related to Figures 3, 4 and 5. Average haplotype divergence
time (years) between non-red color morphs and a red morph. Population abbreviations are the same used
in Figure 1: DB (Dolphin Bay), PO ( South Popa), CL (Colén), BW (Bastimentos West), and TB (Tranquilo
Bay).



Amino acid

substitutio
nProtein
Organism Sequence HS NS Conditions ClinVar variant identifier
O. pumilio Val533lle 4.20>4.50 C>T
Gastrointestinal stromal tumor; NM_000222.3(KIT):c.1626T
Human lle542Met 450>190 T>G Hereditary >G (p.lle542Met)
lleS42Phe | 4.50>2.98 A>T cancer-predisposing syndrome NM_000222.3(KIT):c.1624A
>T (p.lle542Phe)
O. pumilio Gly959Arg -0.40 >-4.50 C>T
NM_000222.3(KIT):c.2922C
>G (p-Asp974Gilu)
Asp974Glu -3.50>-3.50 C>G NM_000222.3(KIT):c.2921A
Human Asp974Gly -3.50 >-0.40 A>G Gastrointestinal stromal tumor >G (p.Asp974Gly)
Asp974Asn -3.50 > G>A NM_000222.3(KIT):c.2920G
>A (p.Asp974Asn)
O. pumilio  Glu960 -3.50
Mastocytosis
Gastrointestinal stromal tumor NM_000222.3(KIT):c.2923G
Asp975His -3.50 >-3.20 G>C Piebaldism : refers to the >C (p.Asp975His)
Asp975Asn -3.50 >-3.20 G>A absence of mature NM_000222.3(KIT):c.2923G
Human Asp975Gly -3.50 >-0.40 A>G melanin-forming cells >A (p.Asp975Asn)
Asp975Glu -3.50>-3.50 T>A (melanocytes) in certain NM_000222.3(KIT):c.2924A

areas of the skin and hair
Hereditary

>G (p.Asp975Gly)
NM_000222.3(KIT):c.2925T

cancer-predisposing syndrome >A (p.Asp975Giu)

Table S6. Synonymous and non-synonymous SNPs in Kit. Related to Figure 3. Each blue row

names the position and amino acid substitution in kit for O. pumilio, and the following white rows

correspond to mutations in the aligned position of the human kit ortholog. Substitutions are named

following the convention (initial amino acid)-(position)-(final amino acid). Hydrophobicity (HS) of the initial
and final amino acids are relative to the Kyte-Dolittle Hydrophobicity Scale. Nucleotide substitutions (NS)

and associated conditions in humans are taken from the ClinVar database.
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