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Abstract

The aposematic strawberry poison frog, Oophaga pumilio, is an iconic model system for studying the
evolution and maintenance of color variation. Through most of its range, this frog is red with blue limbs.
However, frogs from the Bocas del Toro Province, Panama, show striking variance in color and pattern,
both sympatrically and allopatrically. This observation contradicts standard models of the evolution of
aposematism and has led to substantial speculation about its evolutionary and molecular causes. Since
the enigma of O. pumilio phenotypic variation is partly unresolved because of its large, ~ 6.7 Gb genome,
we here sequence exomes from 347 individuals from ten populations and map a number of genetic
factors responsible for the color and pattern variation. The kit gene is the primary candidate underlying
the blue-red polymorphism in Dolphin Bay, where an increase in melanosomes is correlated with blue
coloration. Additionally, the ttc39b gene, a known enhancer of yellow-to-red carotenoid conversion in
birds, is the primary factor behind the yellow-red polymorphism in the Bastimentos West area. The causal
genetic regions show evidence of selective sweeps acting locally to spread the rare phenotype. Our
analyses suggest an evolutionary model in which selection is driving the formation of new morphs in a
dynamic system resulting from a trade-off between predation avoidance, intraspecific competition, and

mate choice.

Introduction
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The strawberry poison frog, Oophaga pumilio, has bright red coloration in most of its continental
distribution '. This coloration is essential in aposematism, a warning signal to predators 2. However, in the
Bocas del Toro Province of Panama, this species exhibits remarkable variation in color and pattern 3.
Colors on the islands include yellow, orange, red, green, blue, and some intermediate phenotypes (Fig.
1A). On top of the color variation, there is also pattern diversity, with some frogs being a uniform color,
others having speckles, and some having large spots or bands of black. The formation of the archipelago
was recent—1000 to 9000 years ago “—suggesting that the dramatic phenotypic differences emerged in a
very short period of time. Most color variation is allopatric between islands (polytypism) °, with each
separate island population being monomorphic. However, a few islands have sympatric variation
(polymorphism) ®. This variation has made O. pumilio a model for understanding the mechanisms
underlying the maintenance of phenotypic variation, with hundreds of studies on O. pumilio focused on

ecology 3" toxicity "'2, sexual selection '*~'%, natural selection '©'® and population history 7.

Standard theory on aposematism suggests that natural selection acts to reduce variation 2', making the
high degree of phenotypic variability observed in Bocas del Toro somewhat enigmatic. There are multiple
hypotheses regarding the emergence and maintenance of this variation. Some of them include a) viability
selection, where color variation may have evolved as an adaptation to different environments or predators
as an honest signal of toxicity 7'21%; b) sexual selection, in the form of female mate choice and male-male
competition &14.2017.216.14.20 - ¢) geographic isolation, since most morphs are restricted to different islands
7.21. d) and a lack of predators combined with neutral drift 22. Many of the hypotheses can be combined,
with most authors agreeing on a combination of several factors likely responsible for this variation 372",
Oophaga pumilio has complex parental care and tadpoles learn to recognize traits of their parents (i.e.,
imprinting), which may influence their own mating behavior later in life 5. Oophaga pumilio shows
evidence of assortative mate preferences whereby females 2 of allopatric populations prefer to mate with
males of their own morph 22°, Additionally, males compete by defending territories and are generally
more aggressive towards males of their own morph, leading to the possibility of sexual selection favoring
rare morphs "*?°, Imprinting, female bias and male bias together are the main reasons why sexual

selection is often suggested to drive the maintenance and divergence of morphs ®.

Moreover, the genetic and physiological mechanisms underlying such phenotypic variation are becoming
increasingly understood. Advancements in the cell biology of color variation in vertebrates have shed light
on the role of specialized pigment cells, known as chromatophores, in producing and manipulating colors
and patterns on the skin 272°, There are several types of chromatophores, including melanophores, which
contain black/brown pigments; iridophores, which contain reflective platelets; and xanthophores, which
contain yellow/orange; and erythrophores, which contain red pigments 227 These cells are arranged in
layers in the skin, and their contraction or expansion can change the size and distribution of the pigments,
resulting in changes in color and pattern . For example, xanthophores have a filtering function and are

associated with yellow, orange and red phenotypes. Iridophores scatter light, reflecting shorter
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wavelengths of light, associated with blue/green phenotypes and melanophores absorb longer

wavelengths that are not scattered by iridophores .

Many of these described genetic and physiological mechanisms create the vast array of colors and
patterns across amphibian diversity. The ancestral coloration in O. pumilio is red *', but there are also
green and blue morphs in Bocas del Toro. Amphibians do not have chromatophores that produce green
or blue pigments. Instead, blue can be produced as a structural color due to diffraction or interference of
light 32, caused by specific layerings of different chromatophores 262°. In other frogs, green coloration is
then produced by combining yellow pigments with blue structural coloration. For example, in the American
green tree frog, Hyla cinerea; the combined effect of xanthophores and iridophores forms green *;
iridophores filter the light selectively to create blue coloration, then an overlaying layer of yellow
xanthophores results in green 26, Carotenoids primarily located in the xanthophores are involved in
yellow/orange/red coloration but are also crucial for green coloration in frogs. For example, a higher
carotenoid intake diet results in much brighter green coloration in some frogs 3334, Alternatively, the bones
or lymph of some frogs are tinted through a mechanism called chlorosis, defined as an unusually high
concentration of the pigment biliverdin **. However, dendrobatid frogs such as O. pumilio do not appear to
have elevated biliverdin levels ***¢ and thus the blue/green coloration in some morphs is thought to be at

least somewhat structural.

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 has been slow in coming due to the large (~6.76 Gb) and highly repetitive genome of O. pumilio,
which makes this type of approach technically challenging and expensive. To address these challenges,
we present exome sequencing data from 347 individuals from Bocas del Toro. We use GWAS coupled
with selection scans to identify genes underlying the color polymorphisms and use further population
genetic analyses of these genes to answer decades-old questions regarding the causes of the Bocas del

Toro 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 Oophaga
pumilio frogs from eight different morphs, each defined by a unique combination of patterning and
coloration: Aguacate (blue, two sampling locations: Rana Azul (RA-B) and Shark Hole (SK-B)), Dolphin
Bay (DB, B blue, | intermediate, and R red), Bastimentos West (BW, R red and Y yellow), Tranquilo Bay
(TB-R, red), Hospital Point (HP-O, orange), Popa (PP-G, green), Colén (CL-G, green) and San Cristobal
(SC-R, red) (Fig. 1A). We performed Principal Component Analysis (PCA,; Fig. 1B) on 10,788,793 filtered
SNPs. PC1 separates frogs geographically from east to west, except PP-G, which is placed between

TB-R and mainland morphs from the peninsula (SK, DB and RA). PC2 correlates with a north-south axis
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of Bastimentos Island (BW and TB). PC3 separates the SC-R morph from the mainland frogs from the

peninsula.

We used OHANA?2 for unsupervised ancestry component assignment, testing for k=7 to k=10. Most
sampled populations are allocated to their own component using k=7 (Fig. 1C), except for the mainland
DB and AG, which share a component. The Aguacate morph separates into Rana Azul (RA-B) and Shark
Hole (SK-B) subpopulations at >k=9. Some SK frogs are admixed between the DB and RA. Admixture
analyses did not separate polymorphic populations BW (yellow-red) and DB (blue-red) into different
ancestry components, even up to k=10 components (Fig. 1B and C). Three PP-G morph individuals
sampled in the north of Popa Island are estimated to be admixed with the TB population and separate
from other PP-G individuals in PCA (Fig. 1B). Therefore, we split the Popa morph into South Popa (PO-G)
and North Popa (PD-G) for subsequent analyses.
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Fig. 1. Population structure of Oophaga pumilio in Bocas del Toro Archipelago A) Sampling
locations B) PCA of genome-wide variation C) Structure plots and trees using k=7 to k=10 ancestry
components. Labels of populations have an added letter to specify the color of the individuals (R-red,
I-intermediate, B-blue, G-green, Y-yellow, and O-orange). Popa Island (PP) individuals split into South
Popa (PO-G) and North Popa (PD-G)

We calculated genome-wide pairwise Fs; (Sup Table 1). Allopatric populations showed trends similar to
previous studies using microsatellites and amplified fragment length polymorphisms '*'”. Sympatric
morphs within the same population (BW and DB) that could not be separated in the structure analysis or
PCA, have low values of Fg; (~0.01), and are indistinguishable using an average genomic tree (Sup Fig.
1). Some populations within the same island are genetically differentiated. For example, TB and BW from
Bastimentos Island show no admixture and are more diverged genome-wide (Fsr>0.2) than populations
from different islands. The North Popa population (PD) is less diverged from the red TB population from
Bastimentos (Fs;=0.126) than from the southern Popa population, PO (Fs;=0.133). Despite their genetic

differences, both Popa Island populations are phenotypically indistinguishable.

Previous studies detected no evidence of migration in Bocas del Toro '". However, using
AdmixtureBayes*® we tested topologies with up to four admixture events (Sup Fig. 2). Topologies allowing
less than four migration events can be rejected by 4-population (ABBA/BABA) tests (Sup Table 2),
providing evidence for substantial migration among islands. For example, the topology recovered with
100% probability when specifying zero admixture events, has the subgraph ((TB, PD)PO), O. sylvatica),
while the 4-population test shows ((PO,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 regarding colonization scenarios, they suggest an ancestor from the
mainland splitting into two lineages, one entering the archipelago from the north through Colon Island.
Another from the south via the Aguacate Peninsula (Sup Fig. 2). The northern lineage subsequently splits
into (HP, BW) and (TB, PD). The southern lineage is (RA, SC, (DB, SK)) with admixture from RA to SK
(seen in structure analysis, Fig. 1C). CL is admixed between north and south lineages, its proximity to the
mainland likely facilitating migration. Similarly, PO is admixed between PD and mainland ancestry. Popa
Island split from Aguacate Peninsula ~1,000 years ago* and is currently separated by a small stretch of
water (Sup Figure 2). All three admixture topologies indicate bidirectional migration between Aguacate
Peninsula and Popa Island. 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 glaciation eras* and/or continued ongoing gene-flow likely explain the observed

patterns.

To further investigate the time-scale of migration and the split between populations, we performed
demographic inference for pairs of populations using dadi **. Assuming a mutation rate of 10 46 the
divergence time between populations is close to the island formation times (Sup Table 3). For example,

Colon Island and Bastimentos Island separated ~5,200 years ago . Our results suggest the split time


https://paperpile.com/c/a76Wph/q6CVI+kTUdm
https://paperpile.com/c/a76Wph/q6CVI
https://paperpile.com/c/a76Wph/S5Ic
https://paperpile.com/c/a76Wph/S5Ic
https://paperpile.com/c/a76Wph/u9y8D
https://paperpile.com/c/a76Wph/u9y8D
https://paperpile.com/c/a76Wph/zdd7h
https://paperpile.com/c/a76Wph/AjRib+mZ6Cr
https://paperpile.com/c/a76Wph/u9y8D
https://doi.org/10.1101/2024.08.02.606438

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.02.606438; this version posted August 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

between the two closest (genetically and geographically) populations CL-BW was ~8,000 years ago (Sup
Table 3).

Genomic basis of color polymorphism
Blue

To uncover the genomic basis of blue coloration, we sampled blue frogs from Rana Azul (RA-B), Dolphin
Bay (DB-B), and Shark Hole (SK-B). Since Dolphin Bay is a polymorphic blue population, also harboring
red and intermediate phenotypes, we performed a population branch statistic (PBS) scan of DB-B and
DB-R frogs, using the TB-R population as an outgroup. The most differentiated gene in DB-B frogs is kit
(Fig. 2A, B). We also performed a genomic association with spectrometric measurements of blue
wavelength (Fig. 2D, E), correcting for population structure using a relatedness matrix. Again, the gene
with the strongest association was kit. We identified two non-synonymous mutations in kit: G959R and
V533I. G959R, located in the C-terminal domain of Kit (Fig. 2J), is fixed for the ancestral allele fixed in
bright populations such as TB (red), BW (yellow/red), and HP (orange), but instead segregates in DB and
in duller/darker colored populations (Fig. 2F). Meanwhile, V533l is located in the transmembrane domain
of kit. This mutation is fixed for the ancestral allele in BW and has a higher frequency in darker
populations (Fig. 2F). Promisingly, a previous expression study also identified mutations unique to blue

frogs in the kit gene .

To investigate selection acting on kit, we compared local values of average pairwise differences (1) and
Tajima’s D to genome-wide values in DB. The blue morph has reduced variability and Tajima’s D, which
suggests positive selection in this morph (Fig. 2H, I). We also performed a HKA test to determine if the
ratio of polymorphism to divergence 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 monomorphic blue
population, has significantly fewer polymorphic sites in kit (qvalue < 0.05), suggesting a selective sweep
(Sup. Table 4).

Kit is a tyrosinase kinase receptor involved in melanocyte precursor expansion, survival, and migration #’.
Whereas iridophores spatially close to melanophores are blue-green, isolated iridophores transmit longer
wavelengths such as red “. Interestingly, we found that blue O. pumilio have more melanosomes than red
and green frogs (Fig. 2G). An alteration in melanosome composition in the frogs’ skin driven by kit could
explain the change of chromatophore content, resulting in structural blue. The kit allele found in blue frogs
likely promotes more melanin production, increasing the number of melanophores in blue frogs and
making them appear darker. The brighter populations, such as BW, where kit is fixed for the reference

allele, have fewer melanosomes (Fig. 2G).

In the genome-wide tree, individuals from the DB polymorphic population do not cluster by color (Sup Fig.
1). However, in the kit gene tree, all of the blue frogs from DB cluster with the remaining blue frogs from

the Aguacate Peninsula, in a clade distinct from the red frogs from DB (Fig. 2K).
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Fig. 2. Genetic basis of blue coloration in O.pumilio. A) PBS scan of Dolphin Bay Blue (DB-B) branch
against DB-R and TB-R. Mapped to O.pumilio, plot using synteny, alternating colors are chromosomes

from O.sylvatica B) PBS tree of kit scaffold C) PBS genome-wide D) Genomic association to blue color
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wavelengths. E) Blue wavelength (SB) measurements grouped by population F) Allele frequency of
non-synonymous mutations of kit. G) Proportion of melanosomes in different color morphs of O. pumilio,
reproduced from Freeborn (2020). H) Pairwise differences in 1000 sites windows in the kit scaffold. The
shaded area contains the protein-coding region. Blue dots correspond to DB-B and red crosses to DB-R.
The red and black lines represent the genome-wide average in DB-R and DB-B, respectively |) Same
format as the previous plot with Tajima’s D. J) Structure of kit in O.pumilio, non-synonymous mutations
highlighted in green. K) gene tree of kit, mainland populations, and San Cristobal are colored according to

the dorsal coloration of the frog, all the other island individuals in gray.
Yellow, red, and orange

Vertebrates cannot produce carotenoids, which are used to make yellow, red, and orange pigments, and
instead obtain them through their diet 2. The only yellow morph in Bocas del Toro is in Bastimentos West
(BW-Y). There is very little differentiation genome-wide between yellow and red color morphs on
Bastimentos (genome-wide Fg; of ~0.01, Sup Table 1). However, a few genes have very different allele
frequencies between morphs. Some SNPs have an Fg; value of 0.98 (Fig. 3G), and even at the window
level (size=100,000, step=20,000), Fsr> 0.2 (Fig. 3A). Among these genes, we found 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 contains the known pigmentation genes tyrp1 and
bnc2*°. In our O. pumilio assembly, the genes are on different scaffolds, but we note that they are also in
the same syntenic region of the high-quality Oophaga sylvatica genome, suggesting that the synteny is
conserved across tetrapods and that these Fg; outliers represent the same divergence signal. (Fig. 3G,
J).

We used the blue population RA-B as an outgroup in a PBS scan between the Bastimentos West
populations (BW-R, BW-Y) to identify which was experiencing allele frequency changes. We found a
sharp peak in the BW-Y PBS branch (Fig. 3A, B). Ttc39b is the gene with the highest Fs; between yellow
and red frogs of the polymorphic Bastimentos West population. This gene is involved in carotenoid-based
phenotypes in fish and birds %%, It was also found as a candidate gene with differential expression
between different color morphs of other dendrobatids **. The carotenoid that vertebrates obtain through
diet is yellow, and red can subsequently be produced by converting the yellow carotenoids into red
ketocarotenoids. In birds, it was found that ffc39b enhances this ketocarotenoid production 2°, and our

results suggest this mechanism is conserved in frogs.

We performed genomic association tests involving all populations with spectrometric measurements of
red wavelength. The smallest p-values were found in psip1, snapc3, and ttc39b (Fig. 3D, E). Examining
the allele frequencies of the SNP with the lowest p-value in ttc39b, we found a genotype fixed in most
populations, only segregating in Colon (green), Hospital Point (orange), and Bastimentos West
populations (yellow/red). All the yellow morphs of Bastimentos West have the alternative allele (Fig. 3F).

Given that red is the ancestral color in O. pumilio, that only non-red frogs have the alternative, and that
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we know this gene is involved in yellow-to-red carotenoid production 2°, this gene's function is most likely
impaired in non-red individuals. We could not detect highly differentiated non-synonymous mutations but
found several SNPs in introns with very different allele frequencies between color morphs (Fig. 3F). The
average genomic tree does not separate yellow from red Bastimentos West individuals, but the ttc39b
gene tree separates yellow individuals which, interestingly, cluster within all the green frogs from Colon
and Popa (Fig. 3H).

Previous studies using wild pedigrees have found that the color differences in the Bastimentos West
population are largely influenced by a single locus with complete dominance of red over yellow 4. Our
findings strongly suggest that this locus is {fc39b. To assess the selection acting on this locus in the
Bastimentos West population, we compared 1T and Tajima’s D against genome-wide levels. There is low 1T
in the yellow morph and increased Tajima’s D (Fig. 3L and M). This pattern is rarely observed but implies
very few SNPs segregating at high minor allele frequency. A possible explanation is a recent selective
sweep of an admixed haplotype where increased Tajima’s D may be observed in the region around the
selected mutation %°. An HKA test also supports the hypothesis of selection within the yellow morph (Sup
Table 4) with very few polymorphic sites within the BW-Y population (g-value < 0.05). We previously
mentioned that the BW-Y {f{c39b haplotype clusters within the green populations (CL-G, PO-G), which
likely share the impairment of red pigment production, leading to green coloration in the presence of blue
structural coloring. In contrast, BW-R clusters with red and orange populations HP-O and TB-R (Fig. 3H).
A likely explanation for this pattern is that the yellow ttc39b haplotype was transferred by admixture from
CL-G or PO-G to the Bastimentos West area and then subsequently increased in frequency due to
positive selection. A transfer of the ttc39b haplotype from the green to the yellow population is also
supported by the fact that the yellow haplotype clusters within the green clade in the {fc39b tree, while the

green clade itself maintains the position observed in the genome-wide tree (see Fig. 3H and Sup Fig. 1).

We did not find any synonymous mutations in ttc39b, the mutations with highest Fs; are not located in
exons. However we found differential expression between BW morphs, with red frogs expressing the

gene at a higher level (Fig 3K), suggesting that the differences in ttc39b are regulatory.
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Allele frequency of SNP in tc39b is P_RNA _scaffold _1998:131072 located in an intron, Ref C, Alt T, and
SNP in psip1is P_RNA_scaffold_10726:251470 intronic, Ref T, Alt C. G) Per-site FST of BW-R and
BW-Y in the ttc39b locus, gene colors correspond to genes in H, gray is other genes and black is
intergenic H) {tc39b tree, colored according to Fig 1A: BW-Y (yellow), BW-R (gold), CL-G (light green),
PP-G (dark green), TB-R (red) I) psip7 tree J) Linkage disequilibrium map in the ttc39b locus K) gPCR
results showing gene expression ratio of housekeeping gene sdha and ttc39b L) Pairwise differences in
1000 sites windows in the ffc39b scaffold. The shaded area contains the gene, yellow dots correspond to
BW-Y and red crosses to BW-R. The red and black lines represent the genome-wide average in each

color morph M) Tajima’s D presented in the same format as panel L.
Green

Finding the genes underlying green coloration was more challenging since there is not a green
polymorphic population. We carried out genomic association tests with spectrometric measurements of
green wavelength (Sg) and again found ttc39b in the lead association peak (Fig. 4A), although SNPs near
psip1 had smaller p-values. The gene trees for ttc39b and psip1 (Fig. 3H, 1), suggest that yellow and
green frogs share similar alleles in these genes. We also note that green frogs from both Popa and Colon
have yellow venters (Sup Fig. 3). This confirms the hypothesis that one aspect of green coloration is
yellow pigmentation based on a haplotype shared with the yellow BW-Y population. While we cannot,
based on these data, exclude that psip? plays a causative role, previous research on the role of {fc39b in

carotenoid conversion and our expression results (Fig. 3K), suggest a major role for {fc39b.

We conducted PBS scans focused on the branches of the two independent green frog populations, CL-G
and PO-G comparing them to non-green populations in two analyses: 1) a PBS analysis of CL-G, versus
DB-B and DB-R (Fig. 4C) and 2) of PO-G, versus SK-B and TB-R (Fig. 4D). Besides ttc39b, the only
other gene we found as an outlier in both scans was bco1 (Fig. 4G). The expression of bco7 is much
higher in green frogs (Fig. 4E) than in red and blue morphs. Bco1 is beta-carotene oxygenase 1, a gene
that cleaves beta-carotenoids into smaller compounds, including apocarotenoids . We also found four
non-synonymous mutations segregating in bco? with the alternative alleles having a higher frequency in
green frogs (Fig. 4H). We found that morphs of O. pumilio have different concentrations of beta-carotene
in green and red frogs, and apocarotenoid content significantly differs between green and blue morphs
(Sup Table 5). Apocarotenoids have a positive linear relationship with spectrometric measurements of
green wavelength, and beta-carotenes have a positive linear relationship with red wavelength and
brightness (Sup Table 6). Green O.pumilio skins have a higher content of carotenoids than blue frogs, and
similar content to red frogs (Fig. 4F), but different types (Sup Table 5). Carotenoid processing might be

the key to explaining these color differences, making bco1 a great candidate gene for green coloration.
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Fig. 4. Genetic basis of green coloration in O.pumilio. A) Genomic association for green color
wavelength (SG) B) Green wavelength measurement by population C) PBS scan of Colon Green branch
against DB-B and DB-R D) PBS scan of Popa Green branch against SK-B and TB-R E) Differential
expression of bco1 color morphs F) Proportion of carotenoids in different color morphs of O. pumilio,
reproduced from Freeborn (2020) G) Venn diagram of the strategy for finding genes differentiated in

green frogs H) Non-synonymous mutations found in bco?

Other interesting outlier genes in either green PBS scan are frem2, mcbr, fcgbp, and col6aé6 (Fig. 4C, D).

Mc5r is one of the five genes in the family of melanocortin receptors in most vertebrates *. This gene is
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expressed in melanophores and xanthophores and has a role in pigment dispersion %52, Mc5r is
differentially expressed in different colors of O. pumilio (Sup Fig. 4). Frem2 has been implicated in
melanophore development 5. 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 compared to brown bears 5.
We found this gene associated with green wavelength (Fig. 4A). Collagen gene col6a6 was found as an
outlier in multiple PBS analyses: in the green branch of PO-G, SK-B, and TB-R (Fig. 4D), in the blue
branch of SK-B, PO-G, and TB-R (Sup Fig. 5), and in the orange branch of HP-O, CL-G, PO-G (Sup Fig.
5). Collagen is important for skin color and its reflective properties in frogs “°. The thickness of the
collagen layer differs between different colors of O.pumilio; red frogs have significantly higher collagen
layers than blue frogs “°. Thus, our finding of a collagen gene such as col6a6 in many different
comparisons between different morphs could indicate that the gene plays a role in color variation through

changes in collagen layer thickness.
Pattern

The lead gene in the second highest peak in the association with green wavelength (Sg) was stk171 (Fig.
4A). A mutation in this gene causes Peutz-Jeghers syndrome in humans, one of the characteristics of
which is pigmentation in the form of freckling or hyperpigmented macules in lips, buccal mucosa, vulva,
toes, and fingers ®5*. Interestingly, but perhaps coincidentally, the population with the highest S value is
PO-G (Fig. 4B), in which most individuals have a pattern with small speckles, similar to the freckling
caused in humans by stk11 variants. This observation prompted us to investigate the genetic basis of
pattern in Oophaga pumilio. We did pixel thresholding to convert photographs of frogs into binary format
(Fig. 5B), where white pixels correspond to the background dorsal color and black pixels to the pattern
(See Methods). We used the proportion of black pixels as a phenotype (BP = black proportion) for a
genomic association (Fig. 5A). The most extreme outliers were genes in the ttc39b locus. We found that
within the polymorphic Bastimentos West population, yellow frogs (BW-Y) have a higher black proportion
than red frogs (Fig. 5F). Next, we used a pre-trained convolutional neural network (CNN) for feature
extraction on images of frogs (black/white pixels only). We reduced the dimensionality using PCA (Fig.
5D). PC1 distinguishes frogs with small speckles from those with coarse spots (size of spots). PC2, from
bottom to top in Fig. 5D, correlates with a gradient ranging from morphs having no pattern to a gradually
increasing number of spots (spot density). We did a genomic association with PC1 and found tyrp1,
brms1, and rdh8 among the outliers (Fig. 5C). Brms1 is a metastasis suppressor ®® which was also found
as an outlier in the BP association. Retinol dehydrogenase (rdh8) is a gene involved in visual pigments
and retinoid metabolism . In the association test with PC2, we found notch? and xdh. Notch1 was found
differentially expressed in Dendrobates auratus color morphs and proposed as a good candidate for
pattern development in these dendrobatids °. The xanthine hydrogenase (xdh), initially described as the
rosy locus in Drosophila, is known to influence eye coloration ™. It is also a gene involved in the pteridine
synthesis pathway in amphibians %’ that has been shown to be under selection in dendrobatids 72 It is

also differentially expressed in different color morphs of D. auratus °. and R. imitator ®*. Additional
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analyses suggest that coloration and patterning are not independent of each other (Fig. 5F-H). This may
be due to shared molecular mechanisms, or due to conserved linkage between genes involved in

patterning (e.g., tyrp1) and coloration (e.g., ttc39b). For further discussion, see the Supplementary Text.
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Fig. 5. Genetic basis of pattern in O.pumilio A) Genomic association to black proportion. B) Pixel
thresholding method examples on different morphs. C) Genomic association to PC1 of feature extraction
using VGG16. D) Genomic association to PC2 of feature extraction using VGG16. E) First two
components of PCA of VGG16. F) Correlation between pattern (PC1, PC2, BP) and color wavelength
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each morph.
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Discussion

In this study, we identified several candidate genes responsible for color and pattern differences in the
extremely polymorphic morphs of O. pumilio from Bocas del Toro. For blue frogs, the strongest candidate
is kit. We found two non-synonymous mutations (V533I, G959R) and inferred that the ancestral version of
kit in this species did not have either of the two mutations, which are also not found in the brighter-colored
frogs (Sup Fig. 3). Using the consensus sequence for the gene in each population (Sup Fig. 3), we found
that V533l is present in darker populations. Additionally, blue frogs have G959R. The equivalent
mutations in humans are associated with cancer (Sup Table 7), as are most described mutations in this
gene. More interestingly, a mutation, N975H, makes the C-terminal domain more amphipathic resulting in
piebaldism (white patchiness where melanin is missing) in humans™. 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
melanophores (Fig. 2G). A sweep in this gene and association with both blue and red wavelengths

support the hypothesis that this gene is a key gene that differentiates red frogs from blue.

A single locus dominant for red was previously hypothesized, using pedigree reconstruction from
microsatellites, to be responsible for yellow versus red frogs in the Bastimentos West population™. Our
analyses suggest that this locus includes ttc39b, a gene necessary for yellow-to-red carotenoid
conversion®, which has a shared haplotype between yellow and green frogs. This haplotype might have
been introduced by migration from Colon Island into Bastimentos Island. We show strong recent selection

occurring in Bastimentos with very few polymorphisms within the yellow frogs (Sup Table 4).

Another important gene with several non-synonymous mutations and higher expression in the green
morphs is bco1. We hypothesize that this gene is changing the carotenoid content (both quantity and
types of carotenoids) in green frogs compared to other colors. By quantifying the different cell types and
the amount of blue/green pigments, we provide evidence that both blue and green morphs in O. pumilio
are produced, at least partly, through structural coloration. Blue frogs are produced through a change in
wavelength via an increased number of melanophores (Fig. 2G) and green frogs are produced via
different content of carotenoids (Sup Table 5,6). 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 evolutionary processes have been proposed
regarding the origin and maintenance of color variation in O. pumilio in Bocas del Toro '*'774, We find
strong selection signatures in some of our candidate genes. In particular, we find a strong signal of recent
selection on a recently introduced haplotype of the ttc39b associated with yellow color in the polymorphic
population from Bastimentos. This demonstrates that novel phenotypes can be selected for in situ within
islands after the formation of the islands. We find similar evidence of selection associated with the blue
phenotype in the polymorphic Dolphin Bay 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
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local selection. It also raises two new questions. First, what is the source of this selection? And second,

why is its influence limited to the Bocas del Toro area?

While our current study cannot identify the source of selection on color, previous results suggest that
avoidance of male-male competition, female mate choice, or viability selection are possible explanations
67132075 Male-male competition has recently been shown to be stronger between O. pumilio males of the
same color morph®7'3207% providing a likely mechanism for selection to favor rare morphs. Why
populations throughout the rest of the species range, which includes the Caribbean lowlands of Costa
Rica and Nicaragua, are more 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 population on the mainland but may locally fix on islands with smaller population size. There are
likely fitness trade-offs between the effects of color on predation, female choice, and male-male
competition, and environmental changes may shift the balance between these factors. The Bastimentos
West area and Dolphin Bay, where we find evidence of ongoing selection favoring a new morph, are in
fact both areas that have been disturbed by humans but yet maintain a very high density of O. pumilio.
Shifting balance between trade-offs may at times favor rare morphs and at other times favor common
morphs, and with different morphs on neighboring islands as reservoirs of genetic variation, a dynamic
system might arise that produces the high degree of color variation observed for O. pumilio in the Bocas
del Toro archipelago. While our results do not provide direct evidence for such dynamics, previous results
on male-male competition 3% and predation ™, and our new results demonstrating selection for locally

novel color morphs introduced by gene-flow from neighboring islands, support this hypothesis.

Another hypothesis to explain why color variation and polymorphism in O. pumilio appears 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 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 lineages 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 results
demonstrate that the polymorphisms in Bocas del Toro are driven by natural selection that, at least
temporarily, favors rare morphs and cannot be explained simply as a consequence of drift associated with

bottleneck during colonization or island formation.
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We found other genes previously related to pigmentation as outliers in different PBS scans. When
comparing green to orange frogs, we found a long branch in HP-O for the gene scarb? (Sup Fig. 5) 3.
Several keratin genes (krt10, krt12, krt14, krt17, krt24) were found as outliers in TB-R * (Sup Fig. 5). We
also found gnpat, adamts8 and lyst as outliers in the PBS scans from RA-B compared to Bastimentos
West populations (Sup Fig. 5). 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
previously been identified as a gene causing lighter skin or coat color phenotypes across many
vertebrates, ranging from mammals to reptiles %°. Adamts8 has not directly been implicated in pigment
phenotypes but has several paralogs involved in chromatophore differentiation and migration, such as

adamts9 °, adamts13 "', and adamts20 723,

Additional pattern candidate genes
Some of these genes found in the genetic associations, like xdh and rdh8, are functionally more related to

coloration than patterning. We observed that the black pattern (BP) varied depending on the morph, with
some colors and populations having a lot more BP (Figure 6F). Very bright-colored populations such as
TB-R and HP-O have very low BP, consistent with previous findings '*. We calculated the correlation
between all the phenotypes we used for genomic association (color wavelength [blue, green, red], BP,
PC1, and PC2) (Figure 6G). PC1 correlates highly with BP, which makes sense since both phenotypes
measure patterning. PC2 is also correlated with pattern and additionally to the color wavelengths. Based
on these results, we plotted the pictures with color in the PC1 and PC2 axes (Figure 6H). Feature
extraction and PCA analysis were performed on binary images (black and white). Therefore, we did not
expect that the PCs would separate frogs by color. We can observe how PC2 separates green from
orange/red frogs—explaining why we get genes like xdh in the association results. It also reinforces that

pattern and color are not independent in O.pumilio morphs.

Tyrp1 was found as a candidate for patterning in two associations. As mentioned above, it has already
been implicated in patterning phenotypes. Particularly in red tilapia, where red meat is deemed more
precious, the phenotype is unstable and often accompanied by black dots, decreasing its commercial

value 2. In red tilapia, ttc39b was found as one of the candidate genes involved in carotenoid storage and

21


https://paperpile.com/c/XpKmB8/zHMZx+Q0rTT+Nl23j
https://paperpile.com/c/XpKmB8/bMHjb
https://paperpile.com/c/XpKmB8/sHIQG
https://paperpile.com/c/XpKmB8/UDgu+IkQC+k5kb+EhsF
https://paperpile.com/c/XpKmB8/lqIgv
https://paperpile.com/c/XpKmB8/4abI0
https://paperpile.com/c/XpKmB8/dDlTb
https://paperpile.com/c/XpKmB8/VOOCB
https://paperpile.com/c/XpKmB8/EluWO
https://paperpile.com/c/XpKmB8/Q0rTT
https://doi.org/10.1101/2024.08.02.606438

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.02.606438; this version posted August 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

tyrp1 as one of the main genes responsible for the black dots. However, they failed to realize that both
genes are in the same locus. The synteny is likely preserved across all vertebrates since we know it is in
the same locus in mice and frogs. Another study in common carp patterning found a recent tyrp1
duplication responsible for patterning. In this system, the fish sometimes have an orange background that
is linked to pattern '°. Ttc39b and typr1 are likely contributing to all these phenotypes where color and

pattern are not independent.

Materials and Methods

Sampling

A total of 347 Oophaga pumilio frogs were sampled from the Bocas Del Toro Province in Panama.
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. In the same peninsula, we sampled frogs from the blue-red transition zone Dolphin 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, 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 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.

Probe design for exome capture

The initial transcriptome was 108,640,165 bp represented by 152,862 transcripts. The transcripts were
mapped to the Oophaga pumilio and the Ranitomeya imitator genomes using STARIlong 2.7.0d. We
removed the transcripts that did not map to these two assemblies. This resulted in 141,482 transcripts
and 104,671,021 bp. Then we used transcript_filter.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://qithub.com/CGRL-QB3-UCBerkeley/MarkerDevelopmentPopGen) 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 if a list of candidate
color genes was present. We added the missing genes from the Oophaga pumilio or the Ranitomeya
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.
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Library prep
High molecular weight DNA samples from 347 Oophaga pumilio individuals were diluted to obtain

volumes between 100 and 170 pL with concentrations lower or equal to 30 ng/uL. Samples with similar
concentrations and the same volume were grouped in sonication batches. We sonicated using Q800R3
Sonicator from QSonica. We sonicated DNA samples setting four minutes total ON time, with a pulse of
15 seconds ON / 15 seconds OFF, 40% amplitude. Tubes were spun down in a centrifuge halfway (after
two minutes) and restarted. Samples with low concentration (i.e., <1 ng/pL) were sonicated for an extra
minute (five minutes total sonication time, same parameters). The target fragment size was ~300-500bp.

We verified that the sonication worked properly by running 1 pyL 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 SpeedBead 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 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.

We needed an indexing PCR to recognize the samples after pooling them together for exome capture and
sequencing. We used plates provided by the Berkeley Genome Sequencing Facility that contain a
pre-mixed unique P5 and P7 indexing oligo for each sample. The Benchsmart was again used to do a
final 0.8x bead clean-up to remove excess indexing oligos and dimers. After adding the adapter and
index, the target size of fragments is ~450-650 bp. After completing the libraries, we did quality control by
measuring the final concentration using Qubit and running agarose gels and Bioanalyzer DNA 1000 chips

to obtain library sizing information.

Pooling and exome capture

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 was
constituted of samples from different populations and contained ~3 ug 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. After probe hybridization, we followed the Nimblegen protocol to
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bind the proves to streptavidin beads, thoroughly wash the beads, elute the captured DNA, and
proceeded to post-capture PCR amplification using 2x Kapa HiFi HotStart ReadyMix for ten cycles. We
assessed the final concentration, size distribution, and quality of the amplified captured multiple DNA

samples using Qubit values, Bioanalyzer, and agarose gel electrophoresis.

Sequencing and Read processing
We sequenced two lanes of lllumina NovaSeq 6000 150PE Flow Cell S4. We used Trimmomatic-0.39 to

remove adapters (ILLUMINACLIP:TruSeq3-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").

Mappin

The reads from each sequencing lane were mapped independently to the Oophaga pumilio rescaffolded
genome [total length: 4,837,165,062 bp/ L50: 11,434/ N50: 105,380 bp] "'” using bwa mem 0.7.17-r1188
'8 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.

SNP filtering
SNP filtering was performed using ANGSD 0.941-13-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), polymorphic 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 ancestry components with k=4 to k=10.
We used 1% of the sites to calculate ancestry components. We calculated the covariance of the allele

frequencies in different components using nemeco to approximate a tree.

Demographic inference
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We used a vcf with genotype calls from bcftools with the SNPs filtered as described above. We used a
script available on GitHub to convert to TreeMix format

(https://qgithub.com iationgenomi ] lob/m r/vcf2treemix.sh). 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 (Sup. Fig 6) and
Gelman-Rubin convergence diagnostics (Sup. fig 7) 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 samples of graphs from the stationary distribution.

We calculated the folded 2dsfs 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 10 and the generation time was
set to two years ?4. 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), 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 to perturb

the parameters for each run.

Selection scans and genomic associations
We calculated the population divergence using realSFS to estimate the fixation index Fgr. We performed

selection scans by calculating 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 and PBS, followed by window estimation (size=100,000, step=20,000). We
annotated the 99.8th outliers with windows with at least 20 SNPs.

Genomic associations were performed on spectrophotometer measurements of color wavelengths. We

used GEMMA 0.98.5 to perform a Wald test using a standardized relatedness matrix (calculated with

gemma). We filtered out genes with p-value>0.1 for plotting and selecting outliers. We annotated the
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99.98th percentile outliers and kept only genes with at least two outlier SNPs. We aligned the O.pumilio

genome to the contig level Ranitomeya imitator * genome and plotted our scaffolds using that synteny.

Differential expression

Publically available RNA-seq skin cell dataset from five green, five red, and five blue Bocas del Toro
Oophaga pumilio’ was downloaded using fasterg-dump from NCBI.mTrimmomatic (v0.39) parameters:
“2:30:10:2:keepBothReads LEADING:3 TRAILING:3 MINLEN:75” was used to remove adapters. We
generated a gff 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". Afterwards, we aligned the reads to the indexed reference genome
using STAR (v2.7.10): “-~-runMode alignReads” with parameter “--readFilesCommand 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 dff file into a bed
file. We blasted all the transcripts 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). Transcripts were
aggregated by gene name. We subset to only candidate genes that were outliers of selection, color
association genomic scans and had a previous link to pigmentation (14 of genes). 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).

Image processing
For this project, frog pictures were not taken with the original intent of using them for image analysis.

Therefore the quality of some of them could have been more optimal (lightning, sharpness). We excluded
blurry pictures. Since the image analysis aimed to understand the pattern and not the color, we increased
the contrast of some pictures (Adobe Photoshop), which may sometimes alter the colors. We excluded all
the frogs from the Aguacate Peninsula (RA, SK, and DB) since this region's dark hue and the pictures'
quality would not allow us to analyze them properly. The frogs were cropped using PixIr E

(https://pixIr.com/e/) to remove all the frogs' backgrounds and limbs. We also removed the eyes if visible

in the picture to avoid confusion with the black spotted pattern. We rotated all pictures to have the frog

body lay horizontally.

We used the Python library scikit-image % to adjust the exposure using two consecutive logarithmic

corrections. We then converted the images to grayscale. Transparent pixels, which by default are
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assigned a zero value, were converted to “nan” because the end goal was to convert the pictures into
binary black (0) and white (1) images. We used thresholding segmentation. Based on the distribution of
pixels, the cutoff is selected where the slope of the distribution changes. We use the cutoff to divide the
pixels into binary values (0,1) (Figure Pattern B). We also noticed that since our pictures were not taken
for image analysis purposes, some of them contain glare, making some parts of the picture white. Our
algorithm also includes a second threshold to exclude these bright pixels. We used the proportion of black
pixels to calculate each frog's Black Proportion (BP) value. These values were used as a phenotype for a

genomic association.

Pattern classification

We tried to understand and classify frogs based on patterns. We used the processed images described
above, binary images of the cropped frogs with glare removed in format png. Then we did feature
extraction using a pre-trained convoluted neural network with 16 layers called VGG-16 %. We then used
PCA for dimensionality reduction of the extracted features. All the analysis was performed in python using

libraries keras, scikit-learn, numpy, and scikit-image.

HKA test

We used the HKA test %’ to assess whether the genes we found involved in pigmentation have neutral
evolution patterns. We calculated the allele frequencies using angsd (-doMaf 1) 2 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 X? test
using Yates correction. We adjusted the X? 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 spectrum (realSFS) and thetas estimate for
each site using saf2theta 2°. We calculated Tajima’s D according to the formula described in *°. We

performed the calculations using windows of 1000 sites.
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Synonymous and Non-synonymous mutations
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/).
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Sup Fig 2. AdmixtureBayes. Topologies and their probabilities given the number of migration events. 0
events (100%), 1 event (100%), 2 events: (100%), 3 events: (68%, 32%) and 4 events (45%, 17%, 12%,
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).
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Sup Fig 5. Additional PBS scans. From top to bottom: RA-B vs BW-R and BW-Y, HP-O vs CL-G and
PO-G, TB-R vs SK-B and PO-G
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Sup Figure 6. Convergence of Admixture Bayes. Representative trace plots of summary statistics of
admixture graphs to assess the convergence of the Markov chain. This figure shows the trace plots for

our 3 admixture event analyses.
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Sup Figure 7. Gelman-Rubin convergence diagnostics. Used to assess the convergence of the
Markov chain. This figure shows the Gelman-Rubin statistics for our 3 admixture event analyses.
Convergence to 1 indicates that all chains have reached the stationary distribution of the Markov chain
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Supplementary Tables

Sup Table 1. Pairwise Fg;r between Bocas del Toro populations and morphs.

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

SK - 10.054]10.1260.194(0.1930.012(0.011 [{0.012]0.178 ({0.191]0.124 10.132 | 0.202

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 |0.207]0.154 (0.12610.164 |0.271| -
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Sup Table 2. 4-population test .Here are the tests mentioned in the text. The complete results of all the

possible combinations for the 4-population test are included in a separate spreadsheet.

D JK-D V(JK-D) Z p-value NnABBA nBABA nBlocks H1 H2 H3 H4
0.046  0.046 3.00E-06 26.59 0 26903 24555 51422 HP TB PD O. sylvatica
-0.009 -0.009 3.00E-06 -5.37 0 24093 24555 53535 PD TB HP O. sylvatica
0.058  0.058 2.00E-06 38.50 0 22297 19851 53972 CL BW HP O. sylvatica
-0.107  -0.107 3.00E-06 -66.37 0 19851 24629 53350 BW HP CL O. sylvatica
0.060  0.060 2.00E-06 38.76 0 23340 20717 52584 CL PO RA O. sylvatica
-0.028 -0.028 3.00E-06 -16.52 0 20717 21906 52594 PO RA CL O. sylvatica
-0.049 -0.049 3.00E-06 -26.84 0 22835 25181 53558 PD PO TB O. sylvatica
-0.035 -0.035 3.00E-06 -19.04 0 25181 26995 51977 PO TB PD O. sylvatica
-0.033  -0.033 2.00E-06 -20.88 0 21012 22430 54613 BW PO HP O. sylvatica
0.031 0.031 3.00E-06 18.79 0 23858 22430 54551 HP PO BW O. sylvatica
-0.025 -0.025 2.00E-06 -19.34 0 21779 22896 53383 DB RA SC O. sylvatica
-0.015 -0.015 3.00E-06 -9.30 0 22896 23583 54445 RA SC DB O. sylvatica
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Sup Table 3. Demographic model results

Split with migration

split time migration

Pop Nref Nu1 Nu2 years Rate LL LLdata
BWCL 1,310 4,356 2,540 8,814 2.54E-04 -126,920 -7,073
CLHP 1,414 4,171 3,469 8,790 1.86E-04 -83,350 -3,774
CLRA 1,380 4,355 2,912 7,842 2.25E-04 -29,900 -1,114
BWSC 872 2,910 2,073 13,056 9.86E-05 -382,708  -11,173
DBRA 1,826 4,076 2,481 5,861 1.12E-03 -49,822 -5,134
DBSK 1,891 3,069 3,197 5,560 1.38E-02 -60,564 -8,849
DBTB 1,250 4,056 3,379 11,752 1.04E-04 -630,758  -21,080
HPPD 1,346 3,177 3,514 9,859 2.45E-04 -21,308 -1,049
HPTB 584 3,066 2,991 15,570 2.22E-04 -209,593 -7,926
PDTB 1,340 3,216 2,830 11,097  3.63E-04 -18,623 -1,201
PORA 1,342 4,135 2,683 8,309 2.84E-04 -35,125 -2,238
POSK 1,295 3,873 3,121 9,226 2.77E-04  -139,476 -7,458
SCSK 1,359 1,543 3,767 9,338 4.00E-04 -137,605 -6,061
SCTB 1,571 2,056 3,681 10,846 7.47E-05 -266,103 -6,850
BWHP 809 2,395 3,384 13,181 2.44E-04 -304,227  -12,592

Sup Table 4. HKA test

. Polymorphi| Fixed | Total |corrected -
Population | Color| Pop | gene ¢ gene gene sites chi2 gvalue | significant
Al [BW 27 91 118 | 24085 [0.1207| FALSE
Bastimentos -E 25 91 116 | 15884 |02076| FALSE
West ttc39b
Yellow | BW-Y 19 26 115 | 3.8431 [0.0499| TRUE
Colon Green [CL-G 17 96 113 4.8832 |[0.0271 TRUE
Al |BW 43 130 | 173 | 24855 |0.1149| FALSE
Bastimentos BW-R 37 130 | 167 | 2.0461 |0.1526| FALSE
Yellow | BW-Y 18 138 | 156 | 9.8804 [0.0017| TRUE
Colon Green [CL-G 19 137 156 9.5423 10.0020 TRUE
Al |DB 105 170 | 275 | 0.3854 |0.5347| FALSE
Dolphin Bay -E ) 76 171 | 247 | 05117 |0.4744| FALSE
it
Blue |DB-B 60 171 231 | 03300 |0.5657| FALSE
Shark Hole [Blue |SKk-B 54 174 | 228 | 5.9185 [0.0150| TRUE
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Sup Table 5. Carotenoid differences between O.pumilio of different dorsal colors. Reproduced from
Freeborn (2020)

Comparison Carotenoid SiSQ:nMiEE;nfees:f
apocarotenoid 0
canary xanthophyll ester 1 0

Blue vs green |canary xanthophyll ester 2 0
canary xanthophyll ester 3 0.01
ketocaritenoid ester 2 0.001
beta-carotene 0.01

Blue vs red |canthaxathin ester 1 0.01

cis lutein ester 1 0.01
beta-carotene 0.01

Green vs Red
cis lutein ester 1 0.01

SupTable 6. Linear relationship between carotenoids and colorimetric variables. Reproduced from
Freeborn (2020). Significance codes: 0 **** 0.001 “** 0.01 ' not significant ‘ns’. B: brightness, Sg: red,

Sy: yellow, Sg: green, Sg: blue, Sy: violet.

Carotenoid Pigment B Sk Sy Se Se 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
3-carotene 4 Fx* 4 xE* ns ns ok _wx
Ketocarotenoid Ester 2 + * + * + * ns _* o
Cis Lutein Ester 4 FEE 4 KRk ns ns _ Rk _ Hw
Lutein Ester 1 + ** + ** ns ns _* _*
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Sup Table 7. Kit Nonsynonymous SNPs. HS: Hydrophobicity Scale: Nonpolar — Polar distributions of

amino acids chains, pH7 (kcal/mol)

Protein

Database Organism Sequence

this study

ClinVar

ClinVar
this study

ClinVar

ClinVar
this study

ClinVar

this study

ClinVar

ClinVar

ClinVar

this study

ClinVar

O.pumilio

Human

Human

O.pumilio

Human

Human

O.pumilio

Human

O.pumilio

Human

Human

Human

O.pumilio

Human

Val533lle

lle542Met

lle542Phe
Thr957

Val972Met

Val972Ala
Ser958

His973=

Gly959Arg

Asp974Glu

Asp974Gly

Asp974Asn

Glu960

Asp975His

HS

4.04 >
4.92

4.92 >
2.35

4.92 >
2.98

-2.57

4.04 >
2.35

4.04 >
1.81

-3.4

-4.66

0.94 >
-14.92

-8.72 >
-6.81

-8.72 >
0.94

-8.72 >
-6.81

-8.72 >
-4.66

Gen

Seq

C>T

G

A>T

G>A

T>C

C>T

C>T

C>G

A>G

G>A

G>C

Conditions

Gastrointestinal stromal tumor;
Hereditary cancer-predisposing
syndrome

Gastrointestinal stromal tumor;
Hereditary cancer-predisposing
syndrome

Gastrointestinal stromal tumor;
Hereditary cancer-predisposing
syndrome

Gastrointestinal stromal tumor

Gastrointestinal stromal tumor;
Hereditary cancer-predisposing
syndrome

Gastrointestinal stromal tumor

Gastrointestinal stromal tumor

Gastrointestinal stromal tumor;
Hereditary cancer-predisposing
syndrome

Mastocytosis

Gastrointestinal stromal tumor
Piebaldism : refers to the
absence of mature
melanin-forming cells

Variant
identifier

NM_000222.3(KI
T):c.1626T>G
(p.lle542Met)

NM_000222.3(KI
T):c.1624A>T
(p.lle542Phe)

NM_000222.3(KI
T):c.2914G>A
(p.Val972Met)

NM_000222.3(KI
T):c.2915T>C
(p.Val972Ala)

NM_000222.3(KI
T):c.2919C>T
(p.His973=)

NM_000222.3(KI
T):c.2922C>G
(p-Asp974Gilu)

NM_000222.3(KI
T):c.2921A>G
(p.Asp974Gly)

NM_000222.3(KI
T):c.2920G>A
(p.Asp974Asn)

NM_000222.3(KI
T):c.2923G>C
(p-Asp975His)
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ClinVar

ClinVar

ClinVar
this study

ClinVar

Human

Human

Human

O.pumilio

Human

Asp975Asn

Asp975Gly

Asp975Glu
Arg961

Val976lle

-8.72 >
-6.64

-8.72 >
0.94

-8.72 >
-6.81

-14.92

4.04 >
4.92

G>A

A>G

T>A

G>A

(melanocytes) in certain areas

of the skin and hair

Gastrointestinal stromal tumor;
Hereditary cancer-predisposing

syndrome

Gastrointestinal stromal tumor;
Hereditary cancer-predisposing

syndrome

Hereditary cancer-predisposing

syndrome

Gastrointestinal stromal tumor
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(p.Asp975Asn)

NM_000222.3(KI
T):c.2924A>G
(p-Asp975Gily)

NM_000222.3(KI
T):c.2925T>A
(p-Asp975Gilu)

NM_000222.3(KI
T):c.2926G>A
(p-Val976lle)
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