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ABSTRACT

Aposematic organisms rely on their conspicuous appearance to signal that they are
defended and unpalatable. Such phenotypes are strongly tied to survival and reproduction.
Aposematic colors and patterns are highly variable; however, the genetic, biochemical and
physiological mechanisms producing this conspicuous coloration have not yet been elucidated.
Here, | attempt to 1) identify genes and gene networks potentially affecting color variation in two
color morphs of Ranitomeya imitator: the orange-banded Sauce and the red-headed Varadero
morphs, 2) identify the overall effects of dietary carotenoids on pigmentation and gene
expression on R. imitator frogs, and 4) identity genes associated with color development that are
under positive selection in poison frogs (Amphibia: Anura: Dendrobatidae). My results show that
key genes may be playing vital roles in producing bright aposematic coloration. In addition, we

found that genes related to lipid storage were up-regulated in the tissue of Ranitomeya imitator



froglets that were fed a carotenoid enriched diet. Lastly, we found key genes related to color
formation to be under positive selection when testing transcriptome data from a set of poison
frog species in the family Dendrobatidae. These three chapters will allow us to make some
preliminary inferences concerning the relevance of our results to important general issues in
ecology and evolution. For instance, results from this dissertation could help identify expression
levels of a wide variety of different genes that are involved in determining differences in color
pattern between different mimetic morphs of R. imitator, and between this mimic and its model
species. In addition, results from this dissertation can pave the way for future studies to test
hypotheses of mechanisms of color morph maintenance in populations and investigate the

evolution of color pattern across aposematic vertebrates in a phylogenetic context.
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1.1  Abstract

Aposematic organisms rely on their conspicuous appearance to signal that they are
defended and unpalatable. Such phenotypes are strongly tied to survival and reproduction.
Aposematic colors and patterns are highly variable; however, the genetic, biochemical and
physiological mechanisms producing this conspicuous coloration remain largely unidentified.
Here, we identify genes and gene networks potentially affecting color variation in two color
morphs of Ranitomeya imitator: the orange-banded Sauce and the redheaded Varadero morphs.
We examine gene expression in black and orange skin patches from the Sauce morph and black
and red skin patches from the VVaradero morph. We identified genes differentially expressed
between skin color patches, including those that are involved in melanin synthesis (e.g., mlana,
pmel, tyrpl), iridophore development (e.g., paics, ppat, akl), pteridine synthesis (e.g., gchl,
recql4, xdh), and carotenoid metabolism (e.g., dgat2, rbpl, scarb2). We also reconstructed gene
networks which may be involved in the development of coloration in the mimic poison frog.
Finally, using weighted gene network analysis, we identified the top 50 genes with high
connectivity from the most significant network associated with gene expression differences
between color morphs. Of these 50 genes, 13 were known to be related to color production

(gchl, gmps, gpr143, impdhl, mclr, pax3-a, pax7, ppat, rab27a, rlbpl, tfec, trpm1, xdh).

Keywords: Amphibian, Aposematism, Coloration genetics, Gene expression, Genomics



1.2 Introduction

Across the tree of life diverse color patterns have evolved as central elements of key
ecological and evolutionary processes, ranging from species and morph recognition (Losos 1985;
Bieri et al. 2023) to dynamic signaling in mate choice (Kokko et al. 2002), to predator avoidance
(Ruxton et al. 2004). The selective advantages of certain phenotypes can lead to the evolution of
mimicry, such as Batesian mimicry between coral snakes and scarlet kingsnakes (Savage &
Slowinski 1992) or Mullerian mimicry among Heliconius butterflies (Mallet & Joron 1999).
Because color phenotypes are often strongly correlated with survival and reproduction, the
genetic, biochemical and physiological mechanisms controlling color and pattern variation have
long been of interest to evolutionary biologists.

Until recently, research focused on the genetic underpinnings of color pattern diversity
and molecular pathways in vertebrates have been aimed mainly at melanin-based coloration of
mammals, birds, and fish (San-Jose & Roulin 2017; Elkin et al. 2023). The array of colors and
patterns displayed by amphibians, reptiles, and fish are associated with chromatophores
(organelles), including melanophores, iridophores, and xanthophores (Bagnara 1966).
Chromatophores can contain pigments (such as melanins or pteridines) and structural elements
(such as guanine platelets). Dark coloration, such as black, brown, and dark green, are produced
by melanophores and melanin pigments (Duellman & Trueb 1994). Structural coloration is
largely determined by the size, shape, and orientation of reflective platelets in iridophores. For
example, thin platelets reflect wavelengths in the dark blue part of the visual spectrum, and
thicker platelets (in conjunction with pigmentation) can produce orange coloration (Twomey,
Kain, et al. 2020). Production of yellow, red, and orange colors are associated with pteridine and

carotenoid pigments contained in xanthophores (Croucher et al. 2013; Grether et al. 2001,



Mcgraw et al. 2006; Obika & Bagnara 1964; McLean et al. 2017). The genetic basis of
carotenoid and pteridine-based color production has been a focus of investigation recently, using
new genomic methods (e.g. (Hooper et al. 2019; Ahi et al. 2020). Twomey (2020) found that
differences in brightness and hue are the result of interactions between pigments, such as
carotenoids and pteridines, and structural elements, such as guanine platelets.

Aposematic organisms use visual cues to communicate that they are chemically defended
and unpalatable (Brown 2013; Cummings & Crothers 2013; Harvey et al. 1982), and identifying
the genetic basis of coloration in aposematic species has been a major emphasis of recent
research (e.g., (Rodriguez et al. 2020; Stuckert et al. 2019; Twomey, Johnson, et al. 2020;
Stuckert et al. 2021; Liu et al. 2014; Posso-Terranova & Andrés 2017)). Historically,
evolutionary biologists have predicted that aposematism, driven by predator-imposed selective
pressures, causes sympatric phenotypes among closely related species to converge on a single
color pattern to promote accelerated predator learning (Muller 1879; Mallet & Joron 1999).
However, geographic variation in both color and pattern is common in aposematic species
(Briolat et al. 2019, 2018; Joron & Mallet 1998), potentially driven by mate choice or differential
predator selective regimes (Lawrence et al. 2019; Summers et al. 1997; Jiggins et al. 2004).

Approximately one-third of Neotropical poison frogs (Amphibia: Dendrobatidae) are
thought to be aposematic (Santos et al. 2003; Summers & Clough 2001). This group of frogs are
interesting models for the examination of color production because colors of the aposematic
phenotypes are clearly tied to selection, and because there is extensive variation of color
phenotypes within the family and within species. The polypic mimic poison frog, Ranitomeya
imitator, provides an important example of variation in color pattern. This species has undergone

a Mullerian “mimetic radiation” across different geographic regions of Northern Peru (Symula et



al. 2001, 2003). To date there are four known R. imitator color morphs that occur in sympatry
with three congeneric model species (Symula et al. 2001; Stuckert et al. 2014). Significant
progress has been made in identifying the genes underlying color production in poison frogs
(Rodriguez et al. 2020; Twomey, Johnson, et al. 2020; Linderoth et al. 2023; Stuckert et al.
2019). Of particular relevance is a recent study by Stuckert et al. (2021) which examined gene
expression of whole-skin samples from R. imitator, R. fantastica, and R. variabilis. This study
identified a number of crucial genes and pathways likely playing a role in producing these
different color patterns, but at a broad, whole skin-wide scale. Thus, further work, specific to
distinct, differently colored patches of skin, is required to identify key genes and pathways
underlying Mullerian mimicry in these frogs.

In this study we use genomic tools to shed light on the genetic and biochemical
mechanisms underlying skin color differences within and between two morphs of R. imitator.
This is of general interest to evolutionary biologists, because R. imitator is a model system for
the study of Mullerian mimicry (Mallet 2014). We investigated patterns of differential gene
expression between three different dorsal skin color patches (black, orange, and red) from two
captive bred color morphs of the mimic poison frog (Ranitomeya imitator), the orange-banded
Sauce and redheaded Varadero morphs (Figure 1.1a). The Sauce morph is characterized by
orange bands on a black dorsum, while the VVaradero morph is characterized by a red head and
dorsolateral lines over a black dorsum. We used RNA-sequencing to quantify gene expression
exclusively in the black and orange dorsal skin color patches in the Sauce morph and black and
red dorsal skin color patches in the Varadero morph, to identify candidate genes involved with
color production. We predicted that black dorsal skin patches in both the Sauce and Varadero

color morph would have an upregulation of genes related to melanin synthesis. In contrast, we



predicted that genes related to iridophore development, carotenoid metabolism, and pteridine
synthesis would be upregulated in both the orange and red dorsal skin color patches in the Sauce

and Varadero morphs.
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Figure 1.1: Overview of study system. (a) Depictions of captive Ranitomeya imitator froglet
morphs used in this study. From left to right: the Sauce morph and the Varadero morph. (b)
Mean reflectance spectra including standard deviation of orange and red dorsal skin patches from
parents of the froglets used in this study. Reflectance data was taken from 4 adult frogs for each
morph. (c) Plot of the principal component analysis summarizing the expression patterns across
samples. The ellipses are derived by a multivariate t-distribution and group skin color patches by

morph.

1.3 Methods
Color morphs:

Breeding colonies of the Sauce morph and the VVaradero morph of Ranitomeya imitator
were obtained from Understory Enterprises, LLC. The color morphs we used for this project
were captive bred individuals descended directly from wild populations with locality data from
the north-central region of eastern Peru. Frogs captured in the wild were bred in captivity in a
facility in lquitos, Peru, and F1 offspring were exported to an additional breeding facility in
Canada (this activity is carried out under permission from the Peruvian Ministry of Natural
Resources), where offspring produced are made available for purchase to researchers and
hobbyists. Although the bright color patterns of adults of the Sauce and Varadero morph are
visually similar, reflectance values differ between these two morphs (Figure 1b). We chose these
two morphs because it is practical to effectively separate orange or red skin patches from black

skin.



Sample collection:

We kept established breeding pairs of R. imitator frogs of the same color morph in tanks
with dimensions of 40.6x20.3x25.4 cm. We placed two PVC pipes filled with ~ 25 mL of
deionized water along the corners of each tank, which males used as breeding pools to deposit
tadpoles. We checked tadpoles 3 times a week. Tadpoles were collected as soon as they were
discovered in the breeding pool and individually reared in 100 ml of deionized water. We
performed full deionized water changes twice a week and fed tadpoles Omega One Marine
Flakes fish food three times a week. We sacrificed froglets immediately after they reached the
final stages of development, at Gosner stage 43 or 44 (Gosner), by applying 20% benzocaine gel
to their venter followed by pithing the cerebral region to ensure death. During these
developmental stages, froglets had functional hind and forelimbs and displayed color and pattern
elements reflecting their parental color morph. After froglets were euthanized, we dissected and
separated different colored patches of the dorsal skin for each morph. We separated all orange
skin from all black skin in the Sauce morph, and all red skin from all black skin in the VVaradero
morph (Figure 1.1a). Due to the limited amount of colored dorsal skin tissue on froglets, and the
minimal amount of RNA in skin, we combined all skin colored patches from froglets bred from
the same breeding pair to retrieve enough for RNA extraction. This yielded N =5 per breeding
pair, except one breeding pair from the Sauce morph and one breeding pair from the Varadero
morph for which N = 1. We used a total of 4 families for the VVaradero and Sauce morph.

We separately stored each dissected skin color patch in RNAlater (Qiagen) at 4° C for 24
h and then at -20° C until RNA extraction. We then combined all skin patches dissected from
tadpoles of the same breeding pairs and used a hybrid Trizol (Ambion) protocol to extract RNA,

cleaned with DNAse and RNAsin, and purified with a RNeasy spin column (Qiagen) method.



We verified RNA quality on a Bioanalyzer 2100 (Agilent) at the Genomic Core Facility (East
Carolina University, NC, USA), and utilized samples with a RNA integrity number (RIN) value
greater than 7. We sent samples to Novogene (Hong Kong, China), where double-stranded

cDNA libraries were prepared and sequenced. Reads were paired end and 150 bp in length.

Alignment and read counts:

We used Trimmomatic version 0.36 to remove adaptors from our reads (Bolger et al.
2014). We then aligned our sequence data to a de novo assembled and annotated Ranitomeya
imitator genome (Stuckert et al. 2021) using STAR v2.7 (Dobin et al. 2013). When aligning
reads, we allowed for a maximum of 20 multiple alignments per read and 10 base mismatches.
The program ‘htseq-count’ (Anders et al. 2015) was used to count gene expression from STAR

alignments.

Differential gene expression:

We used the package DESeq2 (Love et al. 2014) to conduct all gene differential
expression analyses in R version 3.6.2 (R Core Team, 2019). Several genes in the annotated
genome are represented multiple times, resulting in an alignment that was not completely at
gene-level. To resolve this issue, we merged counts from htseg-count into a gene-level count in
R. We removed any genes that had a total experiment-wide expression level of < 50, to avoid
potential biases from low expression genes.

We used a Wald’s test with a Benjamini and Hochberg correction for multiple testing
(Benjamini & Hochberg 1995) at a value of 0.05 to identify differentially expressed genes. We

conducted four different comparisons; two comparisons of skin patches within color morphs



(sauce: black vs orange; varadero: black vs red), a comparison of the orange skin patches in the
Sauce frogs to the red skin patches in the Varadero frogs, and finally a comparison of skin
patches between color morphs (all black skin patches vs all color patches (orange and red)). We
then identified and extracted genes associated with color pattern development (using a curated
list of genes associated with coloration based on previous research (Stuckert et al. 2019)) from
the differentially expressed genes found in our comparisons. In an effort to reduce biases from
the curated list obtained from Stuckert et al. (2019), we added genes that were plausible
candidates for color development in the top 20 log2FoldChange hits from each comparison to
this curated list. Heatmaps were derived using the R package pheatmap (Kolde & Kolde 2015).
We used the variance stabilized data of all genes to explore patterns of variation by conducting a

principal component analysis (PCA).

Network and clustering analyses: general approach:

Perhaps the most difficult task to accomplish with differential expression data is to
organize and prioritize the results in a way that makes sense and highlights the gene networks
likely to underlie the phenotype of interest (color pattern variation in this case) and the key genes
that play the most critical functional roles in these networks. This is challenging and a variety of
bioinformatic approaches to parse and organize transcriptomic datasets have been developed
(e.g. (Zhang & Horvath 2005; Deelen et al. 2019)). In this paper we used several different yet
complementary approaches to organize and summarize our results. First, we searched for
convergent evidence of differential expression between this study and the study reported by
Stuckert et al. (2021). Specifically, we gathered genes that were found to be differentially

expressed both between morphs using whole skin RNA extractions (Stuckert et al. 2021), and

10



between colored skin patches in this study. We view these lines of evidence as cumulative
evidence that these genes are associated with color divergence in Ranitomeya. We also included
color pattern-related genes that were associated with differential expression between
developmental points in Ranitomeya (Stuckert et al. 2021) and between colored skin patches in
this study.

The program Gene Network 2.0 (Deelen et al. 2019) was used to qualitatively investigate
patterns of interactivity among the color pattern-related genes showing independent evidence for
differential expression, as described above. Gene Network 2.0 implements a method called

GeneNetwork Assisted Diagnostic Optimization (GADO: www.genenetwork.nl). While this

method was developed with a focus on identifying networks of interactivity among genes
associated with human diseases, it can also be used to identify connections between sets of genes
from non-model organisms. The method uses principal component analysis to identify
interaction networks and connectivity among sets of genes, based on previous research on those
genes in humans and other organisms. Construction of these networks is mainly influenced by

membership and involvement in the same biological pathways (Deelen et al. 2019).

Weighted Gene Correlation Network Analysis:

In addition to the qualitative network analysis described above, we conducted a Weighted
Gene Coexpression Network Analysis (WGCNA) of our gene expression data to analyze
networks of co-expressed genes across skin patches using the R package WGCNA version 1.6.8
(Langfelder & Horvath 2008). We used the variance stabilizing transformed data produced by
DESeq2 to conduct our WGCNA analyses. Genes with total expression of < 50 counts were

excluded from the transformed dataset. We identified gene network modules that correlated with
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the divergence between black and orange/red skin patches and between color morph skin patches
at p < 0.05. We used a total of 16 skin patches for the gene network analysis (black (N = 8)
versus orange/red (N = 8)). We used the scale-free topology criteria to determine the soft
threshold (P) for both of our WGCNA analyses. We used § = 20 and minimum module size of 30
when identifying networks that correlated with the divergence between black and orange/red skin
patches and between color morph skin patches. We then identified the eigenmodules (MEs) that

were at the p-value < 0.05.

Hub genes from the WGCNA module most associated with the divergence between black and
orange/red skin patches and between color morph skin patches:

Hub genes are those with high intra-module connectivity. Therefore, we extracted the top
50 ranked genes with the strongest connections from the most significant module, which had
both the lowest p-value and highest R-value (correlation between the grouping and module
expression), with respect to the correlation with the divergence between black and orange/red
skin patches and between color morph skin patches. After these hub genes were identified and
extracted, we used the program Cytoscape to construct and visualize the network (Shannon et al.
2003). Within Cytoscape, we used the function Maximal Clique Centrality (MMC) in the
package cytoHubba (Chin et al. 2014) to measure nodes and infer their importance. This function

allows us to identify the most cohesive sets of genes known as the “first stage nodes”.

1.4 Results

Gene expression:

12



An average of 22.66 million (x 1.72 SD) sequence paired end reads were generated per
sample and of these an average of 84.12% (+ 0.75% SD) of the reads uniquely mapped to the
Ranitomeya imitator genome. We found strong, distinct differences in gene expression between
patches in both the Sauce and Varadero morphs, and across morphs. In our PCA analysis, the
first principal component, which explained 53% of the variation, was largely driven by color
morph, whereas the second principal component, which explained 17% of the variation, largely
driven by skin color patch (Figure 1.1c). When conducting a PCA analysis within morphs, 47%
of the variation was largely driven by black and orange skin patches in the Sauce morph and

35% of the variation was largely driven by black and red skin patches in the Varadero morph.

Sauce morph: Black and orange skin patches:

We identified 278 differentially expressed genes between the black and orange skin
patches of frogs from the Sauce morph. Many of these genes were differentially expressed
between black and orange/red skin in both color morphs (see “Differentially expressed genes
shared between color morphs” below). Of these differentially expressed genes, 33, from a priori
color gene list, have been putatively linked to pigment production in poison frogs or in other taxa
(Figure 1.2a). Thirteen genes were up-regulated exclusively in the black skin patches. Of these,
eleven genes were related to melanocyte production and melanin synthesis (bmprla, erbb3,
kcnjl13, mlana, mreg, pmel, slc24ab5, slc45a2, sox18, tyrpl, trpm7), one gene was related to
iridophore development (prpsapl), and one gene was related to carotenoid metabolism (scarb2).
Conversely, nineteen genes were up-regulated exclusively in the orange skin patches. Of these,
three genes were related to melanocyte production and melanin synthesis (mcl1r, mlph, trpm1),

seven genes were related to iridophore development (akl, gmps, impdhl, paics, ppat, rab27a,
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tfec), four genes were related to pteridine synthesis (gchl, pax3-a, pax7, xdh), and five genes

were related to carotenoid metabolism (akrlbl, dgat2, mab21I2, rbpl, rlbpl).

Pteridine synthesis &
Carotenoid metabolism

Qrange Red

(d) Between morphs: All black and orange/red skin patches
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Figure 1.2: Heatmap generated by DESeq summarizing differential expression of color-related
genes significantly differentially expressed (DE) genes (a) among black color patch and the
orange color patch in the Sauce morph, (b) among black skin color patch and red skin color patch
in the VVaradero morph, (c) among orange skin patches of the Sauce morph and red skin patches
of the VVaradero morph, and (d) among the black and orange/red skin patches of both the Sauce
and Varadero morph. Highly expressed genes related to melanocyte production and melanin
synthesis are indicated with a black coloration, highly expressed genes related to iridophore
development are indicated with blue coloration, and highly expressed genes related to both

pteridine synthesis and carotenoid metabolism are indicated with red coloration.

Varadero morph: Black and red skin color patches

We identified 350 differentially expressed genes between black and red skin patches of
frogs from the Varadero morph. Of these differentially expressed genes, 35, from a priori color
gene list, have been putatively linked to pigment production in poison frogs or in other taxa
(Figure 1.2b). Eight genes were up-regulated exclusively in black skin patches. All of these
genes were related to melanocyte production and melanin synthesis (kcnj13, mlana, pmel,
slc24a5, slc45a2, sox18, tyrpl, wnt7a). Conversely, nineteen genes were up-regulated
exclusively in the red skin patches. Of these, six genes were related to melanocyte production
and melanin synthesis (gpr143, mclr, mitf, mlph, pax6, trpm1), four genes were related to
iridophore development (impdhl, pnp, ppat, rab27a), four genes were related to pteridine
synthesis (gchl, pax3-a, pax7, xdh), and five genes were related to carotenoid metabolism

(akrlbl, rbpl, rbp2, ribpl, mab2112).

15



Differential expression between morphs

We identified 1,499 differentially expressed genes between orange skin patches of the
Sauce morph and the red skin patches of the VVaradero morph. Of these differentially expressed
genes, 62, from a priori color gene list, have been putatively linked to pigment production in
poison frogs or in other taxa (Figure 2c). Six genes were up-regulated exclusively in orange skin
patches. Of these, one gene was related to melanocyte production and melanin synthesis (sfxnl),
three genes were related to iridophore development (impdh2, rabggta, recql4), one gene was
related to pteridine synthesis (gchfr), and one gene was related to carotenoid metabolism
(crabp2). Conversely, twelve genes were up-regulated exclusively in the red skin patches. Of
these, seven genes were related to melanocyte production and melanin synthesis (dct, kenj13,
mlana, mlph, pmel, tyr, tyrpl), three genes were related to iridophore development (gart, pnp,

pgm2), and two genes were related to carotenoid metabolism (rbp2, ttc8).

We identified 278 differentially expressed genes between black skin patches and
orange/red skin patches from the Sauce and Varadero morph. Of these differentially expressed
genes, 33, from a priori color gene list, have been putatively linked to pigment production in
poison frogs or in other taxa (Figure 1.2d). Thirteen genes were up-regulated exclusively in the
black skin patches. Of these, eleven genes were related to melanocyte production and melanin
synthesis (bmprla, erbb3, kcnj13, mlana, mreg, pmel, slc24a5, slc45a2, sox18, tyrpl, trpm?7),
one gene was related to iridophore development (prpsapl), and one gene was related to
carotenoid metabolism (scarb2). Conversely, nineteen genes were up-regulated exclusively in
the orange/red skin patches. Of these, three genes were related to melanocyte production and

melanin synthesis (mclr, mlph, trpm1), seven genes were related to iridophore development
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(akl, gmps, impdhl, paics, ppat, rab27a, tfec), four genes were related to pteridine synthesis
(gchl, pax3-a, pax7, xdh), and five genes were related to carotenoid metabolism (akrlbl, dgat2,

mab2112, rbpl, ribpl).

Differentially expressed genes shared between color morphs:

We found twenty-one genes that showed similar patterns of differential expression in the
comparison of black and orange/red skin color patches in both the Sauce and Varadero morphs
(Table 1.1). Of these genes ten were related to melanocyte production and melanin synthesis
(mclr, kenj13, mlana, miph, pmel, slc24a5, slc45a2, sox18, trpm1l, tyrpl), three were related to
iridophore development (impdhl, ppat, rab27a), four were related to pteridine synthesis (gchl,
pax3-a, pax7, xdh), and four were related to carotenoid metabolism (akrlbl, rbpl, rlbpl,
mab2112). Seven genes related to melanocyte production and melanin synthesis (kcnj13, mlana,
pmel, slc24ab5, slc45a2, sox18, tyrpl) were up-regulated in the black skin patches of both the
sauce and varadero morphs. All genes related to iridophore development (impdhl, ppat, rab27a),
pteridine synthesis (gchl, pax3-a, pax7, xdh), and carotenoid metabolism (akrlbl, rbpl, rlbpl,
mab2112), in addition to three genes related to melanocyte and melanin synthesis (mclr, miph,

trpm1), were up-regulated in orange and red skin patches of both of these morphs.
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Table 1.1: Differentially expressed genes that were shared between skin section comparisons

from the Sauce and Varadero morph. Pigment role column indicates the color production.

Sauce: Up-regulated

Varadero: Up-regulated

Gene in skin color patches in skin color patches Pigment role

mclr Orange Red Melanin/melanosome synthesis
kcnj13 Black Black Melanin/melanosome synthesis
mlana Black Black Melanin/melanosome synthesis
miph Orange Red Melanin/melanosome synthesis
pmel Black Black Melanin/melanosome synthesis
slc24a5 Black Black Melanin/melanosome synthesis
slc45a2 Black Black Melanin/melanosome synthesis
sox18 Black Black Melanin/melanosome synthesis
trpml Orange Red Melanin/melanosome synthesis
tyrpl Black Black Melanin/melanosome synthesis
impdhl Orange Red Iridophore/guanine platelet
ppat Orange Red Iridophore/guanine platelet
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rab27a Orange Red Iridophore/guanine platelet
gchl Orange Red Pteridine gene

pax3-a Orange Red Pteridine gene

pax7 Orange Red Pteridine gene

xdh Orange Red Pteridine gene

akrlbl Orange Red Carotenoid metabolism
rbpl Orange Red Carotenoid metabolism
ribpl Orange Red Carotenoid metabolism
mab2112 Orange Red Carotenoid metabolism

Network Cluster Analysis:

We used GeneNetwork 2.0 (Deelen et al. 2019) to construct a network of those color-
related genes that showed independent evidence for differential expression (see methods) and
identified three main clusters of genes in that network (the blue cluster was found to be
associated with melanogenesis p-value < 0.000, the purple cluster was found to be associated
with calcium signaling pathway p-value < 0.000, and the green cluster was found to be
associated with tyrosine metabolism p-value < 0.000) (Figure 3). The blue cluster contains genes
associated mainly with melanogenesis (slc24a5, pmel, tyrpl, trpm1, trpm7, erbb3, pax6, mitf,

mlph, mclr, mlana), the purple cluster contains genes associated mainly with guanine synthesis
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(ppat, paics, recql4, gart, impdh2), and the green cluster contains genes associated mainly with
pteridine synthesis and carotenoid metabolism (xdh, pax7, rbpl, dgat2, akrlbl). Cluster
membership is based on similarity in gene function, whereas line number and intensity
(progressing from gray to black to red) illustrates strength of interactivity. We note that this set
of genes was selected (from the set of genes showing independent evidence for differential
expression) based on prior evidence for roles in color development, so this network analysis does
not provide evidence for functional enrichment. It does, however, summarize the patterns of
interactivity between these color development-related genes (based on previous research on
those genes). We also note that there appear to be detectable levels of interaction between genes

in different functional categories (e.g. guanine synthesis, pteridine synthesis, and carotenoid

metabolism).
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Figure 1.3: Based on the list of differentially expressed color genes from multiple experiments,
GeneNet 2.0 identified three clusters: blue Cluster: associated mainly with melanogenesis
(slc24a5, pmel, tyrpl, trpml, trpm7, erbb3, pax6, mitf, mlph, mclr, mlana), purple cluster:
associated mainly with guanine synthesis (ppat, paics, recgl4, gart, impdh2), and green cluster:
associated mainly with pteridine synthesis (xdh, pax7) and carotenoid metabolism (rbpl, dgat2,
akrlbl). Cluster membership is based on similarity in gene function, whereas line number and

intensity (progressing from gray to black to red) illustrates strength of interactivity.

Weighted gene co-expression network, pathway analyses:

Our WGCNA analysis identified 19 gene networks in our expression data. Of these
networks, 9 modules were significantly correlated with differences between black and orange/red
skin patches; module 2 (r = 0.66, p-value = 0.005), module 7 (r = 0.82, p-value < 0.000), module
9 (r=0.92, p-value < 0.000), module 12 (r = -0.75, p-value < 0.000), module 13 (r = -0.7, p-
value = 0.003), module 15 (r = -0.59, p-value = 0.02), module 16 (r = -0.57, p-value = 0.02),
module 17 (r = -0.65, p-value = 0.006), module 18 (r = -0.98, p-value < 0.000). In addition, 7
modules were significantly correlated with differences between color morphs; module 3 (r = -
0.85, p-value < 0.000), module 4 (r = -0.68, p-value = 0.004), module 5 (r = -0.72, p-value =
0.002), module 6 (r = -0.67, p-value = 0.005), module 10 (r = 0.54, p-value = 0.03), module 14 (r

=0.96, p-value < 0.000), module 15 (r = 0.65, p-value = 0.006).

Hub Genes from most significant modules:

We identified the top 50 genes with the highest connectivity in the most significant

module, module 9, correlated with the divergence between black and orange/red skin patches. Of
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these, one was related to color production (ovoll). In addition, we identified the top 50 genes
with the highest connectivity in the most significant module, module 14, correlated with the
divergence between color morph skin patches. Of these, thirteen were related to color production
(gchl, gmps, gprl143, impdhl, mclr, pax3-a, pax7, ppat, rab27a, rlbpl, tfec, trpm1, xdh) and one
was apparently a close paralog to a color gene (mab2111), known to have similar functional roles
(see discussion). Our Maximal Clique Centrality analysis found that 5 of the top 10 “first stage
nodes” from the top 50 hub genes were those that contribute to the production of color (gchl,

mclr, pax7, rlbpl, slc2a9) (Figure 4).
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Fig. 1.4: Hub genes from the most significant WGCNA analysis module correlated with the
divergence between color morph skin patches. The outer ring shows differentially expressed
genes known to be involved in the development of color pattern from previous research. The top
ten genes with highest level of network connectivity (centrality) are indicated with warm

coloration, where genes with warmer color have higher level of connectivity.

1.5  Discussion

Research on the mechanisms controlling color pattern variation has accelerated in recent
years (Orteu & Jiggins 2020). In this paper, we examined gene expression of individual color
skin patches within the mimic poison frog Ranitomeya imitator in an effort to identify genes that
control differential color production. Our skin patch comparisons included two contrasts between
black and orange/red skin patches within individuals (for individuals of the Sauce and Varadero
morphs), as well as comparisons of the combined black skin patches and the combined
orange/red skin patches (from both morphs), and comparisons between the orange and red skin
patches of the Sauce and the VVaradero morphs. This last comparison should reveal patterns of
gene expression that are involved in subtle differences between hue (e.g. orange vs. red
coloration), whereas comparisons between black and orange/red skin patches may highlight
genes with more extreme effects on coloration (note that the expression patterns of some genes
are likely to be involved in both types of effects). This work builds on that of Stuckert et al.
(2021) which examined gene expression differences between morphs and across developmental
stages in R. imitator and two model species (R. variabilis and R. fantastica). These researchers
identified certain genes in several key pathways as important, including melanogenesis, guanine

synthesis, and pteridine synthesis, and hypothesized that keratin genes are also likely to be
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playing an important role in coloration in these species. Below we discuss specific color-related
genes showing differential expression in our analyses, with a focus on those genes that show
significant differentiation between the whole skin prep analyses of distinct morphs presented in
(Stuckert et al. 2021). The presence of genes with significant evidence for differential expression
from both the whole skin prep and skin color patch specific analyses provides cumulative
evidence for the involvement of these genes in between morph color pattern differences, offering
an opportunity to focus on a smaller set of genes that are likely to be especially important for
differences in coloration. Hence, we begin by focusing on the genes most likely to influence
variation between morphs in R. imitator.

One of the most difficult tasks in analyzing differential expression data is organizing and
interpreting the results, given the plethora of differentially expressed genes that are typically
identified between different tissues in transcriptomic analyses (i.e. different patches, stages,
morphs or species). In order to organize and summarize our results, we have taken several
different approaches. First, we have employed a curated list of color pattern genes gathered from
the literature (Stuckert et al. 2019) to identify genes known to be involved in color pattern
development in other species. Second, we have used two types of network analyses to focus on
what are likely to be key genes and gene networks influencing color pattern (Gene Network 2.0
implements a method that uses principal component analysis to identify interaction networks and
connectivity among sets of genes while the WGCNA implements a weighted gene coexpression
network analysis allowing us to identify the top 50 hub genes with the highest connectivity in the
module most associated with the divergence between black and orange/red skin patches). This
includes a network analysis of genes that show independent evidence for an influence on color

pattern variation, and a weighted gene coexpression analysis of genes that show differential
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expression between black and orange/red skin patches across both the banded and Varadero
morphs (this comparison gave us the largest sample size for this type of analysis). In discussing
the results, we focus on the genes that were highlighted in our network analyses. We organize
our discussion of the results of the network analyses on the basis of known pathways involved in

color development in specific layers of ectothermic vertebrate skin.

Melanin/melanosome synthesis pathways:

Melanin-based coloration is ubiquitous among vertebrates and many genes affecting
melanogenesis have been identified (Orteu & Jiggins 2020). Stuckert et al. (2021) found that
many genes that form components of the melanogenesis pathway (including proliferation,
migration and homing of melanoblasts, differentiation of melanocytes, melanosome formation,
synthesis of eumelanin and putatively pheomelanin, and melanosome transport) were
differentially expressed between color morphs and/or developmental stages. We note that many
of these melanogenesis-related genes showed variation in expression associated with color
variation in the green-and-black poison frog, Dendrobates auratus (Stuckert et al. 2019). Further,
a number of these genes were also differentially expressed between color morphs of the
strawberry poison frog, Oophaga pumilio (Rodriguez et al. 2020). Fewer of these
melanogenesis-related genes were differentially expressed in O. pumilio, as one might expect
given that color morphs in this species largely lack extensive black or gray coloration.

Our network analysis of results from this study and Stuckert et al. (2021) identified the
genes erbb3, mitf, mlph, mclr, mlana, pmel, pax6, slc24a5, trpm1, trpm7, tyrpl as central to a
cluster of melanogenesis genes within the network (blue cluster) (Figure 1.3). Abundant

evidence from previous research has identified the important roles that these genes play in
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processes like pigment cell migration from the neural crest, homing of melanoblasts,
differentiation of melanocytes, melanosome formation and melanogenesis (synthesis of melanin)
itself. The gene tyrpl was found to be under positive selection when testing transcriptome data
from a set of poison frog species in the family Dendrobatidae (Rubio et al. in review), suggesting
that tyrpl may mediate (in part) the molecular evolution of coloration.

Many of the individual genes identified as central to the melanogenesis cluster in the
network were upregulated in black skin patches relative to orange and/or red skin patches in both
morphs (erbb3, mlana, pmel, slc24a5, trpm7, tyrpl) (Figure 1.2 a-b, d). The genes mlana, pmel,
and tyrpl were upregulated in red skin patches of the VVaradero morph when compared to the
orange skin patches of the Sauce morph (Figure 1.2c). The slc24a5 gene has long been known to
affect pigmentation and is one of the major loci affecting skin color across human populations
and in other vertebrates (Lamason et al. 2005). The tyrosinase related protein 1 (tyrpl) is a key
component of the melanogenesis pathway, interacting with tyrosine and various derivatives to
produce melanin. Premelanosome protein (pmel) is a well-known part of the melanosome
synthesis pathway (Schonthaler et al. 2005). This gene is crucial for the development of
premelanosomes and also affects melanosome shape (Schonthaler et al. 2005). Mutation
experiments with zebrafish pmel have produced hypopigmented individuals due to changes in the
shape and melanin content of melanophores. This gene was also found to be a key locus
influencing the development of striped patterning in cichlid fish (Ahi & Sefc 2017).

The genes mitf and mlph were also central to the melanogenesis cluster in the network
however were upregulated in orange and/or red skin patches relative to black skin patches
(Figure 1.2 a-b, d). The mitf locus has been described as the “master regulator” of

melanogenesis, and plays a central role in coordinating the production of melanocytes by
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regulating a variety of other genes (Kawakami & Fisher 2017). Given the role of mitf as a master
regulator of multiple pathways of melanogenesis, its expression levels must be fine-tuned to
balance multiple effects, and the significance of higher expression of this gene in orange/red skin
patches is currently unclear. Computational gene network analyses of human pigment genes
(Rambow et al. 2015) have revealed that pmel, tyrpl, and mlana are strongly regulated by mitf
(melanocyte inducing transcription factor).

A couple of the genes identified as central to the melanogenesis cluster and/or as hub
genes in our WGCNA/Cytoscape analyses (mclr, gprl143) (Figure 1.3, 5) were downregulated in
black skin patches relative to orange and/or red skin patches (Figure 1.2a-b, d). The G protein-
receptor coupled protein 143 (gpr143) is not directly involved in melanogenesis, but nevertheless
strongly influences melanic pigmentation, at least in mammals. This gene is central to various
pigmentation diseases in the human retina (McKay 2019), and recent research demonstrates that
it is differentially expressed in black skin in sheep, and appears to influence melanosome
formation by interacting with mitf (Chen et al. 2016). In addition to gpr143, the gene mitf is
upregulated in red skin patches, but the significance of this is unclear.

The melanocortin receptor 1 (mclr) is probably the most well-known of all genes
affecting variation in coloration, and has been implicated in variation in melanic pigmentation in
many vertebrates (e.g. (Selz et al. 2007; Posso-Terranova & Andrés 2017). This gene was
unexpectedly upregulated in both orange and red skin relative to black skin (figure 2a-b, d). In
mammals, mclr plays an important role in producing both dark skin and fur (via the production
of eumelanin) and lighter, yellowish skin or fur (via the production of pheomelanin) (Swope &
Abdel-Malek 2018). It is possible that mc1r plays a dual role in coloration in amphibians as well.

However, this is speculative, as to date pheomelanin has only been identified in one species of
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frog, Pachymedusa dacnicolor (Wolnicka-Glubisz et al. 2012), and there is as-of-now no
definitive evidence for mclr causing a switch to pheomelanin production in amphibians. Recent
research also indicates that several genes classically associated with melanogenesis (mitf, and
sox10) are also crucial for the development of iridophores (Petratou et al. 2018). These genes
were found to be differentially expressed at various levels in the analyses presented here and in

Stuckert et al. (2021).

Iridophore/guanine platelet pathways:

Iridophores are a type of chromatophore found in ectotherms that contain structural
elements (guanine platelet stacks) that reflect specific wavelengths of ambient light (Kelsh
2004). These have long been known to mediate the reflection of wavelengths in the green and
blue part of the spectrum (Higdon et al. 2013). Recent research indicates that these elements also
mediate variation in the yellow/orange and red part of the spectrum in poison frogs (and
probably other taxa), due to their interactions with specific pigments (Twomey, Johnson, et al.
2020).

Our network analysis results identified guanine synthesis-related genes associated with
the development of guanine platelets in iridophores in the purple cluster: ppat, paics, recql4,
gart, impdh2 (Figure 1.3). Both ppat and paics were upregulated in either orange and/or red skin
patches relative to black skin patches (Figure 1.2a-b, d). The genes paics
(phosphoribosylaminoimidazole succinocarboxamide synthetase) and ppat (phosphoribosyl
pyrophosphate amidotransferase) are in the purinosome group, and play essential roles in purine
biosynthesis (An et al. 2008). These genes are known to critically affect iridophore development

and coloration in zebrafish, and mutations in paics in particular are known to cause extreme

28



changes in coloration by dramatically reducing iridophore density in zebrafish (Ng et al. 2009).
We note that this gene was also found to be differentially expressed between distinct color
pattern morphs of a different poison frog, Dendrobates auratus (Stuckert et al. 2019). The gene
prpsapl, which was found to be upregulated in black skin patches relative to orange skin patches
in the Sauce morph (Figure 1.2a), was found in cluster one of the network (Figure 1.3).

The genes impdh2, recql4, and gart were found to be differentially expressed between
orange skin patch from the Sauce morph and red skin patches from the VVaradero morph (Figure
1.2c). The recql4 gene (RecQ like Helicase 4) showed differential expression between morphs of
R. imitator (whole skin preps) (Stuckert et al. 2021) and was upregulated in orange skin patches
of the Sauce morph relative to red skin patches of the VVaradero morph. This gene is part of the
Recq DNA helicase gene family, and mutations at this locus are associated with a variety of
phenotypes in humans, including skin-related symptoms such as hypo and hyper-pigmentation
(Lu etal. 2017).

The results of our WGCNA/Cytoscape analyses also implicated a central role for several
genes associated with purine metabolism (rab27a, impdhl, tfec, gmps) (Figure 1.4), which were
upregulated in either orange, red, or orange/red skin patches relative to black skin patches
(Figure 1.1a-b, d). The Rab GTPase 27a gene (rab27a) was upregulated in orange/red skin
patches. Proteins from the Rab GTPase family are well-known membrane traffic regulators, and
may be involved in both melanosome transport and nucleotide exchange (Koike et al. 2019).
Hence, the upregulation of rab27a may be associated with its role in purine synthesis. The
rab27a locus produces a GTPase that is involved in guanine metabolism in various contexts
(Figueiredo et al. 2008), which affects guanine platelet formation and iridophore development.

The inosine monophosphate dehydrogenase 1 (impdhl) gene plays key roles in guanine synthesis
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and is associated with rate-limiting reaction in de novo biosynthesis of guanine nucleotides
(Szekeres et al. 1992). Cleghorn et al. (2022) found that the loss of impdh1 in zebrafish lead to
the reduction of guanine levels.

In a recent investigation of the mechanisms underlying color pattern variation across R.
imitator morphs and related species, (Twomey, Kain, et al. 2020) identified a strong association
between variation guanine platelet shape (thickness) in iridophores and variation in spectral
reflectance (color) across morphs and species. Hence, variation in the expression patterns of
genes affecting guanine synthesis, platelet formation and iridophore development may provide
key insights into the genetic control of phenotypic variation between color morphs and between

Species.

Pteridine pathways:

The GeneNet network analyses of genes with convergent evidence for affecting color
pattern showed one gene associated with the synthesis of pteridine in the blue cluster (pax3-a)
and two genes associated with the synthesis of pteridine in the green cluster (pax7, xdh) (Figure
1.3). These three genes, in addition to the gene gchl which was not included in the GeneNet
network analysis since it was not differentially expressed in Stuckert et al. (2021), were all
identified as hub genes in our WGCNA/Cytoscape analyses (Figure 1.4). Furthermore, these four
genes were upregulated in orange and/or red skin patches relative to black skin patches,
consistent with their roles in colored pigment synthesis (Figure 2a-b, d). Evidence indicates that
variation in pteridine pigment type and content was found to be significantly associated with
variation in color (Twomey, Kain, et al. 2020). Hence the variation in the expression of these

genes may provide further insights into the genetic control of coloration in these frogs.
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The xdh (Xanthine dehydrogenase) locus is a key hydroxylase in the purine oxidative
metabolism pathway and 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 (Bagnara & Matsumoto 2006). This gene may be involved in both pteridine synthesis
and the development of guanine platelets in iridophores. Xdh was found to be differentially
expressed between morphs of R. fantastica in Stuckert et al. (2021). In our comparisons, we
found these genes to be differentially expressed between black and orange/red skin patches in
each morph independently and in the combined analysis. Stuckert et al. (2019) found that xdh is
differentially expressed in different color pattern morphs of another poison frog, Dendrobates
auratus. Variation in the expression of this gene may influence color variation through pathways
affecting either the pteridine synthesis or the guanine platelet synthesis pathways. The gchl
(GTP cyclohydrolase 1) locus codes for another enzyme that plays a key role in pteridine
synthesis (Pelletier et al. 2001) and was differentially expressed in this study. Gch1l is the rate
limiting enzyme in tetrahydrobiopterin (BH4), which is a precursor to pteridine pigments. BH4 is
a crucial cofactor for the enzyme phenylalanine hydroxylase, which metabolizes phenylalanine
into tyrosine, and the enzyme tyrosine hydroxylase, which converts tyrosine to 3,4-
dihydroxyphenylalanine (I-DOPA) (O’Donnell et al. 1989; Wood et al. 1995; Nagatsu &
Ichinose 1999; Storm & Kaufman 1968). In fungi, the presence of I-DOPA results in the
production of eumelanin (Figueiredo-Carvalho et al. 2014). Rubio et al. (in review) found that
both xdh and gch1 are under positive selection when using transcriptome data from several
species of poison frogs in the family Dendrobatidae.

Members of the paired box 3/7 subfamily (pax3 and pax7) showed differential expression

between black and orange/red skin patches, and (in the case of pax3) between different morphs
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of R. fantastica using whole skin preps (Stuckert et al. 2021). The transcriptional regulators
paired box 3/7 (pax3 and pax7) play roles in establishing functional xanthophore lineages during
neural crest formation, with pax3 in particular having a crucial influence on the development of
pigmentation (Minchin & Hughes 2008). The paired box 3 (pax3) transcription factor is well
known to play multiple roles in melanogenesis, including neural crest cell fate determination,
differentiation and melanocyte proliferation (Kubic et al. 2008; Medic & Ziman 2009). Previous
research shows that pax3 interacts with mitf, and with sox10, another key regulator of
melanogenesis (Medic & Ziman 2009). Minchin and Hughes (2008) found that in zebrafish the
loss of Pax3 did not affect melanophores or iridophores, but instead resulted in defective
specification of xanthophores. The pax3 gene has strong effects on the development of
precursors of both melanophores and xanthophores containing lighter colored pigments, which is
potentially consistent with its higher expression in colored skin. The pax7 transcription factor is
essential for establishing and differentiating xanthophores in zebrafish (Nord et al. 2016). Pax7
has also been identified as a key locus controlling color pattern variation in cichlid fish (Roberts

etal. 2017).

Carotenoid metabolism:

The GeneNet network analyses of genes with convergent evidence for affecting color
pattern showed several genes involved in carotenoid metabolism in the blue cluster (mab2112,
rlbpl) and green cluster (rbpl, dgat2, akrlbl) (Figure 1.3). These genes are all associated with
the processing of retinoids and carotenoids, which are important for the development of
pigmentation as well as many other developmental processes (Widjaja-Adhi & Golczak 2020).

The Diacylglycerol O-acyltransferase 2 (dgat2) gene encodes the acyltransferase enzyme and
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plays essential roles in metabolic conversion of lipids and retinoids (Guo et al. 2009). The gene
dgat2 was upregulated in orange skin patches compared to black skin patches of the Sauce
morph (Figure 2a), but did not differ between red and black skin patches of the VVaradero morph.
The dgat2 enzyme catalyzes the esterification of diacylglycerol, and is associated with the
production of yellow coloration in east african cichlid fish and yellow coloration on the throats
of male Australian tawny dragon lizards (Ahi et al. 2020; McLean et al. 2017). Stuckert et al.
(2021) found that dgat2 was differentially expressed between larval developmental stages of R.
variabilis. This gene was found to be under positive selection when using transcriptomic data

from a set of poison frog species in the family Dendrobatidae (Rubio et al. in review).

Synthesis:

As described above, we have identified a number of genes that show differential
expression between black and orange/red skin patches, as well as between the orange and red
patches in the two morphs. The identification of these genes and their interaction networks is the
first step in understanding their importance for the evolution of aposematic and mimetic
coloration in an ecological and evolutionary framework. Moving forward, it will be important to
manipulate key genes using molecular genetic techniques (e.g. CRISPR-Cas9) to pinpoint causal
nodes and pathways. We acknowledge that, given that our analyses are restricted to embryos that
are over a week old (and above), there may be patterns of differential gene expression that we
have not detected, particularly those related to patterning. Practical considerations concerning the
amounts of tissue required prevented us from analyzing gene expression at these stages, but
technological progress (e.g. single cell sequencing) will make it possible to investigate gene

expression levels at very early embryonic stages in the future. In addition, we acknowledge that
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using a curated list of genes associated with coloration based on previous research (Stuckert et al.
2019) may have biased our results. However, we attempted to reduce this bias by including
genes related to color development in the top 20 of the log2FoldChange hits from each
comparison.

Our research does allow us to make some preliminary inferences concerning the
relevance of our results to the evolution of coloration in these frogs, with potential relevance to
other systems. First, our results imply that the expression levels of a wide variety of different
genes are involved in determining differences in color pattern between different mimetic morphs
of R. imitator. Given that we are analyzing levels of expression, there is likely to be a smaller
number of key genetic changes (likely changes in gene regulatory regions) that set off cascading
effects of differential expression running through genetic pathways and circuits. Identifying these
key mutational changes will be an important goal moving forward. Another thing that is clear
from our results is that, while there are a couple of clusters associated with classic color-related
pathways (e.g. melanogenesis) apparent from our network analyses, it is also clear that genes
associated with different pathways also show substantial levels of interactivity. Given recent
evidence that the outputs of different systems (e.g. guanine platelets in iridophores and pigments
in xanthophores) combine to produce specific color phenotypes (Twomey, Kain et al. 2020),
these kinds of interactions should not be surprising. Nevertheless, it will be interesting to see if

these same kinds of interactions have evolved independently in other taxa.

Conclusion:

In this study, we investigated differential expression in comparisons between black and

orange/red skin patches in two different morphs of the mimic poison frog (R. imitator), as well as
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between orange patches in the Sauce morph and red patches in the Varadero morph of this
species. These analyses revealed the differential expression of multiple genes previously
associated with color pattern development. To organize our results, we selected genes that
showed independent evidence across comparisons for affecting color pattern variation from
Stuckert et al. (2021), and carried out network and clustering analyses to identify clusters of
genes associated with known pathways affecting coloration. We then used weighted gene
coexpression analysis on the expression data from the divergence between color morph skin
patches to identify modules of genes showing coordinated patterns of coexpression. We also
carried out network analyses of these results (with a focus on color-related genes), to identify
functionally relevant clusters of color-pattern related genes showing differential expression
between black and orange/red skin patches. These approaches allowed us to focus on genes that
are likely to play central roles in color variation in R. imitator, and hence in the developmental
processes that allow this species to mimic a wide range of models across its native range in Peru.
We found that a number of genes from four major color-related pathways were differentially
expressed between differently colored patches of skin, and between different developmental
stages and morphs. This included genes such as mc1r, mitf, slc24a5, mlana and others known to
play key roles in melanogenesis; genes such as gmps, paics, ppat and others known to play key
role in guanine platelet synthesis and iridophore development; genes such as xdh, recql4 and
others known to play key roles in pteridine synthesis; and genes such as aldhla2, dgat2 and
others known to play key roles in carotenoid metabolism. Our network analyses indicate that

these genes form functional clusters of interaction, and also interact across functional categories.
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2.1 Introduction

The vast array of coloration seen in nature has captivated evolutionary biologists (Cuthill
et al. 2017; Bates 1861). In the animal kingdom, such phenotypes promote fitness and survival
by functioning as dynamic signals associated with species recognition (Losos 1985), mate choice
(Kokko, Brooks, McNamara, & Houston, 2002), aggression (Brock et al. 2022) and predation
(Ruxton, Sherratt, & Speed, 2004). Both natural and sexual selection play key roles in driving
the phenotypic coloration seen in animals and are frequently under selection pressure from both
abiotic and biotic factors (Rudh and Qvarnstrom 2013).

A diverse array of mechanisms produce variation in phenotypic coloration. In
amphibians coloration is produced by three types of structural chromatophores (melanophores,
iridophores, and xanthophores). Melanophores contain the pigment melanin, which is
responsible for the production of black, brown, and dark green coloration (Duellman and Trueb
1994; Steffen and McGraw 2009). Structural elements, such as guanine platelets, are contained
in iridophores, and the size, shape, and orientation of these elements can have substantial effects
on the wavelength of light reflected, which determines structural coloration (Ziegler 2003;
Joseph T. Bagnara, Fernandez, and Fujii 2007; Saenko et al. 2013). For example, thin platelets
reflect short wavelengths and produce dark blue coloration whereas thick platelets reflect long
wavelengths and produce orange coloration (Twomey, Kain, et al. 2020). Pigments such as
pteridines and carotenoids are found within xanthophores and are largely responsible for the
production of yellow, orange, and red coloration (Duellman and Trueb 1994). Twomey et al.

(2020) found that differences in brightness and hue in red and orange coloration can be attributed
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to the interactions pteridine and carotenoid pigments have with structural elements such as
guanine platelets.

In animals, chemical compounds, such as pigments, are actively produced de novo in
chromatophores. For instance, pteridine pigments are derived as they are synthesized during the
production of purine (Steffen and McGraw 2009). The production of guanine is a fundamental
physiological process, and therefore, pteridines are continuously replenished. Constant
availability of pteridine may result in very little variation in pteridine-based yellow coloration.
However, not all pigments are produced by animals and instead can only be acquired through
their diet. For instance, carotenoids, which belong in the group of yellow and red pigments,
occur naturally and are synthesized by autotrophs (plants, algae, and photosynthetic bacteria)
(Goodwin 1984; Feltl et al. 2005).

Deposition of carotenoid into the skin and feathers have been associated with organismal
reproductive fitness (Hill et al. 2006). For example, variation in plumage coloration in captive
male house finch (Carpodacus mexicanus) reflects the type and quantity of carotenoids ingested,
where males had bright red plumage when fed a carotenoid based diet as oppose to a carotenoid-
deficient diet (Hill 1992). Another study found that male house finches with bright plumage
paired more quickly with females compared to male with duller plumage (Hill 1991). In
Southern corroboree frogs, frogs raised under a carotenoid enriched diet show higher chroma and
hue reflectance values in yellow skin patches when compared to frogs raised under a carotenoid
deficient diet. Another study found that red-eye tree frogs display redder skin after completing
metamorphosis when fed a diet with carotenoids (Ogilvy, Preziosi, and Fidgett 2012). This study

also found that skin coloration of adult frogs did not change in response to changes in dietary
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carotenoid availability. These results may suggest that there is a crucial moment during larval
development in which carotenoids are deposited in the skin.

In addition to coloration, the sequestration of dietary carotenoids has been found to be
vital for various physiological processes. Consumption of carotenoids is known to play
beneficial biological functions in cancer prevention, reproductive system health, physiological
response, and immune system response (Latscha 1990; Fox 1979; Bendich 1993). For example,
zebra finches (Taeniopygia guttata) (Blount and Matheson 2006) and southern corroboree frog
(Pseudophryne corroboree) (Silla, Mclnerney, and Byrne 2016) both displayed enhanced
locomotory performance when fed a carotenoid supplement diet. In addition, Dugas et al. (2013)
found that there was an increase in the reproductive success of strawberry poison frogs
(Oophaga pumilio) when fed a diet supplemented with carotenoids.

Within the past decade, a notable amount of effort has been put into uncovering the
molecular mechanisms producing the array of colors seen in the animal kingdom (Orteu and
Jiggins 2020). In addition to other vertebrates, this applies to the molecular mechanisms
responsible for aposematic coloration in poison frogs (Stuckert et al. 2019; Posso-Terranova and
Andrés 2017; Rodriguez et al. 2020; Twomey, Johnson, et al. 2020; Twomey, Kain, et al. 2020;
Stuckert et al. 2021a). These studies have identified key candidate genes associated with the
production of aposematic coloration, paving the way for future studies to test hypotheses of the
evolution of color pattern across aposematic vertebrates. Although we have made considerable
progress in identifying genes associated with color development in poison frogs, very little is
known about the genes responsible for carotenoid metabolism and their roles in pigmentation. In
this study, we attempt to investigate the effects of dietary carotenoid availability on levels of

gene expression between two different dorsal skin color patches (orange and red) from two
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captive bred color morphs of the mimic poison frog (Ranitomeya imitator), the Sauce and
Varadero morph. To quantify coloration, we measured the effects of dietary carotenoids on the
color (spectral reflectance) of representative individuals using a spectrometer. To accomplish this
we raised froglets under one of two different diets, a carotenoid-enriched diet and a carotenoid-
deficient diet. We predicted that genes responsible for carotenoid metabolism would be
upregulated in both orange and red dorsal skin color patches in the Sauce and Varadero morphs
when raised under a carotenoid enriched diet as opposed to those raised under a carotenoid-
deficient diet. In addition, we predicted the froglets raised under a carotenoid-deficient diet
would have duller dorsal aposematic color as opposed to froglets raised under a carotenoid-

enriched diet.

2.2 Methods:

Sample collection:

We used captive bred individuals of the Sauce and VVaradero morph of Ranitomeya imitator
which were obtained from Understory Enterprises, LLC. Established breeding pairs of R.
imitator frogs of the same color morph were kept in tanks with dimensions of 40.6x20.3x25.4
cm. Two PVC pipes were filled with ~25 mL of deionized water and placed along the corners of
each tank, which males used as breeding pools to deposit tadpoles. Tadpoles were checked 3
times a week and were collected as soon as they were discovered in the breeding pool and
individually reared in 100 ml of deionized water. Full water changes were performed twice a
week and tadpoles were raised on either a carotenoid enriched or carotenoid-deficient diet.
Carotenoid enriched diet consists of Omega One Marine Flakes fish food and the carotenoid-

deficient diet consists of nutritional yeast (Bragg, Santa Barbara, CA). froglets were sacrificed
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immediately after they reached the final stages of development, at Gosner stage 43 or 44
(Gosner, n.d.), by applying 20% benzocaine gel to their venter followed by pinching the cerebral
region. During these developmental stages, froglets had functional hind and forelimbs and
displayed color and pattern elements reflecting their parental color morph.

After froglets were euthanized, for samples in each diet treatment, different colored
patches of the dorsal skin were dissected and separated. Orange skin was separated from black
skin in the Sauce morph, and red skin was separated from the black skin in the VVaradero morph.
Due to the limited amount of colored dorsal skin tissue on froglet, and the minimal amount of
RNA in skin, all skin colored patches from froglets bred from the same breeding pair were
combined to retrieve enough for RNA extraction (Table 2.1). Each dissected skin color patch
was separately stored in RNAlater (Qiagen) at 4° C for 24 h and then at -20° C until RNA
extraction. We then combined all skin patches dissected from froglets of the same family and
used a hybrid Trizol (Ambion) protocol to extract RNA, cleaned with DNAse and RNAsin, and
purified with a RNeasy spin column (Qiagen) method. We verified RNA quality on a
Bioanalyzer 2100 (Agilent) at the Genomic Core Facility (East Carolina University, NC, USA),
and utilized samples with a RIN value greater than 7. Samples were sent to Novogene (Hong

Kong, China), where double-stranded cDNA libraries were prepared and sequenced.

52



Table 2.1: Number of froglets used from each established color morph breeding pair.

Color morph | Tissue Experimental diet Number of
breeding pair froglets
Sauce pair 1 Orange skin, black skin, | Carotenoid diet 4
& liver
Carotenoid-deficient diet |4
Sauce pair 1 Orange skin, black skin, | Carotenoid diet 4
& liver
Carotenoid-deficient diet |4
Sauce pair 2 Orange skin, black skin, | Carotenoid diet 4
& liver
Carotenoid-deficient diet | 4
Sauce pair 3 Orange skin, black skin, | Carotenoid diet 4
& liver
Carotenoid-deficient diet | 4
Varadero pair | Red skin, black skin, & Carotenoid diet 4
1 liver
Carotenoid-deficient diet | 4
Varadero pair | Red skin, black skin, & Carotenoid diet 4
2 liver
Carotenoid-deficient diet | 4
Varadero pair | Red skin, black skin, & Carotenoid diet 4
3 liver
Carotenoid-deficient diet | 4

53




Differential gene expression:

We removed adaptors from our reads by using the program Trimmomatic version 0.36
(Bolger, Lohse, and Usadel 2014). We used a Ranitomeya imitator genome (Stuckert et al.
2021b) to align our sequence data using STAR version 2.7 (Dobin et al. 2013). We used the
program ‘htseq-count’ (Anders, Pyl, and Huber 2015) to count gene expression from STAR
alignments. We conducted differential gene expression analyses in R version 3.6.2 (Team, 2019)
by using the package DESeq2 (Love, Huber, and Anders 2014). In R, we merged all counts from
htseq-count. We used a Wald’s test with a Benjamini and Hochberg correction for multiple
testing (Benjamini & Hochberg 1995) at a value of 0.05 to identify differentially expressed
genes. We conducted six different comparisons; two comparisons of liver tissue (sauce:
carotenoid enriched vs carotenoid deficient; Varadero: carotenoid enriched vs carotenoid
deficient), two comparisons of all skin tissue (sauce: carotenoid enriched vs carotenoid deficient;
varadero: carotenoid enriched vs carotenoid deficient), and one comparison of color (orange and
red) skin patches (sauce: carotenoid enriched vs carotenoid deficient; VVaradero: carotenoid
enriched vs carotenoid deficient). We then identified and extracted genes associated with color
pattern development (using a curated list of genes associated with coloration based on previous

research (Stuckert et al. 2019)) from the differentially expressed genes found in our comparisons.

Gene Network analysis
We used the program GeneNetwork version 2.0 (https://www.genenetwork.nl) (Deelen et
al. 2019), to investigate patterns of interactivity among all genes that were found to be

differentially expressed between froglets that were raised under a carotenoid enriched and
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carotenoid deficient diet. 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 consequences of genes when mutated.

Color quantification:

For color quantification, we used 20 Sauce and 20 Varadero samples (10 froglets raised under a
carotenoid enriched and carotenoid deficient diet for each morph). Before they were sacrificed,
we used a Nikon camera to photograph the dorsal surface of froglets raised on the two treatment
diets for each morph. We used the program ImageJ version 1.53t (Rasband 1997) to analyze the
ratio of colored skin patches to black skin patches on the dorsum of 36 froglets (Varader n = 14
and Sauce n = 22). First, we standardized body measurements to a snout-vent length (SVL) of
17.7mm to control for variation in pixel size, pixel counts, and image quality. We used the
polygon selection and measurement functions in ImageJ to measure colored skin dorsum area
and total dorsum area. We then calculated the black skin dorsum area by subtracting the colored
skin dorsum area by the total dorsum area. To calculate the ratio of colored skin patches to black
skin patches on the dorsum we divided the color dorsum area by the black dorsum area. For each
morph, we then used a two-sample t-test to determine whether there were significant differences
in the ratio of colored skin patches to black skin patches on the dorsum between froglets raised

under carotenoid-enriched and carotenoid-deficient diets.

Spectral reflectance:
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We used an Ocean Optics USB4000 spectrometer with an LS-1 tungsten-halogen light source
and the associated Ocean Optics software (OceanView Version 1.6.7) to collect spectral
reflectance data. We used a 45° angle tip on the probe to standardize distance and angle to frog
skin. To account for lamp drift, we calibrated the spectrometer by using a WS-1-SL white
standard prior to collecting data as well as between each tadpole. We collected spectral
reflectance measurements from seven brightly colored patches of skin (orange in the Sauce frogs

and red in the Varadero frogs) on six spots on the dorsum of each frog (Figure 2.1).

Figure 2.1: Spectral reflectance point for individuals of the Sauce and VVaradero morph

We used the R package pavo (Maia et al. 2019) to clean and analyze collected spectral
reflectance data. For each data point, we fixed negative values by setting them to zero using the
function “fixneg”. We choose four color variables: mean brightness (B2), hue (H1), yellow (550
nm-625 nm) (S1Y), and red chroma (605 nm-lambda max) (S1R) (Maia et al. 2019). For each

color morph, we used a Welch’s t-test to investigate if there were significant differences in
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values of color variable between froglets raised under carotenoid-enriched and carotenoid-

deficient diet.

2.3 Results

Differentially expressed genes in the liver

We identified 106 differentially expressed genes between the liver tissue of Sauce
froglets that were raised on a carotenoid diet and on a carotenoid-deficient diet. Forty-seven
genes were up-regulated in the liver of froglets that were fed a carotenoid based diet. Of these,
one gene was related to melanocyte and melanin synthesis (tmem135), one gene was related to
serine synthesis (phgdh), two genes were related to carotenoid metabolism (Irat, akr1dl).
Conversely, fifty-nine genes were upregulated in the liver tissue of froglets that were raised on a
carotenoid-deficient diet. Of these, one was related to melanocyte production and melanin
synthesis (pah), one gene was related to iridophore development, two genes were related to
pteridine synthesis (xdh), two genes were related to carotenoid metabolism (aldh6al, aldhl1l1),
and two genes related to the metabolism of cholesterol (cyp7al, cyp27al) (Table 2.2, Figure

2.2).

Table: 2.2: Differentially expressed genes between carotenoid based diets

Name Comparison up-regulated

Sauce liver: carotenoid diet vs

Irat carotenoid deficient diet Carotenoid diet
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Sauce liver: carotenoid diet vs

pah carotenoid deficient diet Carotenoid deficient diet
Sauce liver: carotenoid diet vs

xdh carotenoid deficient diet Carotenoid deficient diet
Sauce liver: carotenoid diet vs

phgdh carotenoid deficient diet Carotenoid diet
Sauce liver: carotenoid diet vs

tmem135 carotenoid deficient diet Carotenoid diet
Sauce liver: carotenoid diet vs

aldh1ll carotenoid deficient diet Carotenoid deficient diet
Sauce liver: carotenoid diet vs

aldh6al carotenoid deficient diet Carotenoid deficient diet
Sauce liver: carotenoid diet vs

cyp7al carotenoid deficient diet Carotenoid deficient diet
Sauce liver: carotenoid diet vs

cyp27al carotenoid deficient diet Carotenoid deficient diet
Sauce liver: carotenoid diet vs

akrldl carotenoid deficient diet Carotenoid diet
\/aradero liver: carotenoid diet vs

fos carotenoid deficient diet Carotenoid deficient diet
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\Varadero liver: carotenoid diet vs

gchfr carotenoid deficient diet Carotenoid deficient diet
\/aradero liver: carotenoid diet vs

gogtl carotenoid deficient diet Carotenoid deficient diet
\aradero liver: carotenoid diet vs

impdh2 carotenoid deficient diet Carotenoid diet
\/aradero liver: carotenoid diet vs

itghl-a carotenoid deficient diet Carotenoid deficient diet
\aradero liver: carotenoid diet vs

Ipl carotenoid deficient diet Carotenoid deficient diet
\/aradero liver: carotenoid diet vs

Irat carotenoid deficient diet Carotenoid diet
\aradero liver: carotenoid diet vs

oat carotenoid deficient diet Carotenoid deficient diet
\/aradero liver: carotenoid diet vs

pah carotenoid deficient diet Carotenoid deficient diet
Varadero liver: carotenoid diet vs

rpl24 carotenoid deficient diet Carotenoid deficient diet
\/aradero liver: carotenoid diet vs

rps20 carotenoid deficient diet Carotenoid deficient diet
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\Varadero liver: carotenoid diet vs

tyr carotenoid deficient diet Carotenoid deficient diet
\/aradero liver: carotenoid diet vs

xdh carotenoid deficient diet Carotenoid deficient diet
\aradero liver: carotenoid diet vs

rarg carotenoid deficient diet Carotenoid diet
\/aradero liver: carotenoid diet vs

sultlal carotenoid deficient diet Carotenoid deficient diet
\aradero liver: carotenoid diet vs

creb3l1 carotenoid deficient diet Carotenoid diet
\/aradero liver: carotenoid diet vs

dvil carotenoid deficient diet Carotenoid deficient diet
\aradero liver: carotenoid diet vs

aldh1ll carotenoid deficient diet Carotenoid deficient diet
Sauce: all carotenoid skin vs all

sultlal carotenoid deficient skin Carotenoid deficient diet
Sauce: all carotenoid skin vs all

Ipl carotenoid deficient skin Carotenoid deficient diet
Sauce: all carotenoid skin vs all

gfptl carotenoid deficient skin Carotenoid deficient diet
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Sauce: all carotenoid skin vs all

dhrs3 carotenoid deficient skin Carotenoid diet
Sauce: all carotenoid skin vs all

phgdh carotenoid deficient skin Carotenoid diet
Sauce: all carotenoid skin vs all

atp6vlel carotenoid deficient skin Carotenoid diet
Sauce: all carotenoid skin vs all

hdacl carotenoid deficient skin Carotenoid diet
Sauce: all carotenoid skin vs all

pdgfb carotenoid deficient skin Carotenoid diet
Sauce: all carotenoid skin vs all

creb3l1 carotenoid deficient skin Carotenoid diet
\aradero: all carotenoid skin vs all

sultlal carotenoid deficient skin Carotenoid deficient diet
\aradero: all carotenoid skin vs all

arcnl carotenoid deficient skin Carotenoid deficient diet
Varadero: Carotenoid red skin vs

creb3l1 carotenoid deficient red skin Carotenoid deficient diet
\/aradero: Carotenoid red skin vs

mclr carotenoid deficient red skin Carotenoid deficient diet
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\Varadero: Carotenoid red skin vs

impdhl carotenoid deficient red skin Carotenoid deficient diet

\/aradero: Carotenoid red skin vs

akrlbl carotenoid deficient red skin Carotenoid deficient diet

\Varadero: Carotenoid red skin vs

slc2a9 carotenoid deficient red skin Carotenoid deficient diet

We identified 191 differentially expressed genes between the liver tissue of VVaradero
froglets raised on a carotenoid diet and a carotenoid-deficient diet. Ninety-Nine genes were
upregulated in the liver tissue of samples that were fed a carotenoid based diet. Of these, one
gene was related to iridophore development (impdh2), and three genes were related to carotenoid
and retinoid metabolism (creb3l1, rarg, Irat). Conversely, ninety-two genes were upregulated in
the liver tissue of froglets that were fed a carotenoid-deficient diet. Of these, six genes were
related to melanocyte production and melanin synthesis (pah, tyr), one gene was related to
iridophore development, two genes were related to pteridine synthesis (gchfr, xdh), and two

genes were related to carotenoid metabolism (aldh6al, aldhlll) (Table 2.2, Figure 2.2).
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Figure 2.2: Heatmap generated by DESeq summarizing differentially expressed genes between
the liver of froglets raised on a carotenoid enriched and carotenoid deficient diet. Liver tissue

from the (a) Sauce morph and (b) Varadero morph

Differentially expressed genes in the skin

We identified 269 differentially expressed genes in the skin (black and orange skin
patches) between Sauce froglets raised on a carotenoid based diet and Sauce froglets raised on a
carotenoid deficient diet. Ninety-seven genes were upregulated in the skin of Sauce froglets that
were raised on a carotenoid based diet. Of these, one gene was related to the serine synthesis
pathway (phgdh), and two genes were related to carotenoid metabolism (creb3l11, dhrs3).
Conversely, 172 genes were upregulated in the skin of Sauce froglets that were raised on a
carotenoid deficient diet. Of these, one gene was related to the hexosamine biosynthesis pathway
(ofptl) and one gene was related to the uptake and storage of triglycerides (Ipl) (Table 2.2,

Figure 2.3). We did not find any differentially expressed genes between the orange skin patches
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of Sauce froglets raised on a carotenoid based diet and the orange skin patches of Sauce froglets
raised on a carotenoid deficient diet.

We identified 86 differentially expressed genes in the skin (black and red skin patches)
between Varadero froglets raised on a carotenoid based diet and Varadero froglets raised on a
carotenoid deficient diet. Thirty-three were upregulated in the skin of VVaradero froglets raised on
a carotenoid based diet. Conversely, 53 genes were up-regulated in the skin of VVaradero froglets
raised on a carotenoid-deficient diet (Table 2.2, Figure 2.3). We found 22 differentially
expressed genes between the red skin patches of Varadero froglets raised on a carotenoid based
diet and the red skin patches of froglets raised on a carotenoid-deficient diet. Of these, one was
related to melanocyte production and melanin synthesis (mclr), one gene was related to
iridophore development (impdhl), one gene was related to carotenoid metabolism (akrlbl), and

one gene was related to Leucophore development (slc2a9) (Table 2.3, Figure 2.4).
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Figure 2.3: Heatmap generated by DESeq summarizing differentially expressed genes between
the skin (black and orange/red) of froglets raised on a carotenoid enriched and carotenoid

deficient diet. Skin tissue from the (a) Sauce morph and (b) VVaradero morph
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Figure 2.4: Heatmap generated by DESeq summarizing differentially expressed genes between

the red skin patches of froglets raised on a carotenoid enriched and carotenoid deficient diet.

Gene Network analysis

We used GeneNetwork 2.0 (Deelen et al. 2019) to construct a network of those color-
related genes that were differentially expressed and identified two main clusters of genes in that
network (the blue cluster was found to be associated with fatty acid metabolism p-value < 0.000,
and the green cluster was found to be associated with protein export p-value < 0.03) (Figure 2.5).
The blue cluster contains 16 genes (Irat, aldhla3, dhrs3, itgbl, hdacl, pdgfb, Ipl, gchfr, Sultlal,

slc2a9, atp6vlel, fos, rarg, impdh2, rps20, rpl24) and the green cluster contains 16 genes
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(phgdh, dvl1, creb3l1, ggtl, arcnl, gfptl, xdh, akrlbl, oat, mclr, tmem135, aldh1ll, impdhl,
aldh6al, pah, tyr). Cluster membership is based on similarity in gene function, whereas line

number and intensity (progressing from gray to black to red) illustrates strength of interactivity.
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Figure 2.5: Based on the list of differentially expressed color gene from this experiment,
GeneNet 2.0 identified two clusters: blue Cluster: associated mainly with fatty acid metabolism
(Irat, aldhla3, dhrs3, itgbl, hdacl, pdgfb, Ipl, gchfr, Sultlal, slc2a9, atp6vlel, fos, rarg,
impdh2, rps20, rpl24) and Cluster 2 (green): associated mainly with fatty acid metabolism
(phgdh, dvl1, creb3l1, ggtl, arcnl, gfptl, xdh, akrlbl, oat, mclr, tmem135, aldhl1ll, impdhl,

aldh6al, pah, tyr).
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Color quantification:

We found no significant difference between the distribution of our data and a normal
distribution (Sauce carotenoid (n= 14): W = 0.94491, p-value = 0.6833; Sauce carotenoid
deficient: W = 0.83009, p-value = 0.08018; Varadero carotenoid (n=22): W = 0.95323, p-value =
0.6854; Varadero carotenoid deficient: W = 0.98353, p-value = 0.9826), and so proceeded to
employ parametric tests. For froglets of the Sauce morph, we found a significant difference in
the ratio of colored skin patches to black skin patches on the dorsum between froglets raised on a
carotenoid-enriched and carotenoid-deficient diet (t = 2.4708, df = 10.774, p-value = 0.03149)
(Figure 2.6a). For froglets of the VVaradero morph, we found a significant difference in ratio of
colored skin patches to black skin patches on the dorsum between froglets raised on a
carotenoid-enriched and carotenoid-deficient diet (t = 2.8425, df = 18.165, p-value = 0.01074)

(Figure 2.6b).
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Figure 2.6: Ratio of color to black pigmentation of Ranitomeya imitator froglets raised on either
a carotenoid-enriched or carotenoid-deficient diet. Violin plot of (a) the orange-banded Sauce

morph and (b) the red-headed Varadero morph.

Spectral reflectance:

When comparing color variable values from Sauce froglets raised on either a carotenoid-
enriched or carotenoid-deficient diet, we found a significant difference in mean brightness (t =
5.0109, p-value = 1.499e-06) and yellow chroma (t = 2.6603, df = 93.037, p-value = 0.009196);
however, we did not find a significant difference in hue (t = -1.4743, p-value = 0.1441) and red

chroma (t = 1.4826, df = 85.741, p-value = 0.1419) (Figure 2.7a). When comparing color
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variable values from Varadero froglets raised on either a carotenoid-enriched or carotenoid
deficient carotenoid, we found a significant difference in mean brightness (t = 5.7436, df =
136.66, p-value = 5.753e-08); however, we did not find a significant difference in hue (t =
0.37969, df = 141.57, p-value = 0.7047), yellow chroma (t = 0.62574, df = 167.5, p-value =

0.5323), and red chroma (t = 0.22916, df = 169, p-value = 0.819) (Figure 2.7b).
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Figure 2.7: Spectral reflectance of Ranitomeya imitator froglets raised on either a carotenoid-
enriched or carotenoid deficient diet. Mean reflectance spectra including standard deviation of

(a) the Sauce morph and (b) the VVaradero morph.
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2.4  Discussion

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 development and maintenance of bright coloration (e.g.,
red, orange) (e.g., Twomey, Johnson, et al. 2020; Ahi et al. 2020). We found that genes related to
lipid storage were up-regulated in the tissue of froglets that were fed a carotenoid enriched diet,
whereas genes related to retinol metabolism were up-regulated in froglets that were fed a
carotenoid deficient diet. These findings suggest that the storage of provitamin A is essential for
the development and maintenance of bright coloration. In addition, we found that genes related
to the formation of lipid esters were found in the blue cluster of the GeneNetwork (Irat and
dhrs3) whereas key genes related to the metabolism of lipid esters were found in the green

cluster of the GeneNetwork (creb3I1 and tmem135).

Carotenoid cleavage

Although key genes related to carotenoid lipid storage were up-regulated in the tissue of
froglets that were fed a carotenoid enriched diet, we did not find 3-carotene oxygenase enzymes
(e.g., bco2 and bcmol), which play vital roles in the breakdown of carotenoids, to be
differentially expressed between froglets raised under these diet treatments. Deactivation of -
carotene oxygenase enzymes either through low expression, sequence variation, or alternate
splicing, leads to the accumulation of carotenoids. Accumulation of sufficient concentrations of
carotenoids is involved in the production of bright coloration. For instance, Vage and Boman
(2010) found that nonsense mutation in bco2 results in the accumulation of carotenoids in

adipose tissues, driving the production of yellow fat in sheep. Another study found that low
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expression of bco2-1 (beta-carotene oxygenase 2-like locus) is associated with red skin in
salmon, whereas high expression of bco2-1 was associated with white coloration in salmon
(Lehnert et al. 2019). Twomey et al. (2020) found that expression of bcol was differentially
expressed between two color morphs of the Sira poison frog, Ranitomeya sirensis. We did not
find B-carotene oxygenase enzymes differentially expressed between froglets raised on a
carotenoid enriched or deficient diet. Furthermore, $-carotene oxygenase enzymes were not
differentially expressed between morphs and larval developmental stages of R. imitator.
However a -carotene oxygenase enzyme (bcol) was found to be differentially expressed
between larval developmental stages of R. fantastica and R. variabilis (Stuckert et al. 2021). It is
likely that the genetic mechanisms controlling carotenoid based coloration differ between species

in the genus Ranitomeya.

Lipid storage

In vertebrates, carotenoids (provitamin A) are synthesized by autotrophs and therefore
animals can only accumulate them through their diet (Goodwin 1984; Feltl et al. 2005). Once
consumed, provitamin A is then converted to retinol in the intestinal lumen (Underwood and
Arthur 1996). Carotenoids, which are lipophilic molecules, are esterified with fatty acids and
then accumulated in specialized organelles known as carotenoid droplets that are thought to be
homologous to lipid droplets (Granneman et al. 2017; Britton 2019). Carotenoid droplets have
also been referred to as carotenoid vesicles or carotenoid granules (Matsui, Marunouchi, and
Nakamura 2002; Bagnara and Hadley 1973). In fish, carotenoid droplets are stored in the skin
within the xanthophore and erythrophores (Goodrich, Hill, and Arrick 1941; Matsumoto 1965;

Granneman et al. 2017). A recent study found that carotenoid vesicles were found within
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xanthophores in the red colored dermal throat tissue of threespine stickleback fish (Anderson et
al. 2023). Several studies show that carotenoid vesicles are present within xanthophores of frogs
as well (Sumida et al. 2016; Yasutomi and Hama 1971; Ichikawa, Ohtani, and Miura 1998;
Bagnara 2015).

We found a gene that plays vital roles in the storage of carotenoids and formation of lipid
droplets in froglets that were raised on a carotenoid enriched diet. The Irat gene (Lecithin-retinol
acyltransferase) gene plays key roles in converting all-trans-retinol (vitamin A) into all-trans-
retinyl esters and has been identified in numerous studies as the primary enzyme in the
esterification of retinol (Herr and Ong 1992; Yost, Harrison, and Ross 1988; Saari and Bredberg
1989; Batten et al. 2004). Results from Batten et al. (2004) suggest that in mice, Irat is possibly
the only enzyme in control of retinyl ester formation in the eye and liver. O’Byrne et al., (2005)
found that there was a significant reduction of retinoid absorption and storage in mice that lacked
Irat. Another study found that mice were susceptible to vitamin A deficiency when Irat was
knocked out (Liu and Gudas 2005). Specifically, Irat plays key roles in the regulation and
formation of lipid droplets (Blaner et al. 2009).

We found several differentially expressed genes associated with the metabolism of
triglycerides in the liver and dorsal skin of Sauce and Varadero morph froglets that were raised
on either a carotenoid enriched or carotenoid-deficient diet. When triglycerides are hydrolyzed
they are broken down into fatty acids and glycerol in a process called lipolysis. The hydrolysis of
triglyceride esters facilitates the mobilization of dietary retinoid stored in lipid droplets
(D’ Ambrosio, Clugston, and Blaner 2011). The transcription factor CREB-H (cyclic AMP-
responsive-binding protein H), which is encoded by the gene creb311 (CAMP responsive element

binding protein 3 like 1), plays crucial roles in triglyceride and lipid metabolism (Lee et al. 2011;
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Lee 2012). In addition, results from Truong et al. (2017) suggest the gene phgdh
(phosphoglycerate dehydrogenase) is also likely to be involved in triglyceride metabolism.

Provitamin A carotenoids engage in numerous metabolic conversions, however the
enzymes controlling these metabolic conversions remain obscure (Toews, Hofmeister, and
Taylor 2017). We found two genes related to retinol metabolism that were differentially
expressed between froglets that were raised on either a carotenoid enriched or carotenoid-
deficient diet. The dhrs3 (retinoic acid-inducible dehydrogenase reductase 3) gene plays a vital
role in retinoid metabolism by reducing all-trans-retinaldehyde to all-trans-retinol for lipid
storage and ultimately restraining the biosynthesis of all-trans-retinoic acid (Spiegler et al. 2012;
Clagett-Dame and Knutson 2011; Rhinn and Dollé 2012). For instance, when this gene is
knocked out, all-trans-retinoic acid signaling is increased, however when this gene is over
expressed there is a reduction in the all-trans-retinoic acid signaling (Feng et al. 2010;
Zolfaghari, Chen, and Ross 2012; Napoli 2020). Dhrs3 was up-regulated in the skin of froglets
that were raised on a carotenoid enriched diet. It is likely that up-regulation of Irat, which is
associated with retinoid absorption and storage, is driven but the up-regulation of dhrs3, which
restrains the biosynthesis of all-trans-retinoic acid.

We found that froglets raised on a carotenoid enriched diet displayed brighter colored
skin (red and orange) when compared to froglets raised on a carotenoid deficient diet for both the
Sauce and Varadero morph. In addition, we found that froglets that were fed a carotenoid
enriched diet displayed a higher ratio of bright colored to black skin patches when compared to
froglets that were raised on a carotenoid-deficient diet. It is likely that these phenotypic
differences are due to increased storage of carotenoids. As mentioned above, a key gene related

to the esterification and storage of carotenoids and formation of carotenoids lipids was up-
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regulated in the liver. This may imply that carotenoid lipids are being deposited within

xanthophores, resulting in brighter red and orange coloration.

Retinol metabolism and retinoic acid

We found that xdh was upregulated in liver tissue from samples that were fed a
carotenoid deficient diet. We are unsure as to why xdh was up-regulated in the absence of dietary
carotenoids but it is possible that we see increased production of pteridines to compensate for
loss of dietary carotenoids. The xdh (Xanthine dehydrogenase) gene plays vital roles in the
oxidative metabolism of purines, pterin and aldehydes, inflammatory cascades, and the immune
system (Battelli, Bolognesi, and Polito 2014; Ohtsubo et al. 2004; Ives et al. 2015). The gene xdh
(xanthine dehydrogenase) 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 (Bagnara and Matsumoto 2006). However, xdh also plays vital roles in the
biosynthesis of retinoic acid, mainly due to its ability to oxidize xanthine to uric acid (Taibi et al.
2014; Taibi, Di Gaudio, and Nicotra 2008). The xdh enzyme can be converted to xanthine
oxidase (XO) through oxidation and together they can form the xanthine oxidoreductase (XOR)
enzyme (Hille and Nishino 1995). Studies suggest that xanthine oxidase, which is the O-
dependent form of xanthine oxidoreductase (XOR), has the ability to oxidize all-trans-retinol to
all-trans-retinaldehyde (Taibi and Nicotra 2007; Taibi et al. 2001). Studies indicate that
increased conversion of XDH to XO is associated with tissue hypoxia and damage (Harrison
2002; Garattini et al. 2003; Meneshian and Bulkley 2002). One reason as to why xdh was not up-
regulated in froglets that were raised on a carotenoid rich diet may be due to the fact that retinol

was being esterified and stored as lipid droplets.
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We found members of the aldehyde dehydrogenase (aldh) family (aldhll1, aldh6al) to
be differentially expressed between froglets that were fed the two carotenoid based diets. Genes
in this family play vital roles in the first steps of retinoic acid synthesis. Retinoic acid controls
growth and development by metabolizing retinol. Genes in the adhl family oxidizes retinol to
retinaldehyde, and the gene aldhla3 oxidizes retinaldehyde to retinoic acid (Molotkov et al.
2002; Molotkova, Molotkov, and Duester 2007). All three genes in the aldh family were
upregulated in froglets that were fed a carotenoid deficient diet. One reason as to why these
genes were not up-regulated in froglets that were fed a carotenoid-rich diet may be because

retinol was being esterified for storage as lipid droplets.

Bile acid

In most vertebrates, the liver plays vital roles in converting cholesterol into bile acids,
which are then secreted into the small intestines (Russell 2003). Bile acids play vital roles in the
absorption and uptake of vitamin A (Saeed et al. 2017; Probstfield et al. 1985; Hollander 1980).
Our study found three genes related to the metabolism of cholesterol and bile acids, however
these genes were not up-regulated in froglets that were raised on a carotenoid-enriched diet and
instead were up-regluated in froglets raised on a carotenoid deficient diet. There are two
pathways in which cholesterol is metabolized, the neutral (classic) and the alternative (acidic)
pathway (Chambers et al. 2019). In the classic pathway, the cyp7al gene functions as the rate-
limiting enzyme and converts cholesterol into precursor of bile acids (7 a-hydroxycholesterol)
which is then synthesized to cholic acid by the genes cyp8bl and cyp27al. In the acidic pathway,
cholesterol is converted into a precursor of bile acids, 27-hydroxycholesterol, by the gene

cyp27al, which is then synthesized to chenodeoxycholic acid by the gene cyp7bl. Both cyp7al
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and cyp27al were up-regulated in the liver of froglets that were raised under a carotenoid
deficient diet. Another gene that plays key roles in metabolism of cholesterol and bile acid
metabolism is akrldl (aldo-keto reductase family 1 member B) gene. Members of the aldo-keto
reductase are known for their roles in catalyzing the reduction of several carbonyl compounds

(Jez, Flynn, and Penning 1997; Barski, Tipparaju, and Bhatnagar 2008).

Varadero: Red skin patch from both diets

We found 5 genes related to color development that were differentially expressed
between red skin patches of Varadero froglets. The gene creb3I1 was up-regulated in red skin
patches of froglets that were fed a carotenoid enriched diet whereas the genes mclr, impdhl,
akrlbl and slc2a9 were up-regulated in the red skin patches of VVaradero froglets that were fed a
carotenoid deficient diet. The creb3I1 gene is related to triglyceride and lipid metabolism (see
above). The inosine monophosphate dehydrogenase 1 (impdh1) gene plays essential roles in the
development of guanine platelets (Szekeres et al. 1992). The gene slc2a9 plays vital roles in
regulating uric acid, which is the end product of purine metabolism (Le et al. 2008; Bobulescu
and Moe 2012). It is possible that we see increased production of slc2a9 and impdhl to
compensate for loss of dietary carotenoids. The mclr (melanocortin receptor 1) gene is known to
play vital roles in melanin pigmentation in many vertebrates (Selz et al. 2007; Posso-Terranova

& Andrés 2017).

Conclusion:

Our results indicate that key genes related to lipid storage, retinol metabolism, and the

conversion of bile acids are differentially expressed between froglets raised on a carotenoid
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enriched and carotenoid deficient diet. In addition, we found that there are phenotypic
differences (color intensity and color ratio) between froglets raised on these two diets.
Carotenoids, such as beta-carotene, lycopene, lutein, and zeaxanthin, are synthesized by
autotrophs and therefore animals can only acquire them through their diet (Goodwin 1984; Feltl
et al. 2005). We found that genes related to the conversion of retinol and lipid storage were up-
regulated in the tissue of froglets that were fed a carotenoid enriched diet. These findings suggest
that the storage of provitamin A is essential for the development and maintenance of bright

coloration in Ranitomeya imitator frogs.
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3.1  Abstract

Aposematic organisms rely on their bright conspicuous coloration coupled with
contrasting patterns to communicate to potential predators that they are toxic and unpalatable.
These aposematic phenotypes are strongly tied to survival and reproduction and therefore make
excellent opportunities to investigate the genetic underpinning of coloration. The family
Dendrobatidae includes phenotypically diverse members of Neotropical aposematic poison frogs
native to Central and South America. Significant progress has been made in elucidating the
molecular mechanisms responsible for aposematic 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 used transcriptome data from a set of poison frog species that have diverse
coloration (Ranitomeya imitator, Ranitomeya variabilis, Ranitomeya fantastica, Ranitomeya
summersi, Dendrobates auratus, and Oophaga pumilio) to identify protein-coding genes
responsible for color development that are under positive selection. Our results show that there
are multiple genes under strong positive selection that are known to play roles in melanin
synthesis (e.g., egfr, kit, tyrpl), iridophore development (e.g., dock7, thl2, ric8b), pteridine
synthesis (csflr, gchl, xdh), carotenoid metabolism (e.g., dgat2, rdh14, rxra), and keratin
metabolism (ovoll). The identification of positive selection 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
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3.2 Introduction

Visible color provides a unique perspective into fundamental aspects of ecology and
evolution, and evolutionary biologists have long been focused on the phenotypic and molecular
makeup of coloration in animals (Fox 1936; Gray & McKinnon 2007; Longley 1917). The
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, thermoregulation) factors
(Rudh & Qvarnstrom 2013), where phenotypic displays exhibited by animals range from cryptic
to highly conspicuous coloration. Bright coloration accompanied with contrasting patterns in
nature are pervasive and play 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 evolutionary processes.

In nature, coloration commonly evolves to promote prey survival. One common
evolutionary solution is aposematism, in which species evolve bright conspicuous coloration
coupled with contrasting patterns to warn predators that they have a dangerous secondary
defense and are therefore unpalatable (Brown 2013; Cummings & Crothers 2013; Harvey et al.
1982). Theoretical considerations suggest that closely related aposematic species under predator-
imposed selective pressure would converge on a single conspicuous phenotype to accelerate
predator learning (Mallet & Joron 1999; Muller 1879). For instance, phenomena such as
Millerian mimicry, 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

(Briolat et al. 2018, 2019; Joron & Mallet 1998).
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Neotropical poison frogs in the family Dendrobatidae, native to Central and South
America, 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 (Brown 2013; Cummings & Crothers 2013; Harvey et al. 1982).
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 considerable amount of effort
has been put into identifying the genes responsible for color pattern development in aposematic
poison frogs (Posso-Terranova & Andres 2017; Rodriguez et al. 2020; Stuckert et al. 2019;
Twomey, Johnson, et al. 2020; Stuckert et al. 2021; Linderoth et al. 2023), however, very little is
known concerning the patterns of molecular evolution of these genes.

In most Neotropical poison frogs, the dorsal and ventral body areas differ in intensity of
coloration, where the dorsum exhibits increased conspicuousness, suggesting that dorsal
coloration may be under selection. The evolution of color phenotypes occurs under an array of
selection pressures (Caro et al. 2016; Cuthill et al. 2017; Hebets & Papaj 2005). For instance, the
diversity of vivid coloration 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; Twomey et al. 2016; Maan & Cummings 2009; Reynolds & Fitzpatrick

2007; Yang et al. 2016; Finkbeiner et al. 2014). This evidence is consistent with the notion that
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bright conspicuous coloration accompanied with contrasting patterns is closely tied to
reproductive success as well as survival, and therefore the genetic mechanisms responsible for
such phenotypes are likely to have come under positive selection.

In amphibians, the production of color and pattern is associated with three types of
chromatophores (melanophores, iridophores, and xanthophores). Melanophores contain pigments
called melanins, which are responsible for the production of black, brown, and dark green
coloration (Duellman & 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 (Saenko et al. 2013; Bagnara
et al. 2007; Ziegler 2003). 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, Kain, et al. 2020). Xanthophores contain
pigments composed of pteridine and carotenoids which are responsible for the production of
yellow, orange and red coloration (Duellman & Trueb 1994). The exact coloration produced by
pteridines and carotenoids vary by the wavelength absorbed from these pigments (Duellman &
Trueb 1994). A recent study found that the interaction between pteridine and carotenoid pigment
and structural elements, such as guanine 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, Kain, et al. 2020).

Although we have made considerable progress in identifying genes associated with color
development in poison frogs, very little is known about whether these color related genes are
under positive selection, with the exception of two studies (Rodriguez et al. 2020; Linderoth et

al. 2023). Animal coloration is often under strong selective pressures, and thus, selection of
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aposematic coloration may have been episodic in nature, and may also have involved periods of
stabilizing or balancing selection. In this study, we examined signatures of selection in
Neotropical poison frogs, with a special emphasis on those genes putatively related to color. We
investigated this by assembling transcriptomes from publicly available data reads sets for 12
different color morphs of poison frogs in the family Dendrobatidae that have diverse coloration
(four morphs of R. imitator, two morphs of R. variabilis, two morphs of R. fantastica, one morph
of R. summersi, two morphs of D. auratus, one morph of O. pumilio) (Figure 1). We then
provided transcriptomes as inputs to the program FUSTr (Families Under Selection in
Transcriptomes) (Cole & Brewer 2018) which identifies coding genes with amino sites under
pervasive positive selection across lineages. Because coloration is strongly tied to survival in
poison frogs, and because predators and potential prey coevolve, driving new selection pressures,
we predict that many genes responsible for color development will be under positive selection.
Identification of genes responsible for coloration under positive selection may provide clues

relevant to the genetic and biochemical mechanisms maintaining aposematic coloration.
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Figure 3.1: An evolutionary tree representing the 12 color morph of poison frogs in the family
Dendrobatidae that were studied. The tree is based on Guillory et al. (2019), which is a

phylogenomic reconstruction of the Dendrobatidae family and does not provide phylogenomic
information at the genus level, and Muell et al. (2022), which is a phylogenomic reconstruction

of the Ranitomeya genus.
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3.3  Methods
Color morphs

We used publicly available data reads sets for 12 different color morphs of poison frogs
in the Dendrobatidae family that exhibit diverse coloration (Table 3.1). Figure 1 shows the
phylogenetic tree of relationships of the poison frog morph and species in this study and is based
on Guillory et al. (2019), which is a phylogenomic reconstruction of the Dendrobatidae family
and does not provide phylogenomic information at the genus level, and 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)), two color morphs of
Ranitomeya fantastica (white-banded and red-headed morph; (Stuckert et al. 2021)), two color
morphs of Ranitomeya variabilis (the yellow-green spotted and striped morph; (Stuckert et al.
2021)), two color morphs of Dendrobates auratus (San Felix and Super blue morph; (Stuckert et
al. 2019)), one color morph of Ranitomeya summersi (banded morph; Stuckert et al. unpublished
data), and one color morph of Oophaga pumilio (Isla Popa color morph; Stuckert et al, (Stuckert
et al. This issue). These were the datasets available at the time we ran the analysis. The search

for publically available data reads was performed January 2020.
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Table 3.1: Overview of each assembled transcriptome. The first column indicates the species.

The second column 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).

Tetrapod
Species Morph a BUSCO | Data Citation Data Read Archive
score
Ranitomeya European
redheaded 57.8% (Stuckert et al. 2021)
imitator Nucleotide Archive
Ranitomeya European
striped 60.3% (Stuckert et al. 2021)
imitator Nucleotide Archive
Ranitomeya European
spotted 31.1% (Stuckert et al. 2021)
imitator Nucleotide Archive
Ranitomeya European
banded 51.4% (Stuckert et al. 2021)
imitator Nucleotide Archive
Ranitomeya European
redheaded 57.6% (Stuckert et al. 2021)
fantastica Nucleotide Archive
Ranitomeya European
white-banded | 57.9% (Stuckert et al. 2021)
fantastica Nucleotide Archive
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Ranitomeya European

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

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

banded 59.6% Unpublished data
summersi unpublished data)
Dendrobates European

San Felix 75.2% (Stuckert et al. 2019)
auratus Nucleotide Archive
Dendrobates European

Super Blue 75.8% (Stuckert et al. 2019)
auratus Nucleotide Archive
Oophaga

Isla Popa 72.7% (Stuckert et al. This issue ) | This issue
pumilio

Publicly available read data sets for samples of R. imitator and D. auratus were

laboratory reared. Breeding colonies were purchased from Understory Enterprises, LLC.

Ranitomeya imitator frogs obtained from Understory Enterprises are captive bred individuals,

descended directly from wild populations. Samples of R. fantastica, R. variabilis, and R.

summersi were captured and raised in Peru. The sample of Oophaga pumilio was captive bred

but derived from a Panamanian stock Stuckert et al., in review). All samples of R. fantastica, R.

summersi and R. variabilis were sacrificed by applying 20% benzocaine gel to their venter

followed by pithing the vertebral region to ensure death. Whole skin section was then removed
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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.

Transcriptome Assembly

We downloaded publicly available reads from skin samples of two different Dendrobates
auratus color morphs (Stuckert et al. 2019), four different Ranitomeya imitator color morphs
(Stuckert et al. 2021), and two color morphs each of R. fantastica and R. variabilis (Stuckert et
al. 2021). We then used version 2.2.2 of the Oyster River Protocol (MacManes 2018) to generate
transcriptomes from this read data. The Oyster River Protocol (ORP) is a multi-assembler
approach designed to create a high-quality transcriptome. The protocol merges together the
highest quality parts of de novo assemblies produced by Trinity (Haas et al. 2013), SPAdes
(Chikhi & Medvedev 2014), and Trans-ABYSS (Robertson et al. 2010) into a single high-quality
assembly which we used for our analysis.

We also assembled unpublished read data from one morph of Ranitomeya summersi
(Stuckert et al. unpublished data) with the ORP, and used the O. pumilio assembly produced
using the ORP by Stuckert et al (in review, this issue). We used one set of paired reads per color
morph in each species, except in the case of the D. auratus. Dendrobates auratus had smaller
readsets and thus we concatenated readsets from three individuals prior to assembling.
Additionally, due to shorter R. imitator raw read lengths, we changed the default SPAdes kmer
lengths used in the ORP for the R. imitator to 25 and 39. The default values of 55 and 75 were
used for other samples. To further improve assembly quality, we applied a TPM filter of 1

transcript per million during assembly of every species and morph. This removed lowly
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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 the author of the ORP suggests
as the most common library for strand specific assembly [https://oyster-river-
protocol.readthedocs.io/en/latest/].
Detection of positive selection in protein-coding genes associated with color development

We used the pipeline FUSTr (Families Under Selection in Transcriptomes) (Cole &
Brewer 2018) to identify protein-coding genes responsible for color production with amino acid
sites under strong positive selection. FUSTTr is a unique pipeline as it allows us to overcome 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 similarity of protein
sequence to infer homology.

First, FUSTr identified isoforms among transcript assemblies by detecting name
redundancy and then used TRANSDECODER version 3.0.1

(https://github.com/TransDecoder/TransDecoder) to extract coding sequences from transcripts by

using likelihood-based approaches to predict the best open reading frame. The nucleotide coding
sequences and complimentary amino acid sequence for the single best open reading frame from
each transcript with predicted coding sequences is extracted. To ensure phylogenetic
independence, the longest isoform is retained for further analysis if there are several isoforms of
the same gene. FUSTT 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-°, 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
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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 & Standley 2013) to align multiple amino acid
sequences of each family and used the program 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 implements the program FUBAR (Fast
Unconstrained Bayesian Approximation) (Murrell et al. 2013), which is part of the program suite
HYPHY version 2.3.14, to conduct a site-specific test of pervasive positive selection on amino
acids. The program FUBAR implements a Bayesian approach to determine nonsynonymous (dN)
and synonymous substitution (ds) rates. Gene families with at least 15 sequences have the
necessary statistical power to test for adaptive evolution and were therefore analyzed for
signatures of selection (Wong et al. 2004).

We compiled all protein-coding sequences from gene families that were identified by
FUSTT 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 database

(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 development (using a curated list of genes associated with

coloration based on previous research (Stuckert et al. 2021)) from the BLASTP filtered output.

Gene Network analyses
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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 development 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 consequences of genes
when mutated. It is worth noting that GeneNetwork was developed to identify networks of
interactivity among genes associated with human disease. However, it can also be used to
identify connections among genes from non-model organisms. GeneNetwork implements a
principal component analysis method to identify the connectivity and interaction networks
between genes. The membership and biological pathways of genes influence the construction of

these networks (Deelen et al. 2019).

3.4  Results
Protein-coding genes associated with color development under strong positive selection

A total of 1,678,134 transcripts from 12 samples were used as inputs into the FUSTr
pipeline. FUSTr identified 663,974 families, 2,855 of which contained > 15 sequences, which is
the minimum number allowing enough power for subsequent analyses. Of these 2,855 gene
families, FUSTT identified 1,422 gene families with at least one amino acid site under strong
positive selection (648 gene families had amino acids with one site under strong positive
selection, 309 gene families had amino acids with 2 sites under strong positive selection, 156 had
amino acids with 3 sites under strong positive selection, and 203 had amino acids with of at least

5 sites under strong positive selection. We extracted and compiled all protein-coding sequences
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from gene families with at least one amino acid site under strong positive selection and annotated
them against the uniprot database.

We found 2053 protein-coding sequences with at least one amino acid under strong
positive selection. When cross referencing BLASTP results with a curated list based on previous
research of color pattern genes known to be involved in color pattern development in other
species, we found 45 genes associated with color development. Of these, twenty-one genes were
related to melanocyte production and melanin synthesis (arl6, camp, dct, edn3, egfr, gfptl, hps3,
hps4, irf4, kad2, kit, mibl, pakl, rab32, rab38, sf3b1, slk, sox10, sox9, sox9b, tyrpl), four genes
were related to iridophore development (dock?, thi2, thl3, ric8b), three genes were related to
pteridine synthesis (csflr, gchl, xdh), five genes were related to carotenoid metabolism (dgat2,
rdh14, rdhl6, rdh5, rxra,), and one gene was related to keratin metabolism (ovoll) (table 3.2).
Of the 2053 genes, we identified 287 genes with at least 5 amino acid sites under strong positive

selection, 2 of which were associated with color development (irf4, and polg).

Table 3.2: Genes related to color development 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.

Number of

Gene Name Sites Under  |Pigmentation Role Reference
Selection

dgat2 1 Carotenoid metabolism (Guo et al. 2009)
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rdh5 2 Carotenoid metabolism (Napoli 2012)
rdnl4 1 Carotenoid metabolism (Belyaeva et al. 2019)
rdnl6 2 Carotenoid metabolism (Napoli 2012)
rxra 1 Carotenoid metabolism (Wei et al. 2020)
dock7 1 Iridophore/guanine platelet (Rossman et al. 2005)
fhi2 2 Iridophore/guanine platelet (Santos et al. 2014)
fhi3 2 Iridophore/guanine platelet (Higdon et al. 2013)
ric8b 1 Iridophore/guanine platelet (Chan et al. 2011)
csflr 1 Pteridine synthesis (Patterson & Parichy 2013)
gchl 2 Pteridine synthesis (Braasch et al. 2007)
xdh 1 Pteridine synthesis (Reaume et al. 1991)
arlé 1 Melanin/melanosome synthesis  |(Pretorius et al. 2010)
camp 2 Melanin/melanosome synthesis  [(Khaled et al. 2002)
edn3 1 Melanin/melanosome synthesis  |(Baynash et al. 1994)
(Gordon-Thomson et al.
egfr 1 Melanin/melanosome synthesis
2001)
gfptl 1 Melanin/melanosome synthesis  |(Yang et al. 2007)
hps3 2 Melanin/melanosome synthesis  |(Wei 2006)
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hps4

Melanin/melanosome synthesis

(Wei 2006)

irf4 Melanin/melanosome synthesis  |(Zhang et al. 2021)
kad?2 Melanin/melanosome synthesis  [(Chen et al. 2019)
kit Melanin/melanosome synthesis  [(Wehrle-Haller 2003)
mibl Melanin/melanosome synthesis  [(Koo et al. 2007)
pakl Melanin/melanosome synthesis  |(Kelly et al. 2014)
rab32 Melanin/melanosome synthesis  |[(Wasmeier et al. 2006)
rab38 Melanin/melanosome synthesis  |(Wasmeier et al. 2006)
sf3bl Melanin/melanosome synthesis  |(An & Henion 2012)
slk Melanin/melanosome synthesis  |(Kelsh et al. 1996)
(Mollaaghababa & Pavan
sox10 Melanin/melanosome synthesis
2003)
sox9 Melanin/melanosome synthesis  |(Passeron et al. 2007)
sox9b Melanin/melanosome synthesis  |(Greenhill et al. 2011)
tyrpl Melanin/melanosome synthesis  [(Marmol et al. 1996)
dct Melanin/melanosome synthesis  [(Marmol et al. 1996)
ovoll Keratin metabolism (Tsuji et al. 2018)
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Network analysis

We used GeneNetwork 2.0 to construct a network of genes associated with color
development that were identified by FUSTr to be under positive selection. We submitted all 45
genes associated with color development under positive selection. Of these 45 genes, 43 were
recognized and used to construct a network (Figure 3.2). GeneNetwork identified two separate
clusters. Cluster 1 (blue), which is associated with signaling by receptor tyrosine kinases (p-
value = 3.4x107), included genes associated with melanogenesis (camp, edn3, egfr, gfptl, hps3,
kit, mib1, pakl, rab32, sf3b1, and sox9), iridophore development (dock7, thl3, and ric8b),
pteridine synthesis (csflr, gchl, and xdh), carotenoid metabolism (rdh5, rdh16, and rxra) and
keratin metabolism (ovoll). Cluster 2 (green), included genes associated with melanogenesis
(arl6, dct, hps4, irf4, rab38, sox10, slk, and tyrpl), iridophore development (fhl2), and carotenoid
metabolism (dgat2, rdh14). It is worth noting that this network only includes color related genes
under positive selection and does not include all genes under positive selection as doing so may

identify many pathways that are not related to coloration.
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Figure 3.2: Gene Network 2.0 identified two clusters from all genes associated with color
development under positive selection. Cluster 1 (blue): includes genes associated with
melanogenesis (camp, edn3, egfr, gfptl, hps3, kit, mibl, pakl, rab32, sf3bl, and so0x9,),
iridophore development (dock7, thil3, and ric8b), pteridine synthesis (csflr, gchl, and xdh),
carotenoid metabolism (rdh5, rdh16, and rxra) and keratin metabolism (ovoll). Cluster 2
(green): includes genes associated with melanogenesis (arl6, dct, hps4, irf4, rab38, sox10, slk,

and tyrpl), iridophore development (fh12), and carotenoid metabolism (dgat2, rdh14).
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3.5  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
(Rubio & Summers 2022; Lao et al. 2007; Williamson et al. 2007; Rubin et al. 2012; Montague
et al. 2014). Although we have made considerable progress in identifying key candidate genes
associated with the production of aposematic coloration in poison frogs (Stuckert et al. 2019;
Posso-Terranova & Andrés 2017; Rodriguez et al. 2020; Twomey, Johnson, et al. 2020;
Twomey, Kain, et al. 2020; Stuckert et al. 2021), very little is known about whether these color
related genes are under positive selection, with the exception of two studies (Rodriguez et al.
2020; Linderoth et al. 2023).

In this study, we found 45 protein coding genes with amino acid sites under positive
selection at the molecular level that were associated with color development from transcriptomes
from 12 different color morphs of poison frog species 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 from either
natural selection on aposematic phenotypes (Brown 2013; Cummings & Crothers 2013; Harvey
et al. 1982), sexual selection in the context of competition for mates (Summers et al. 1999;

Twomey et al. 2016), or both.
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Melanin-related synthesis pathways

We identified several genes involved in the production of melanophores and melanin to
be under positive selection (arl6, camp, dct, edn3, egfr, gfptl, hps3, hps4, irf4, kad2, kit, mib1,
pakl, rab32, rab38, sf3bl, slk, sox10, sox9, sox9b, tyrpl). Genes associated with melanocyte
production and melanin synthesis have a strong influence in the development of black and brown
coloration. Melanic coloration is pervasive among vertebrates and a substantial set of genes
influencing melanogenesis has been identified (Orteu & 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 (Skéld 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 & Jiménez 1987).

Results from our GeneNetwork analysis identified two clusters containing melanogenesis
genes within the network. Cluster 1 (blue) (Figure 3.2) includes the genes pakl, egfr, rab32, kit,
sox9, hps3, edn3, gfptl, mibl, sf3bl1, and camp (in order of network connectivity). The gene egfr
(epidermal growth factor receptor), which had the second highest levels of network connectivity
in cluster 1, is an active contributor to the tyrosinase pathway, playing essential roles in
keratinocyte proliferation, differentiation, migration, and death (Jost et al. 2000). Keratinocytes
are involved in the regulation of proliferation and differentiation of melanocytes (Hirobe 2011).
In the poison frog O. pumilio, egfr was upregulated in the green color morph when compared to
the blue and red color morphs (Rodriguez et al. 2020).

Kit (kit proto-oncogene, receptor tyrosine kinase) plays essential roles in regulating

melanin synthesis pathways, melanophore survival, and melanocyte migration when it binds to
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kit-receptors (Kelsh et al. 2009; Wehrle-Haller 2003). Rodriguez et al. (2020) found that kit was
differentially expressed in the blue color morph of Oophaga pumilio when compared to the red
and green color morphs. In addition, kit was differentially expressed among morphs of R.
fantastica and among development stages in R. imitator and R. variabilis (Stuckert et al. 2021).
The edn3 (ligand endothelin-3) gene is key for the first step of melanocyte migration and
migration enabled by binding to the ednrb receptor expressed on melanoblasts (Garcia et al.
2008; Baynash et al. 1994; Lee et al. 2003). Aoki et al. (2005) found that blocking the signals of
kit and edn3 results in the complete disruption of melanocyte precursors. This suggests that
signals from either kit or edn3 are necessary for the maintenance or survival of early melanocytes
precursors. Edn3 was found to be differentially expressed among larval developmental stages of
R. imitator (Stuckert et al. 2021).

During melanocyte regeneration, the glutamine--fructose-6-phosphate transaminase 1
(ofptl) acts autonomously in melanocytes to promote darkening (Yang et al. 2007). Yang et al.,
(2007) identified a defect in melanocyte regeneration when there was loss of gfptl function.
Melanocyte differentiation, due to gfptl, occurs at late stages during regeneration and therefore
may be necessary for the final steps in melanocyte development. This gene was differentially
expressed between morphs of R. fantastica (Stuckert et al. 2021) and between color morphs of O.
pumilio (Rodriguez et al. 2020).

Cluster 2 (green) (Figure 2) includes the genes rab38, sox10, tyrpl, irf4, dct, hps4, arl6,
and slk (in order of network connectivity). 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 formation, however, the absence of this gene results in a dramatic loss of
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pigmentation. This finding supports the notion that rab38 is critical in the trafficking of tyrpl
and tyrosinase (Watabe et al. 2004; Hearing 2005).

The sox10 (sry-like HMG box 10) gene, which had the second highest levels of network
connectivity in cluster 2 compared to melanogenesis genes, is a transcription factor that plays
vital roles in the regulation of melanogenesis as they ensure survival of neural crest cell
progenitors and proper differentiation of neural crest-derived melanocytes (Potterf et al. 2001;
Kim et al. 2003; Mollaaghababa & Pavan 2003) (Mollaaghababa & Pavan 2003). In addition,
Sox10 regulates a set of genes critical for cell development and pigmentation. For instance,
Sox10 is necessary for the activation of the mitf (microphthalmia-associated transcription factor)
gene (Bondurand et al. 2000; Potterf et al. 2000), which is essential for melanoblast survival.
Sox10 was found to be differentially expressed between larval developmental stages of R.
imitator, R. fantastica, and R. variabilis (Stuckert et al. 2021).

The genes tyrpl 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 (tyrpl) gene is a critical and rate-limiting enzyme and plays an essential role in controlling
what types of melanin are produced (Pawelek & Chakraborty 1998). In addition, tyrpl has been
found to be associated with melanoma maintenance and influences melanocyte proliferation and
melanocyte cell death (Kobayashi et al. 1998; Johnson & Jackson 1992; Hirobe & Abe 1999).
Rubio et al. (unpublished data) found that the gene tyrpl was upregulated in black skin tissue
when compared to bright aposematic colored skin tissue (orange and red) of the Sauce orange-
banded and Varadero red-headed morph of R. imitator. In addition, tyrpl was differentially

expressed between developmental stages in R. imitator and R. variabilis (Stuckert et al. 2021) of
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D. auratus (Stuckert et al. 2019), and between color morphs of O. pumilio (Rodriguez et al.
2020). In the polymorphic tawny dragon lizard, Ctenophorus decresii, tyrpl was found to be
upregulated in grey colored throats when compared to orange, yellow, and blue throats (McLean

etal. 2017).

Iridophore/guanine platelet pathways

We identified genes involved in iridophore development under positive selection (dock?,
fhi2, th13, and ric8b). Iridophores are associated with the production of white, green, and blue
coloration; 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. (2020) 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).

Our GeneNetwork analysis identified guanine synthesis-related genes associated with the
development of guanine platelets in iridophore in cluster 1 (blue) (Figure 3.2): dock7, ric8b, and
fhi3. The gene dock7 (dedicator of cytokinesis protein 7) is a atypical dock180-related guanine-

nucleotide exchange factor that plays important roles in axon outgrowth, Schwann cell
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migration, and myelination (Watabe-Uchida et al. 2006; Yamauchi et al. 2008). Stuckert et al
(2021) found that dock?7 was differentially expressed among larval developmental stages and
among color morphs of the poison frog Ranitomeya imitator. In O. pumilio poison frogs, dock7
was upregulated in blue color morphs when compared to red and green color morphs (Rodriguez
et al. 2020).

The protein thl2 (four and a half LIM domains protein 2), which was placed in cluster 2
(green) of our gene network, is a transcriptional co-activator of the androgen receptor and the
Whnt-signaling pathway. Santos et al. (2014) found that in a haplochromine cichlid, two fhi2
paralogs (fhl2a and fhl2b) were overexpressed in egg-spots, a region of the body that contains
iridophores. Fhi2 has also been found to be differentially expressed in tawny dragon lizards,
where expression of fhl2 was lower in lizards with blue colored throats compared to lizards with
yellow and grey colored throats (McLean et al. 2017), and in poison frogs, where fhl2 was found
to be differentially expressed between larval developmental stages of R. fantastica and R.

variabilis (Stuckert et al. 2021).

Xanthophores: pteridine pathways and carotenoid metabolism

We identified three genes involved in the production of pteridine synthesis to be under
positive selection (csflr, gchl, and xdh). As for genes related to carotenoid metabolism, we
found six to be under positive selection (dgat2, rdh5, rdh14, rdh16, and rxra). Pteridine and
carotenoids are both pigments contained in xanthophores (Duellman & Trueb 1994). Pteridines
are purine-based pigments which are synthesized internally by many animals (Stackhouse 1966).
Pteridine pigments are derived as they are synthesized during the production of purines (Steffen

& McGraw 2009). The production of guanine is a fundamental physiological process, and
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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). Xanthophores are associated with the
production of yellow, orange, and red coloration (Croucher et al. 2013; Grether et al. 2001,
Mcgraw et al. 2006; Obika & Bagnara 1964; McLean et al. 2017). The exact coloration derived
varies by the wavelength absorbed from both pteridine and carotenoid pigments (Duellman &
Trueb 1994).

Our GeneNetwork analysis identified all pteridine synthesis-related genes closely
associated with in cluster 1 (blue) (Figure 2): csflr, xdh, and, gchl. The gene csflr (colony
stimulating factor 1 receptor), plays vital roles in the survival and migration of xanthophores by
encoding a type Il receptor tyrosine kinase. Parichy et al. (2000) found that in zebrafish, csflr is
required for the development of xanthophore precursors. The gchl (GTP cyclohydrolase 1) gene
is the rate limiting enzyme in tetrahydrobiopterin (BH4), a precursor to pteridine pigments. BH4
is a vital cofactor for the enzyme phenylalanine hydroxylase, which metabolizes phenylalanine
into tyrosine (O’Donnell et al. 1989; Wood et al. 1995; Nagatsu & Ichinose 1999). The xdh
(xanthine hydrogenase) gene is vital for synthesizing the pteridine pigment xanthopterin and is
expressed during differentiation of xanthophores and is likely to play essential roles in the
production of yellow, orange, and green coloration (Reaume et al. 1991; Parichy et al. 2000;
Epperlein & Lofberg 1990). Rubio et al. (unpublished data) found that both xdh and gch1 genes
were upregulated in bright aposematic colored skin tissue (orange and red) when compared to
black skin tissue of the Sauce orange-banded and Varadero red-headed morph of R. imitator. In

whole skin tissue, xdh was found to be differentially expressed between color morphs of O.
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pumilio (Rodriguez 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 dgat2 (diacylglycerol O-acyltransferase 2) gene encodes the acyltransferase enzyme
and plays vital roles in metabolic conversion of lipids and retinoids (Guo et al. 2009). Dgat2 is
associated with the production of yellow coloration on the dorsal and ventral bar region of east
african cichlid fish and yellow coloration on the throats of male Australian tawny dragon lizards
(Ahi et al. 2020; McLean et al. 2017). Rubio et al. (unpublished data) found that dgat2 was
upregulated in orange colored skin tissue when compared to black skin tissue of the Sauce

orange-banded morph of R. imitator.

Conclusion

We identified protein-coding genes responsible for color development that are under
pervasive positive selection using transcriptome data from a set of poison frog species in the
family Dendrobatidae. All poison frog species and morphs used in this study exhibit bright
conspicuous coloration accompanied with contrasting patterns. Members of the family
Dendrobatidae 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 development. This included genes that play key roles in
Melanocyte production and melanin synthesis (egfr, kit, tyrpl), in pteridine synthesis (csflr,

gchl, and, xdh), iridophore and guanine platelet development (dock7, thl12, ric8b), and carotenoid
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metabolism (dgat2, rdh5, rxra). Several genes that were found to be under positive selection we
found to be differentially expressed in other poison frog studies; between morphs of
Dendrobates auratus (Stuckert et al. 2019), between larval developmental stages and among
color morphs of R. imitator, R. variabilis, and R. fantastica (Stuckert et al. 2021), and between
skin patches of R. imitator (black and orange skin patches of the Sauce morph and black and red
skin patches from the Varadero morph) (Rubio et al. unpublished data).

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 elaboration 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 positive 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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