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Abstract
Aposematic organisms rely on their bright conspicuous coloration to communicate to po-
tential predators that they are toxic and unpalatable. These aposematic phenotypes are 
strongly tied to survival and therefore make excellent opportunities to investigate the ge-
netic underpinning of coloration. The genus Ranitomeya includes phenotypically diverse 
members of Neotropical aposematic poison frogs native to South America. Significant 
progress has been made in elucidating the molecular mechanisms responsible for apo-
sematic coloration in poison frogs, which have paved the way for future studies to test 
hypotheses of the evolution of coloration across aposematic vertebrates. However, very 
little is known about whether these color related genes are under positive selection. We 
assembled transcriptomes from publicly available data reads sets for 9 different color 
morphs of poison frogs in the Ranitomeya genus that display bright conspicuous color-
ation (four morphs of R. imitator, two morphs of R. variabilis, two morphs of R. fantas-
tica, one morph of R. summersi) to identify protein-coding genes responsible for color 
production that are under positive selection. Our results show that there are multiple genes 
under strong positive selection that are predicted to play roles in melanin synthesis (dct, 
tyrp1, irf4), iridophore development (fhl1), keratin metabolism (ovol1), pteridine synthesis 
(prps1, xdh), and carotenoid metabolism (adh1b, aldh2). The identification of positive se-
lection affecting candidate color-pattern genes is consistent with the possibility that these 
genes mediate (in part) the molecular evolution of coloration. This may be attributed to 
aposematic phenotypes being directly tied to survival and reproduction in poison frogs.

Keywords Amphibian · Transcriptome · Positive selection · Aposematic coloration · 
Evolution

Introduction

Visible color provides a unique window into fundamental aspects of ecology and evolution, 
and evolutionary biologists have long been focused on the morphological and molecular 
makeup of coloration in animals (Longley 1917; Fox 1936; Gray and McKinnon 2007). The 
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diversity of color phenotypes is mainly attributed to selective pressures from both biotic 
(e.g., predator avoidance, sexual signaling) and abiotic (e.g., UV protection, thermoregula-
tion) factors (Rudh and Qvarnström 2013), where color phenotypes displayed by animals 
range from cryptic to highly conspicuous. Bright coloration accompanied with contrasting 
patterns in nature is pervasive and plays vital roles in species recognition (Losos 1985), 
mate choice (Kokko et al. 2002), and predator avoidance (Ruxton et al. 2004). Coloration 
is strongly tied to survival and therefore plays a central role in various ecological and evo-
lutionary processes.

In nature, coloration commonly evolves to promote prey survival. One common evo-
lutionary solution is aposematism, in which species evolve bright conspicuous coloration 
to warn predators that they have a dangerous secondary defense and are therefore unpalat-
able (Harvey et al. 1982; Brown 2013; Cummings and Crothers 2013). Theoretical consid-
erations suggest that closely related aposematic species under predator-imposed selection 
pressure would converge on a single conspicuous phenotype to accelerate predator learning 
(Müller 1879; Mallet and Joron 1999). For instance, phenomena such as Müllerian mim-
icry, in which two or more chemically defended species mimic each other’s visual warning 
signals (converging on a single phenotype) is ubiquitous in nature. However, geographic 
variation in the color and pattern of visual warning signals is common in aposematic species 
(Joron and Mallet 1998; Briolat et al. 2018, 2019).

Neotropical poison frogs in the family Dendrobatidae, native to Central and South Amer-
ica, provide an iconic example of aposematism. Roughly one-third of frogs in the family 
Dendrobatidae exhibit conspicuous coloration and are chemically defended by alkaloids 
sequestered from their diet (Harvey et al. 1982; Brown 2013; Cummings and Crothers 
2013). Some species in this family possess high intraspecific diversity in color and pattern 
while others are monomorphic (Brown et al. 2011). Within the past decade, a consider-
able amount of effort has been put into identifying the genes responsible for color pattern 
production in aposematic poison frogs, particularly the mechanisms producing polytypism 
(Posso-Terranova and Andrés 2017; Stuckert et al. 2019, 2021, 2023; Rodríguez et al. 2020; 
Twomey et al. 2020a; Linderoth et al. 2023). However, very little is known concerning the 
patterns of molecular evolution of these genes.

The evolution of color phenotypes occurs under an array of selection pressures (Hebets 
and Papaj 2005; Caro et al. 2016; Cuthill et al. 2017). For instance, the diversity of vivid col-
oration found in Neotropical poison frogs is likely to be shaped by strong predator-induced 
selection pressures. However, identifying the natural predators of poison frogs is notably 
difficult and therefore remains understudied. Saporito et al. (2007) found that the majority of 
attacks on plasticine poison frog models are avian predators and that they actively avoided 
models with bright aposematic coloration. Avian predators have been considered to be the 
most important predators influencing the evolution of aposematic species (Chai 1986). It is 
worth mentioning that visual colors in aposematic species can also play vital roles in mate 
choice (Summers et al. 1999; Reynolds and Fitzpatrick 2007; Maan and Cummings 2009; 
Finkbeiner et al. 2014; Twomey et al. 2016; Yang et al. 2016). This evidence is consistent 
with the notion that bright conspicuous coloration accompanied with contrasting patterns 
is closely tied to reproductive success as well as survival, and therefore the genetic mecha-
nisms responsible for such phenotypes are likely to be under positive selection.

In amphibians, the production of color and pattern is associated with three types of 
chromatophores (melanophores, iridophores, and xanthophores). Melanophores contain 

1 3



Evolutionary Ecology

pigments called melanins, which are responsible for the production of black, brown, and 
dark green coloration (Duellman and Trueb 1994). Iridophores contain structural elements 
known as guanine platelets. Depending on their size, shape, and orientation, the platelets 
reflect different wavelengths of light and ultimately determine structural coloration (Ziegler 
2003; Bagnara et al. 2007; Saenko et al. 2013). For example, long wavelengths occur when 
platelets are thick in size, resulting in an orange coloration, whereas short wavelengths 
occur when platelets are thin in size, resulting in a dark blue coloration (Twomey et al. 
2020b). Xanthophores contain pigments composed of pteridine and carotenoids which are 
responsible for the production of yellow, orange, and red coloration (Duellman and Trueb 
1994). The exact coloration produced by pteridines and carotenoids vary by the wavelength 
absorbed from these pigments (Duellman and Trueb 1994). A recent study found that the 
interaction between pteridine and carotenoid pigment and structural elements, such as gua-
nine platelets found within iridophores, is associated with differences in brightness and 
hue (ranging in coloration from red to orange) in poison frogs of the genus Ranitomeya 
(Twomey et al. 2020b).

Although we have made considerable progress in identifying genes associated with color 
production in poison frogs, very little is known on whether these color related genes are 
under positive selection, with the exception of two studies (Rodríguez et al. 2020; Lin-
deroth et al. 2023). Animal coloration is often under strong selective pressures, and thus, 
selection of aposematic coloration may have been episodic in nature, and may also have 
involved periods of stabilizing or balancing selection. Members of the genus Ranitomeya 
show extreme levels of color and pattern diversity both within and between species, mak-
ing them an excellent system for investigating the genes underlying such diversity. In this 
study, we examined signatures of selection in Neotropical poison frog genus Ranitomeya, 
with a special emphasis on those genes putatively related to color production as coloration is 
strongly tied to survival in poison frogs. We investigated this by assembling transcriptomes 
from 9 different color morphs of poison frogs in the Ranitomeya genus that have diverse 
coloration (four morphs of R. imitator, two morphs of R. variabilis, two morphs of R. fan-
tastica, one morph of R. summersi) (Fig. 1) to identify coding genes with amino acid sites 
under pervasive positive selection across lineages. Identification of genes responsible for 
coloration under positive selection may provide clues relevant to the genetic and biochemi-
cal mechanisms maintaining aposematic coloration and driving the evolution of polymor-
phism in poison frogs in the genus Ranitomeya.

Methods

Color morphs

We used data reads sets for 9 different color morphs of poison frogs in the genus Rani-
tomeya that exhibit diverse coloration, 8 of these data read sets were publicly available and 
one was published in this manuscript (Table 1). Figure 1 shows the phylogenetic tree of 
relationships of the poison frog morph and species in this study and is based on Muell et 
al. (2022), which is a phylogenomic reconstruction of the Ranitomeya genus. These include 
four color morphs of Ranitomeya imitator (Sauce orange-banded, Varadero red-headed, 
Tarapoto green-spotted, and Baja Huallaga yellow-striped morph; (Stuckert et al. 2021), 
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two color morphs of Ranitomeya fantastica (white-banded and red-headed morph; (Stuck-
ert et al. 2021), two color morphs of Ranitomeya variabilis (the yellow-green spotted and 
striped morph; (Stuckert et al. 2021), and one color morph of Ranitomeya summersi (banded 
morph) (published in this manuscript).

Individuals of R. imitator were laboratory reared in the United States. Breeding colonies 
were purchased from Understory Enterprises, LLC. Ranitomeya imitator frogs obtained 
from Understory Enterprises are captive bred individuals, descended directly from wild 
populations. As for samples of R. fantastica, R. variabilis, and R. summersi, these were 
captured and raised in Peru. All samples of R. imitator, R. fantastica, R. summersi, and R. 
variabilis were sacrificed by applying 20% benzocaine gel to their venter followed by pith-
ing the vertebral region to ensure death. Whole skin section was then removed and stored 
in RNAlater (Qiagen) at 4° C for 24 h and then at -20° C until extraction. A hybrid Trizol 
(Ambion) protocol was used to extract RNA on all skin samples. RNA was cleaned with 
DNAse and RNAsin, and purified with a RNeasy spin column (Qiagen) method.

Fig. 1 An evolutionary tree representing the 9 color morphs of poison frogs in the Ranitomeya genus that 
were studied. The tree is based on Muell et al. (2022), which is a phylogenomic reconstruction of the 
genus Ranitomeya
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Transcriptome assembly

We downloaded publicly available skin sample reads from four unique Ranitomeya imi-
tator color morphs (Sauce orange-banded, Varadero red-headed, Tarapoto green-spotted, 
and Baja Huallaga yellow-striped) (Stuckert et al. 2021). We also downloaded skin sample 
reads from two color morphs of R. fantastica (white-banded and red-headed) and two color 
morphs of R. variabilis (yellow-green spotted and striped) (Stuckert et al. 2021). In addi-
tion to the publicly available read data, we also used read data from the banded morph of 
Ranitomeya summersi (published in this manuscript).

We used version 2.2.2 of the Oyster River Protocol (ORP) (MacManes 2018) to generate 
transcriptomes from one set of paired reads per color morph. The ORP is a multi-assembler 
approach designed to create a high-quality transcriptome. It merges together the highest 
quality parts of de novo assemblies produced by Trinity (Haas et al. 2013), SPAdes (Chikhi 
and Medvedev 2014), and Trans-ABySS (Robertson et al. 2010) into a single high-quality 
assembly for each individual which we used for our analysis.

The default parameters of the ORP were used when possible. As such, the default SPAdes 
kmer lengths of 55 and 75 were used on all samples except R. imitator. Due to shorter R. 
imitator raw read lengths, we changed the SPAdes kmer lengths to 25 and 39 for these 
assemblies. To further improve quality, we applied a TPM filter of 1 transcript per million 
for each assembly. This removed lowly expressed and potentially erroneous transcripts from 
the data. Finally, we also included a flag that allows for strand specific assembly. We chose 
the RF library for strand specific assembly [https://oyster-river-protocol.readthedocs.io/en/
latest/].

Table 1 Overview of each assembled transcriptome. The first column indicates the species. The second col-
umn indicates the morph. The third column indicates BUSCO scores which represent the percentage of 
completion relative to the tetrapoda dataset lineage (i.e., 100% is an entirely complete transcriptome)
Species Morph Tetrapoda 

BUSCO
score

Data Citation Data Read Archive

Ranitomeya imitator redheaded 57.8% (Stuckert et al. 2021) European Nucleotide 
Archive

Ranitomeya imitator striped 60.3% (Stuckert et al. 2021) European Nucleotide 
Archive

Ranitomeya imitator spotted 31.1% (Stuckert et al. 2021) European Nucleotide 
Archive

Ranitomeya imitator banded 51.4% (Stuckert et al. 2021) European Nucleotide 
Archive

Ranitomeya fantastica redheaded 57.6% (Stuckert et al. 2021) European Nucleotide 
Archive

Ranitomeya fantastica white-banded 57.9% (Stuckert et al. 2021) European Nucleotide 
Archive

Ranitomeya variabilis spotted 55.0% (Stuckert et al. 2021) European Nucleotide 
Archive

Ranitomeya variabilis striped 49.3% (Stuckert et al. 2021) European Nucleotide 
Archive

Ranitomeya summersi banded 59.6% This manuscript National Center for Bio-
technology Information
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Detection of positive selection in protein-coding genes associated with color 
production

We used the pipeline FUSTr (Families Under Selection in Transcriptomes) (Cole and 
Brewer 2018) to identify protein-coding genes responsible for color production with amino 
acid sites under strong positive selection. FUSTr is a unique pipeline as it allows us to over-
come the difficult task of characterizing molecular evolution in large-scale transcriptomic 
datasets. This method identifies and aligns homologs, and then conducts a site-specific test 
of positive selection. The method requires transcriptome data as input and depends on simi-
larity of protein sequence to infer homology.

First, FUSTr identified isoforms among transcript assemblies by detecting name redun-
dancy and then used TRANSDECODER version 3.0.1 (https://github.com/TransDecoder/
TransDecoder) to predict and extract the single best open reading frame for each transcript 
providing nucleotide coding sequences and complementary amino acids. To ensure phylo-
genetic independence, the longest isoform was retained for further analysis if there were 
several isoforms of the same gene. FUSTr then used the program DIAMOND version 0.9.10 
(Buchfink et al. 2015) to evaluate homology at the peptide level from coding sequences 
by implementing BLASTP with an e-value cutoff of 10− 5, and the program SiLix Version 
1.2.11 (Miele et al. 2011) used transitive clustering to sort homologous coding sequences 
into gene families. The optimal configuration of SiLix considers sequences with a minimum 
identity of 35% and a minimum overlap of 90% to be similar and are added to a family 
(Bernardes et al. 2015). Next, FUSTr used the program MAFFT version 7.221 (Katoh and 
Standley 2013) to align multiple amino acid sequences of each family and used the pro-
gram FastTree version 2.1.9 (Price et al. 2010) to reconstruct phylogenies of each family’s 
untrimmed amino acid multiple sequence alignment. Nucleotide codon sequences are used 
to derive trimmed multiple sequence codon alignments by reverse translating amino acid 
alignment. Finally, FUSTr implemented the program FUBAR (Fast Unconstrained Bayes-
ian Approximation) (Murrell et al. 2013), which is part of the program HYPHY version 
2.3.14, to conduct a site-specific test of pervasive positive selection on amino acids. The 
benefit of FUBAR is that it is exceptionally fast and is appropriate for analyzing large 
alignments. However, the limitation is that FUBAR assumes that the selection pressure for 
each site is constant along the entire phylogeny. We note here that sample size and speed 
considerations makes the application of branch and site specific methods impractical at this 
time. The FUBAR implements a Bayesian approach to determine nonsynonymous (dN) and 
synonymous substitution (dS) rates. The dN/dS ratio is a powerful measure of the strength 
and mode of selection acting on protein-coding sequences. Gene families with at least 15 
sequences have the necessary statistical power to test for adaptive evolution and were there-
fore analyzed for signatures of selection (Wong et al. 2004).

We compiled all protein-coding sequences from gene families that were identified by 
FUSTr to be under strong positive selection and used DIAMOND version 0.9.30-3 (Buchfink 
et al. 2015) to perform a BLASTP search using default parameters against the uniprot data-
base (https://www.uniprot.org/downloads). We filtered BLASTP results by keeping the best 
hit for each query. This allowed us to identify gene names for each protein-coding sequence 
from gene families that were under strong positive selection. We then identified and extracted 
genes associated with color pattern production (using curated lists of genes associated with 
coloration across vertebrates (McLean et al. 2017; Baxter et al. 2019)) from the BLASTP 
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filtered output. Finally, we calculated the fraction of color related genes under positive selec-
tion

(
number of color related genes under positive selection

total number of color related genes tested

)
. In addition, we calculated the fraction of 

color related genes under purifying selection 
(

number of color related genes under purifying selection
total number of color related genes tested

)

. We identified color related genes under purifying selection by following steps above on 
protein-coding sequences identified by FUSTr to have sites under purifying selection.

Gene network

We used the program GeneNetwork version 2.0 (https://www.genenetwork.nl) (Deelen et 
al. 2019), to investigate patterns of interactivity among all protein-coding genes associated 
with color production with amino acid sites under positive selection. The GeneNetwork 
program used gene co-regulation to predict pathway membership by using gene expression 
data from public 31,499 human RNA-seq samples. This program implements the GADO 
(GeneNetwork Assisted Diagnostic Optimization) method, which predicts phenotypic con-
sequences of genes when mutated. It is worth noting that GeneNetwork was developed to 
identify networks of interactivity among genes associated with human disease. However, 
its results can also be used to infer connections among genes from non-model organisms. 
GeneNetwork implements a principal component analysis method to identify the connectiv-
ity and interaction networks between genes. The membership and biological pathways of 
genes influence the construction of these networks (Deelen et al. 2019). The clusters of a 
set of genes are those that share the same or a similar predicted pathway and function and 
therefore, all genes that are present in a particular cluster have similar enrichments. Nev-
ertheless, genes from different clusters can still have strong interactions. The classification 
of genes with respect to color production mechanisms (e.g. melanin pathway vs. carotenoid 
pathway) is distinct from the biochemical pathways identified by Gene Network (based 
on functional pathways identified in prior research, mainly on model systems). Hence it is 
possible to have genes related to the same pigment class play important roles in different 
networks identified by Gene Network, and vice-versa (genes affecting different pigment 
pathways can interact in networks as identified by Gene Network).

Results

Protein-coding genes associated with color production under strong positive 
selection

A total of 1,294,152 transcripts from 9 samples were used as inputs into the FUSTr pipeline. 
FUSTr identified 1,499 families containing the minimum threshold for sufficient statistical 
power of ≥ 15 sequences. Of these 1,499 gene families, FUSTr identified 742 gene families 
with at least one amino acid site under strong positive selection (297 gene families had one 
amino acid site under strong positive selection, 176 gene families had two amino acid sites 
under strong positive selection, 89 had three amino acid sites under strong positive selec-
tion, 57 had four amino acid sites under strong positive selection, and 123 had at least five 
amino acid sites under strong positive selection.

We extracted and compiled all protein-coding sequences from gene families with at least 
one amino acid site under strong positive selection and annotated them against the uniprot 
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database. When doing so, we found 1,227 protein-coding sequences under strong positive 
selection (Table S1). When cross referencing BLASTP results with a curated list based on 
previous research of color pattern genes known to be involved in color pattern production in 
other species, we found 36 genes associated with color production (Table S2). Of these, nine 
genes were related to melanocyte production and melanin synthesis (anxa2, ap1s1, ctbp2, 
dct, lef1, irf4, rab32, rab38, stx12, tcf7, tyrp1), two genes were related to iridophore devel-
opment (fhl1, prps1), one gene was related to keratin metabolism (ovol1), one gene was 
related to pteridine synthesis (xdh), and three genes were related to carotenoid metabolism 
(adh1b, aldh2, rdh16) (Table 2). We found that the fraction of color related genes under posi-
tive selection

(
number of color related genes under positive selection

total number of color related genes tested

)
 is 0.027, whereas the fraction of 

color related genes under purifying selection 
(

number of color related genes under purifying selection
total number of color related genes tested

)
 

was 0.34.

Network analysis

We used GeneNetwork 2.0 to construct a network of genes associated with color produc-
tion that were identified by FUSTr to be under positive selection. We submitted all 45 genes 
associated with color production under positive selection (Table S2). Of these 45 genes, 43 
were recognized and used to construct a network (Fig. 2). GeneNetwork identified two sepa-
rate clusters. Cluster 1 (blue) included genes associated with melanogenesis (anxa2, ap1s1, 
rab32), iridophore development (fhl2), and carotenoid metabolism (adh1b, aldh2). Cluster 
2 (green) included genes associated with melanogenesis (ctbp2, dct, irf4, lef1, rab38, tyrp1), 
keratin metabolism (ovol1), pteridine synthesis (prps1, xdh), and carotenoid metabolism 
(rdh16). It is worth noting that this network only includes color related genes under posi-
tive selection and does not include all genes under positive selection. The reason why we 

Table 2 Genes related to color production under positive selection. The first column indicates the names of 
genes found under strong positive selection. The second indicated the number of sites under selection The 
third column represents the pigmentation role of each gene
Gene Name Number of Sites Under Selection Pigmentation Role
fhl1 2 Iridophore development
prps1 1 Pteridine synthesis
xdh 1 Pteridine synthesis
adh1b 6 Carotenoid metabolism
aldh2 2 Carotenoid metabolism
rdh16 3 Carotenoid metabolism
ovol1 1 Keratin metabolism
anxa2 1 Melanin/melanosome synthesis
ap1s1 1 Melanin/melanosome synthesis
ctbp2 2 Melanin/melanosome synthesis
dct 1 Melanin/melanosome synthesis
irf4 2 Melanin/melanosome synthesis
lef1 1 Melanin/melanosome synthesis
rab32 1 Melanin/melanosome synthesis
rab38 1 Melanin/melanosome synthesis
stx12 3 Melanin/melanosome synthesis
tcf7 1 Melanin/melanosome synthesis
tyrp1 1 Melanin/melanosome synthesis
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only included color related genes is that this allows us to specifically visualize connections 
between known color related genes.

Discussion

Positive selection plays pivotal roles in adaptive evolution by promoting the emergence of 
novel phenotypes. Studies on comparative genetics and genomics have identified key genes 
that have experienced positive selection and are tied to phenotypic change in the animal 
kingdom (Lao et al. 2007; Williamson et al. 2007; Rubin et al. 2012; Montague et al. 2014; 

Fig. 2 Gene Network 2.0 identified two clusters from all genes associated with color production under 
positive selection (Table S2). Cluster 1 (blue): includes genes associated with melanogenesis (anxa2, 
ap1s1, rab32), iridophore development (fhl1), and carotenoid metabolism (adh1b, aldh2). Cluster 2 
(green): includes genes associated with melanogenesis (ctbp2, dct, irf4, lef1, rab38, tyrp1), iridophore 
development (prps1), keratin metabolism (ovol1), pteridine synthesis (xdh) and carotenoid metabolism 
(rdh16)
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Rubio and Summers 2022). Although the field has made considerable progress in identify-
ing key candidate genes associated with the production of aposematic coloration in poison 
frogs (Posso-Terranova and Andrés 2017; Stuckert et al. 2019, 2021; Rodríguez et al. 2020; 
Twomey et al. 2020a, b), very little is known about whether these color related genes are 
under positive selection, with the exception of two studies (Rodríguez et al. 2020; Linderoth 
et al. 2023).

In this study, we found 36 protein coding genes with amino acid sites under positive 
selection at the molecular level that were associated with color production from transcrip-
tomes from 9 different color morphs of poison frog species in the genus Ranitomeya that 
have diverse forms of aposematic coloration. The protein coding genes that we found to 
be under strong positive selection are associated with the production of melanophores and 
melanin, iridophore development, pteridine synthesis, carotenoid metabolism, and keratin 
metabolism. Our results provide evidence of color evolution at the molecular level which 
may be attributed to strong selective pressures.

We also found higher rates of color related genes under purifying selection than color 
related genes under positive selection. Natural selection can take several different forms and 
intensities, however, the most prevalent form of selection is purifying selection (Nielsen 
et al. 2005). Purifying selection generally maintains evolutionary stasis, whereas positive 
selection is associated with evolutionary change and diversification across lineages. Hence, 
the genes found to be under positive selection may be important candidates for investiga-
tions of diversifying selection, potentially leading to polytypism or population divergence.

Melanin-related synthesis pathways

We identified several genes involved in the production of melanophores and melanin to be 
under positive selection (anxa2, ap1s1, ctbp2, dct, lef1, irf4, rab32, rab38, tyrp1). Genes 
associated with melanocyte production and melanin synthesis have a strong influence in the 
production of black and brown coloration. Melanic coloration is pervasive among verte-
brates and a substantial set of genes influencing melanogenesis have been identified (Orteu 
and Jiggins 2020), mainly due to the intensive work on coat color mutation in laboratory 
mice (Hoekstra 2006). In vertebrates, melanic coloration is caused by the absorption of light 
by melanin in melanophores (Sköld et al. 2016). Melanin is synthesized from tyrosine by a 
key set of glycosylated enzymes (e.g., tyrosinase, tyrosinase-like protein 1 and 2), which are 
essential when it comes to determining the type, quantity, and quality of melanin produced 
(Hearing and Jiménez 1987).

The genes tyrp1 and dct, also known as tyrp2, are found within melanosomes (Marmol 
et al. 1996). Tyrosinase-related proteins play key roles in the melanogenesis pathway, as 
they interact with tyrosine and other derivatives to give rise to melanin. The tyrosinase-
related protein 1 (tyrp1) gene is a critical and rate-limiting enzyme and plays an essential 
role in controlling what types of melanin are produced (Pawelek and Chakraborty 1998). In 
addition, tyrp1 has been found to be associated with melanoma maintenance and influences 
melanocyte proliferation and melanocyte cell death (Johnson and Jackson 1992; Kobayashi 
et al. 1998; Hirobe and Abe 1999). The tyrp1 gene was differentially expressed between 
developmental stages in R. imitator and R. variabilis (Stuckert et al. 2021) of D. auratus 
(Stuckert et al. 2019), and between color morphs of O. pumilio (Rodríguez et al. 2020). In 
the polymorphic tawny dragon lizard, Ctenophorus decresii, tyrp1 was found to be upregu-
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lated in grey colored throats when compared to orange, yellow, and blue throats (McLean 
et al. 2017). The gene Rab38, which has the highest network connectivity in cluster 2, plays 
vital roles in melanosomal protein trafficking and melanocyte pigmentation. Findings from 
Wasmeier et al. (2006) suggest that rab38 is not necessary for early stage melanosome for-
mation, however, the absence of this gene results in a dramatic loss of pigmentation. This 
finding supports the notion that rab38 is critical in the trafficking of tyrp1 and tyrosinase 
(Watabe et al. 2004; Hearing 2005).

Iridophore/guanine platelet pathways

We identified genes involved in iridophore development (fhl1, prps1) to be under positive 
selection. Iridophores are associated with the production of white, green, and blue color-
ation; ultimately determined by the amount of light reflected from their internal structural 
elements (Bagnara et al. 2007). Iridophores contain reflective stacked guanine platelets that 
are nested in cytoplasm (Johnsen 2012). By using reflectance spectrometry, pigmentation 
analysis, electron microscopy, and color modeling, Twomey et al. (2020b) found that in 
poison frogs, the thickness of these structural elements (in combination with pigmentation) 
determines skin hue. For example, orange coloration was produced when guanine platelets 
are thick in size reflecting long wavelengths, whereas blue coloration is produced when 
platelets are thin in size, reflecting short wavelengths. This suggests that variation in the 
thickness of guanine platelets plays a vital role in controlling overall coloration in poison 
frogs. The mechanisms underlying the formation of guanine platelets in iridophores remains 
unclear however, it has been suggested that Rab GTPases may play key roles in this context 
(Higdon et al. 2013). Studies suggest that epidermis-structuring genes may also be playing 
vital roles in the formation of structural colors, however, more evidence is necessary to 
pinpoint the exact role of these genes (McGowan et al. 2006; Stuckert et al. 2019; Burgon 
et al. 2020). The production keratin and organization of the dermis can influence structural 
colors in a similar way that guanine platelets influence structural colors. The gene fhl1 
(four and a half LIM domains protein 1), which was placed in cluster 1 (blue) of our gene 
network, is expressed in striated muscle (Chu et al. 2000; Tanahashi and Tabira 2000). We 
also identified the ovol1 (ovo like transcriptional repressor 1) gene, which is involved in 
epidermal keratinization (Tsuji et al. 2018), to be under positive selection. Nair et al. (2006) 
demonstrated that ovol1-deficient exhibited hyperproliferative skin disorders, demonstrat-
ing the crucial role ovol1 plays in the formation of epidermal tissue. It is possible that the 
ovol1 gene is playing vital roles in the formation of structural colors via the production of 
epidermal tissue in poison frogs.

Xanthophores: pteridine pathways and carotenoid metabolism

We identified genes involved in the production of pteridine synthesis (xdh) and carotenoid 
metabolism (adh1b, aldh2, rdh16) to be under positive selection. Pteridine and carotenoids 
are both pigments contained in xanthophores (Duellman and Trueb 1994). Xanthophores 
are associated with the production of yellow, orange, and red coloration (Obika and Bag-
nara 1964; Grether et al. 2001; Mcgraw et al. 2006; Croucher et al. 2013; McLean et al. 
2017). The exact coloration derived varies by the wavelength absorbed from both pteridine 
and carotenoid pigments (Duellman and Trueb 1994). Pteridines are purine-based pigments 
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which are synthesized internally by many animals (Stackhouse 1966). Pteridine pigments 
are derived as they are synthesized during the production of purines (Steffen and McGraw 
2009). The production of guanine is a fundamental physiological process, and therefore, 
pteridines are continuously replenished. However, not all pigments are produced de novo by 
animals. For instance, animals are incapable of synthesizing carotenoids de novo, and must 
be acquired through the diet (Goodwin 1992). In animals, dietary provitamin A carotenoids 
(e.g. beta-carotene) are vital as they promote growth and overall fitness of organisms (Hill 
et al. 2006). In addition, numerous studies indicate that provitamin A promotes the produc-
tion and maintenance of bright coloration (e.g., red, orange) (Ahi et al. 2020; Twomey et 
al. 2020a).

The prps1 gene (phosphoribosyl pyrophosphate synthetase 1) catalyzes the synthesis 
of phosphoribosyl pyrophosphate, which is essential for the de novo synthesis of purine, 
pyrimidine, and pyridine nucleotides (Kornberg et al. 1955; Lieberman et al. 1955; Hartman 
and Buchanan 1958; Preiss and Handler 1958). The gene xdh (xanthine hydrogenase) is well 
known to play crucial roles in the synthesis of pteridines, which are pigments deposited in 
xanthophores that play crucial roles in yellow, orange and red coloration (Epperlein and 
Löfberg 1990; Bagnara and Matsumoto 2006). For instance, xdh plays vital roles in produc-
ing red drosopterin that are placed in the eyes of Drosophila flies (Reaume et al. 1991). In 
whole skin tissue, xdh was found to be differentially expressed between color morphs of O. 
pumilio (Rodríguez et al. 2020), between color morphs of D. auratus (Stuckert et al. 2019), 
and between larval developmental stages of R. variabilis and R. imitator (Stuckert et al. 
2021).

The genes adh1b (alcohol dehydrogenase 1B) and aldh2 (aldehyde dehydrogenase 2) 
genes both play vital roles in the synthesis of retinoic acid. The first step of retinoic acid 
synthesis is the oxidation of retinol to retinaldehyde, which are catalyzed by genes in the 
alcohol dehydrogenase (ADH) and retinol dehydrogenase (RDH) family, and the second 
step is the oxidation of retinaldehyde to produce retinoic acid, which is managed by genes in 
the aldehyde dehydrogenase (ALDH) family (Duester 2000; Molotkov et al. 2002; Molot-
kova et al. 2007). Retinoic acid is vital as it controls growth and development by metaboliz-
ing retinol.

Conclusion

We identified protein-coding genes responsible for color production that are under pervasive 
positive selection using transcriptome data from a set of poison frog species in the genus 
Ranitomeya. All poison frog species and morphs used in this study exhibit bright conspicu-
ous coloration accompanied with contrasting patterns. Members of the family Dendrobati-
dae rely on bright aposematic coloration to communicate to potential predators that they are 
poisonous and unpalatable. Numerous studies support the notion that bright conspicuous 
coloration is strongly tied to survival in poison frogs and therefore, the genetic mechanisms 
responsible for production of aposematic coloration are likely to have come under positive 
selection. We implemented the pipeline FUSTr and identified multiple genes under strong 
positive selection related to color production. This included genes that play key roles in 
melanocyte production and melanin synthesis, iridophore development, keratin metabo-
lism, pteridine synthesis, and carotenoid metabolism. Several genes found to be under posi-
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tive selection in our study (e.g., xdh, tyrp1, dct, irf4) have been found to be differentially 
expressed in other poison frog studies; between morphs of Dendrobates auratus (Stuckert et 
al. 2019), and between larval developmental stages and among color morphs of R. imitator, 
R. variabilis, and R. fantastica (Stuckert et al. 2021). Ultimately, understanding the roles of 
changes in gene regulation and changes in coding sequence in the evolution of diversity in 
coloration in the poison frogs (between individuals, populations and species) will require 
exhaustive elucidation of gene regulatory mechanisms, patterns of differential expression, 
and the identification of coding sequence differences that are under positive selection. In this 
paper, we have begun to elucidate key color-related genes that have been under selection 
in this lineage. This data will be crucial as we work towards understanding the combined 
effects of coding sequence changes and changes in gene regulation (and their interaction) in 
driving the remarkable diversity in coloration in this group.
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