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Abstract
Determining the mechanistic and genetic basis of animal coloration is essential to understand the costs and constraints
on color production, and the evolution and maintenance of phenotypic variation. However, genes underlying structural
color and widespread pigment classes apart from melanin remain largely uncharacterized, in part due to restricted
taxonomic focus. We combined liquid chromatography-mass spectrometry and RNA-seq gene expression analyses to
characterize the pigments and genes associated with skin color in the polymorphic lizard, Ctenophorus decresii. Throat
coloration in male C. decresii may be a combination of orange, yellow, grey, or ultra-violet blue. We confirmed the
presence of two biochemically different pigment classes, pteridines (self-synthesized) and carotenoids (acquired through
the diet), in all skin colors. Orange skin had the highest levels of pteridine pigments while yellow skin tended to have
higher levels of carotenoids, of which the vitamin A precursors b-carotene and b-cryptoxanthin have not been previously
confirmed in reptiles. These results were confirmed by gene expression analyses, which detected 489 genes differentially
expressed between the skin colors, including genes associated with pteridine production, provitamin A carotenoid
metabolism, iridophore-specific synthesis, melanin synthesis, and steroid hormone pathways. For the majority of these
489 genes, however, our study reveals a new association with color production in vertebrates. These data represent a
significant contribution to understanding the genetic basis of color variation in vertebrates and a rich resource for further
studies.
Key words: carotenoid, color polymorphism, liquid chromatography-mass spectrometry, pteridine, RNA-seq.

Introduction
research has focused on a handful of model systems with
specific mechanisms of color production. For example, mammals and birds use pigments to color dead, keratinized tissue
(hair, fur, feathers, and beaks), whereas poikilothermic vertebrates (nonavian reptiles, fish, and amphibians) use a layered
pigment cell system comprising multiple chromatophore
types to produce a plethora of colors within the dermal layer
of the skin. Despite their potential to broaden our understanding of the genetics of color variation, poikilothermic
(lower) vertebrates, particularly reptiles, remain poorly studied in this regard (Olsson et al. 2013).
In reptiles, color is produced by the interaction between
chromatophore cells and structural components (e.g., collagen and connective tissue) in the dermis. There are three
chromatophore cells types: melanophores containing melanin pigments, iridophores containing light scattering and reflecting guanine crystals, and xanthophores containing
carotenoid and/or pteridine pigments (reviewed in Grether
et al. 2004; Olsson et al. 2013). Melanin pigments are responsible for brown-black coloration, with darker skin having
higher concentrations of melanin. Conversely, blue is
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While our understanding of color production mechanisms in
animals is advancing, less is known about the molecular basis
of these processes and, in particular, the genetics of color
variation within species (Hubbard et al. 2010; Olsson et al.
2013). This is essential to understand the costs and constraints on color expression, and consequently, the evolution
and maintenance of phenotypic variation. The majority of
research into the genetics of color variation in wild populations has focused on melanin-based traits (Hubbard et al.
2010). Pathways and candidate genes for melanin-based color
traits are well-understood (Hoekstra 2006; Braasch et al. 2007;
Poelstra et al. 2015; Küpper et al. 2016; Schweizer et al. 2016;
Toews et al. 2016; Tuttle et al. 2016), relative to those controlling production or transport of other widespread pigment
classes such as pteridines and carotenoids (but see Diepeveen
and Salzburger 2001; Braasch et al. 2007; Salzburger et al. 2007;
von Lintig 2010; Walsh et al. 2011; Lopes et al. 2016; Mundy
et al. 2016). Furthermore, the genetic basis of structural coloration, in particular genes controlling the specific arrangement of structural components such as guanine, collagen and
keratin, remains largely unknown. In part, this is because
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primarily a structural color produced by light scattering off
the integument and platelets in the iridophores (Bagnara
et al. 2007); however, the concentration of melanin can also
significantly contribute to the intensity of ultra-violet and
blue coloration (Morrison et al. 1995; Macedonia et al.
2000). Finally, yellow-red coloration is produced by carotenoid and/or pteridine pigments in the xanthophores, which
absorb short wavelengths of light (violet-blue), allowing long
wavelengths (yellow-red) to pass through and be reflected by
the iridophores (Morrison et al. 1995; Macedonia et al. 2000).
Carotenoids must be obtained through the diet (McGraw
2006) while pteridines are synthesized in the body from purine molecules (Ziegler 2003; Braasch et al. 2007), and this
variation in origin may inflict differing constraints on pigment
production and the function of yellow-red signaling traits.
One or both pigment types may be present within a species;
however, previous studies have been limited in their ability to
identify the specific metabolites involved. Often they have
only confirmed the presence of either carotenoids (lipid soluble; Fitze et al. 2009) or pteridines (not lipid soluble;
Morrison et al. 1995; Weiss et al. 2012) or a combination of
both (Macedonia et al. 2000; Olsson et al. 2008; Haisten et al.
2015; Merkling et al. 2015), and made predictions about the
likely metabolites within each of those classes. Identifying the
specific metabolites, and their relative concentrations, is essential to understand the biochemical links between color
expression and other cellular processes, which in turn provides insight into mechanisms maintaining color signal honesty (Hill and Johnson 2012). For example, some dietary
carotenoids (a-carotene, b-carotene, c-carotene, and b-cryptoxanthin) serve as precursors (i.e., provitamins) for vitamin A
(retinol; von Lintig 2010; Hill and Johnson 2012) which regulates multiple cellular processes, including immune function,
leading to the prediction that carotenoids may serve as an
honest signal of individual quality. Despite this, provitamin A
carotenoids have yet to be confirmed in reptiles.
Males of the Australian tawny dragon lizard, Ctenophorus
decresii, are brightly colored and exhibit variation in coloration both within and among populations (Houston and
Hutchinson 1998; McLean et al. 2013). There are two genetically and phenotypically distinct lineages within the species
which differ most notably in male throat coloration (McLean
et al. 2013 2014b). “Southern” males have blue throats which
also reflect ultra-violet (UV) wavelengths of light (McLean
et al. 2013 2014a), which C. decresii is able to perceive (as
confirmed by analysis of retina transcriptomes; Yewers et al.
2015), while “northern” males are polymorphic with orange,
yellow, orange-yellow (orange central patch surrounded by
yellow), or grey throated males co-occurring within populations (fig. 1; McLean et al. 2013). Males prominently display
their throats during encounters with rivals and mates
(Gibbons 1979) and color morphs differ in a number of
behavioral and physiological traits (Yewers et al. 2016).
Furthermore, captive breeding and mark-recapture studies
have confirmed that the discrete throat color morph is fixed
at sexual maturity and is not size or condition dependent
(Teasdale et al. 2013; Rankin and Stuart-Fox 2015). The presence or absence of orange and yellow throat coloration is
2

most likely governed by two autosomal loci (Rankin et al.
2016), but the total area of orange or yellow on the throat
within and between color morphs is a highly heritable quantitative trait (Rankin et al. 2016), which indicates that many
genes are likely to be involved in color expression in this species.
We used highly sensitive liquid chromatography-mass
spectrometry (LC-MS) to identify specific pigments and compare their concentrations within and among C. decresii skin
samples of different colors. Additionally, we sequenced skin
transcriptomes (along with a number of other tissue types) to
identify genes which were differentially expressed among skin
colors. All skin colors (blue, grey, cream, orange, and yellow)
contain the three pigment cell types that typically comprise
the dermal chromatophore unit in reptiles: melanophores,
iridophores, and xanthophores (Lewis A, Rankin K, Pask A,
Stuart-Fox D, unpublished data; supplementary fig. S1,
Supplementary Material online). By combining targeted
metabolomic and transcriptomic analyses we were able to
detect genes potentially associated with chromatophore cells
and/or pigment production, transport, and storage. We highlight these candidate color genes for further study of the
genetic basis of both discrete and continuous color variation
in vertebrates.

Results and Discussion
Pteridine and Carotenoid Pigments Generate Yellow
and Orange Skin Coloration
Yellow and orange skin coloration of C. decresii is produced by a
combination of both carotenoid and pteridine pigments. Using
LC-MS, we identified six carotenoids (astaxanthin, 30 -dehydrolutein, lutein, and/or zeaxanthin, canthaxanthin, b-cryptoxanthin,
b-carotene) and seven pteridines (xanthopterin, 6-biopterin,
pterin, isoxanthopterin, pterine-6-carboxylic acid, drosopterin,
and sepiapterin). Notably, these included b-carotene and b-cryptoxanthin, the presence of which has not previously been verified in reptiles due to limitations of methods employed (e.g.,
the highly lipophilic b-carotene often fails to elute in chromatography; Haisten et al. 2015). Our identification of these
metabolites in C. decresii is significant given that carotenoid
based coloration is often hypothesized to act as an honest
signal of condition, partly due to the contribution of carotenoids to immune function; however, this only applies to the
few carotenoids (including b-carotene and b-cryptoxanthin)
which convert to the antioxidant vitamin A (Olson and
Owens 1998; Svensson and Wong 2011).
Relative concentrations of individual metabolites differed
significantly between skin colors (table 1; fig. 2). Yellow skin
tended to have the highest levels of carotenoid pigments
(fig. 2). The levels of the yellow pigments 30 -dehydrolutein
(P ¼ 0.003), lutein/zeaxanthin (P < 0.001), and b-cryptoxanthin (P ¼ 0.011), and the orange-red pigment canthaxanthin
(P ¼ 0.001) were significantly higher in yellow skin than in
grey skin (fig. 2; supplementary table S1, Supplementary
Material online). Orange skin also had higher levels of 30 dehydrolutein (P ¼ 0.029) and lutein/zeaxanthin (P ¼ 0.010)
than grey skin (fig. 2; supplementary table S1, Supplementary
Material online). Additionally, orange skin had the highest
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metabolites within and among skin colors and/or the specific
pteridine or carotenoid pigments have not been identified.

Gene Expression Differs between Skin Colors
A total of 489 genes were differentially expressed between at
least two skin colors (supplementary table S3, Supplementary
Material online), indicating genetic differences underlying
color production in C. decresii. Of these, 67 genes appear
to have skin specific function as they were also more highly
expressed in skin than in nonskin tissue (supplementary
table S3, Supplementary Material online). The relatively
small number of genes specific to a given skin color is expected given that all skin colors contain the same three
pigment cell types (melanophores, iridophores, and xanthophores) that comprise the dermal chromatophore unit
(Lewis A, Rankin K, Pask A, Stuart-Fox D, unpublished
data; supplementary fig. S1, Supplementary Material online).
Twenty-six of the 489 differentially expressed genes showed
significantly higher or lower expression in blue skin relative
to all other skin colors, while 14 were similarly unique to
yellow skin. These results were visualized by principle component analyses of gene expression data, which revealed
strong clustering of skin colors with the greatest separation
between yellow and blue skin samples (fig. 4). We do, however, interpret this cautiously given that yellow and blue skin
had the fewest samples and blue skin was from only southern individuals, and could therefore reflect gene expression
differences between the lineages.

Pteridine Synthesis

FIG. 1. Male throat color variation in the tawny dragon lizard,
Ctenophorus decresii. Northern lineage males are polymorphic, with
(A) orange, (B)* yellow, (C) orange-yellow, and (D) grey throats, while
Southern lineage males are monomorphic with (E) ultra-violet blue
throats.

levels of all pteridine pigments. These included four colorless
pteridines (6-biopterin, pterin, isoxanthopterin, and pterine-6carboxylic acid; all P < 0.05), which are unlikely to contribute
to skin color, but may act as precursors to colored pigments
(fig. 3), as well as the yellow pigment xanthopterin (orange vs.
grey: P ¼ 0.001; orange vs. yellow: P ¼ 0.007) and the red pigment drosopterin (orange vs. grey: P ¼ 0.023; fig. 2; supplementary table S2, Supplementary Material online). Therefore,
yellow and orange skin primarily differs in the relative concentrations of yellow carotenoids and colored pteridines. This
pattern appears to be consistent with other reptile species
(e.g., Jamaican anoles, Anolis sagrei, day geckos, and Uta stansburiana; Macedonia et al. 2000; Steffen et al. 2010; Saenko et al.
2013; Haisten et al. 2015), including the congeneric and polymorphic Ctenophorus pictus (Olsson et al. 2008); although in
these species the relative concentrations of individual

The expression of individual genes involved in pteridine synthesis pathways did not differ significantly between skin
colors (fig. 3); however, when considering the pteridine synthesis pathway as a whole using gene set enrichment analysis
(GSEA), the pteridine gene set was upregulated in orange
(FDR ¼ 0.038) and yellow (FDR ¼ 0.054) skin relative to
blue skin. GSEA did not reveal differences between orange,
yellow and grey skin, which was unexpected given that orange
skin had higher levels of all pteridine pigments (fig. 2).
Therefore, the timing of sampling may be important for detecting differential expression of specific genes or pathways
among some skin colors. For this study, skin was sampled
from sexually mature males; however, gene expression will
vary across developmental stages, and thus skin may need
to be sampled from juvenile lizards at the onset of adult
coloration, or from developing scale buds.
Given that pteridine pigments are synthesized de novo
from purine molecules, we also searched gene annotation
terms for the keyword “purine”. We found that 65 of the
genes differentially expressed between skin colors were associated with purine metabolism, transport, or binding (supplementary table S3, Supplementary Material online). Purine
molecules are not specifically associated with pteridine synthesis; for example, purines are also the precursors to guanine
crystals in iridophores (Higdon et al. 2013), and none of these
65 purine-related genes showed expression patterns uniquely
associated with orange skin. However, carns1, mcm6, myh7,
and nt5c1a had higher expression levels in orange and blue
3
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Table 1. Comparison of Carotenoid and Pteridine Pigment Responses in Orange (N ¼ 7), Yellow (N ¼ 7), and Grey (N ¼ 7) Skin Samples

Carotenoid

Pteridine

Pigment

Color Produced

SS

Fdf

P

Astaxanthin
3’-Dehydrolutein
Lutein/Zeaxanthin
Canthaxanthin
b-Cryptoxanthin
b-Carotene
Xanthopterin
6-Biopterin
Pterin
Isoxanthopterin
Pterine-6-Carboxylic Acid
Drosopterin
Sepiapterin

Red
Yellow
Yellow
Orange-Red
Yellow
Orange-Red
Yellow
Colorless/UV
Colorless/UV
Colorless/UV
Colorless/UV
Orange-Red
Yellow

0.128
62.67
7.948
57.51
2.621
1.690
4.070
2.805
4.605
1.427
3.473
38.36
21.59

0.0392, 18
8.0572, 18
11.752, 18
9.6632, 18
5.4822, 18
0.1382, 18
10.482, 18
18.702, 18
12.242, 18
3.4542, 18
6.8002, 18
4.4052, 18
2.3682, 18

0.962
0.003
5.4 3 1024
0.001
0.014
0.872
0.001
4.0 3 1025
4.0 3 1024
0.054
0.006
0.028
0.122

Statistically significant P-values are italicized.
SS, sum of squares; df, degrees of freedom.

FIG. 2. Pigment levels differ among C. decresii skin of different colors. Mean 6 SE (A) carotenoid and (B) pteridine pigment levels in grey, orange and
yellow skin. Brackets indicate significant pairwise differences between skin colors: *P < 0.05, **P < 0.01, ***P < 0.001.

skin relative to yellow or grey skin. Furthermore, the expression levels of ak5, gne and itm2c were higher in both yellow
and orange skin when compared to grey and blue skin (table 2;
4

supplementary table S3, Supplementary Material online).
Therefore, these genes may play important roles in generating
skin color.
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FIG. 3. Relative expression of pigment pathway genes. Heatmaps showing mean expression levels of the genes previously identified as involved in
melanin and pteridine synthesis pathways (Braasch et al. 2007), and provitamin A carotenoid metabolism (Waagmeester et al. 2009) in blue
(N ¼ 3), grey (N ¼ 4), yellow (N ¼ 2), and orange (N ¼ 4) C. decresii skin samples. Mean expression levels are log transformed for visualization.

Carotenoid Transport, Storage, and Metabolism
Unlike pteridine and melanin pigments which are synthesized
in the body, carotenoids occur naturally in plants and must
be obtained through the diet. Consequently, any genes

associated with carotenoid-based coloration will be those involved in pigment transport, storage and/or metabolism
(Diepeveen and Salzburger 2001; Salzburger et al. 2007; von
Lintig 2010; Walsh et al. 2011). We have limited knowledge of
5
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production in plants (Sams et al. 2011) and like vitamin A,
acts as an antioxidant. Therefore, we hypothesize that sepp1b
may also be involved in the transport and storage of carotenoids, or alternatively selenium may be associated with yellow and orange color production in C. decresii.

Iridophore Cells
A previous study of differential gene expression in chromatophore cells of the zebrafish, Danio rerio, identified genes specifically enriched in iridophores (Higdon et al. 2013). We
found that ten of these genes were also differentially expressed between skin colors of C. decresii (supplementary
table S3, Supplementary Material online). Yellow skin had
the highest expression (though not significantly higher for
all pairwise comparisons) of adamts13, anxa1, bpi, phyhd1,
sesn1, and tmem179b, and the lowest expression of eno3
(table 2). While blue skin had the highest expression of
gnat2 and pald1 and the lowest expression of fhl2 (table 2).
Differential expression of iridophore associated genes in yellow and blue skin supports our understanding of the role of
these cells in color production in reptiles, with iridophores
known to contribute to the generation of yellow-orange coloration (Macedonia et al. 2000; Steffen and McGraw 2009)
and particularly structural UV-blue coloration (Bagnara et al.
2007).

Melanophore Cells and Melanin Synthesis
FIG. 4. Principle component analyses showing separation of samples
based on gene expression estimates. Panel A shows separation of
tissue types based on the full gene dataset while panel B shows clustering of skin colors based on the 489 genes which were differentially
expressed between skin colors.

the genetics of carotenoid-based coloration as there have
been only a few studies of carotenoid metabolism pathways,
all of which have focused on the conversion of carotenoids (in
particular, b-carotene) to vitamin A (reviewed in Eroglu and
Harrison 2013). We found that three genes involved in provitamin A carotenoid metabolism (fig. 3) were differentially
expressed between C. decresii skin colors: aldh1a3, bcmo1 and
scarb1 (fig. 3; table 2; Eroglu and Harrison 2013). All three
genes showed the highest expression levels in yellow skin
(table 2; supplementary table S3, Supplementary Material
online), and GSEA further revealed that the provitamin A
carotenoid metabolism pathway was significantly enriched
in yellow skin, relative to all other skin colors (all FDR < 0.
05). Thus, the gene expression results corroborate those of the
metabolomic analysis showing that carotenoid levels are
highest in yellow skin (fig. 2).
Much less is known about genes associated with nonprovitamin A carotenoids, which also differed in relative concentration among skin colors of C. decresii (fig. 2). However, we
searched for genes which showed similar expression patterns
to those revealed by the metabolomic analyses, with higher
levels in yellow and orange skin relative to grey skin. One such
gene was sepp1b (orange vs. grey: FDR ¼ 0.023, yellow vs. grey:
FDR ¼ 0.055; table 2), which is responsible for the transport
and storage of selenium, which inhibits carotenoid
6

Our expectation was that melanin concentration would be
highest in grey skin. Furthermore, investigation of C. decresii
skin structure using transmission electron microscopy revealed that grey skin has a higher proportion of melanophores than either orange or yellow skin (Lewis A, Rankin
K, Pask A, Stuart-Fox D, unpublished data). Melanin can also
significantly contribute to the generation of blue and UV
coloration by absorbing longer wavelengths of light not scattered or reflected by overlying iridophores. For example, both
grey and blue skin of the fence lizard, Sceloporus undulatus
erythrocheilus, contain approximately four times as many melanophores as yellow or orange skin (Morrison et al. 1995). We
found that all skin colors expressed the genes previously identified as involved in the synthesis of eumelanin in vertebrates
(fig. 3; Braasch et al. 2007), with the exception of dct (also
known as tyrp2), which had very low expression levels in all
samples and was only consistently expressed in grey skin.
Three additional genes involved in eumelanin synthesis:
tyrp1, oca2, and slc24a5, were differentially expressed between
skin colors, with grey skin having significantly higher expression than either blue or yellow skin (fig. 3; table 2; supplementary table S3, Supplementary Material online). These
patterns suggest that, as expected, melanin concentration is
highest in grey skin and dct, tyrp1, oca2, and slc24a5 appear to
be the important rate limiting genes in the melanin production pathway (Lamason et al. 2005; Alonso et al. 2008).
An additional 12 genes which were differentially expressed
between skin colors have been previously identified as enriched in D. rerio melanophore cells (Higdon et al. 2013) and/
or have annotation terms including melanin or melanogenesis (supplementary table S3, Supplementary Material online).
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Table 2. Differentially Expressed Genes with Previous Links to Color Production and Exhibiting Expected Patterns among Skin Colors
Gene name
carns1
mcm6
myh7
nt5c1a
ak5
gne
itm2c
aldh1a3
bcmo1
scarb1
sepp1b
adamts13
anxa1
bpi
phyhd1
sesn1
tmem179b
eno3
gnat2
pald1
fhl2
dct
tyrp1
oca2
slc24a5
slc52a2
rgr
cndp1
hpx
wnt5a
wnt7b
wnt8a
fzd6
dusp2
dusp5
dusp13
dusp14
fos
fosb
juna
cyp3a4
cyp3a7
hsd17b2
scnn1b
srd5a2
sult2b1

Full name
carnosine synthase 1
minichromosome maintenance protein 6
myosin heavy chain 7
5’-nucleotidase cytosolic IA
adenylate kinase 5
glucosamine-2-epimerase/N-acetylmannosamine kinase
integral membrane protein 2C
aldehyde dehydrogenase 1 family member A3
beta-carotene 1515’-monooxygenase 1
scavenger receptor class B member 1
selenoprotein P plasma 1b
a disintegrin and metalloproteinase with thrombospondin
motifs 13 isoform 1 preproprotein
annexin A1
bactericidal/permeability-increasing protein
phytanoyl-CoA dioxygenase domain containing 1
sestrin 1
transmembrane protein 179B
enolase 3
guanine nucleotide binding protein alpha
transducing activity polypeptide 2
phosphatase domain containing paladin 1
four and a half LIM domains 2
dopachrome tautomerase
tyrosinase-related protein 1
oculocutaneous albinism II
solute carrier family 24 member 5
solute carrier family 52 member 2
retinal G protein coupled receptor
carnosine dipeptidase 1
hemopexin
wingless-type MMTV integration site family member 5A
wingless-type MMTV integration site family member 7B
wingless-type MMTV integration site family member 8A
frizzled family receptor 6
dual specificity phosphatase 2
dual specificity phosphatase 5
dual specificity phosphatase 13
dual specificity phosphatase 14
FBJ murine osteosarcoma viral oncogene homolog
FBJ murine osteosarcoma viral oncogene homolog B
jun B proto-oncogene A
cytochrome P450 family 3 subfamily A polypeptide 4
cytochrome P450 family 3 subfamily A polypeptide 7
hydroxysteroid (17-beta) dehydrogenase 2
sodium channel nonvoltage-gated 1 beta
steroid-5-alpha-reductase alpha polypeptide 2
sulfotransferase family cytosolic 2B member 1

Previous link to colour

Gene expression pattern

Purine binding
Purine binding
Purine metabolism
Purine metabolism
Purine metabolism
Purine binding
Purine binding
Carotenoid metabolism
Carotenoid metabolism
Carotenoid metabolism
–
Iridophore

orange and blue > yellow and grey
orange and blue > yellow and grey
orange and blue > yellow and grey
orange and blue > yellow and grey
orange and yellow > blue and grey
orange and yellow > blue and grey
orange and yellow > blue and grey
highest in yellow
highest in yellow
highest in yellow
orange and yellow > grey
highest in yellow

Iridophore
Iridophore
Iridophore
Iridophore
Iridophore
Iridophore, Purine
Iridophore, Purine binding

highest in yellow
highest in yellow
highest in yellow
highest in yellow
highest in yellow
lowest in yellow
highest in blue

Iridophore
Iridophore
Melanin pathway
Melanin pathway
Melanin pathway
Melanin pathway
Melanosome biogenesis
Melanophore
Melanophore
Melanin, Tyrosine regulation
WNT pathway
WNT pathway
WNT pathway
WNT pathway
Ras/MAPK pathway
Ras/MAPK pathway
Ras/MAPK pathway
Ras/MAPK pathway
Ras/MAPK pathway
Ras/MAPK pathway
Ras/MAPK pathway
Steroid hormone
Steroid hormone
Steroid hormone
Steroid hormone
Steroid hormone
Steroid hormone

highest in blue
lowest in blue
only consistently expressed in grey
highest in grey
highest in grey
highest in grey
highest in grey
highest in grey
highest in grey
grey and blue > orange and yellow
lowest in yellow
lowest in yellow
lowest in yellow
highest in blue
grey and blue > orange and yellow
grey and blue > orange and yellow
grey and blue > orange and yellow
grey and blue > orange and yellow
highest in blue
highest in blue
highest in blue
highest in yellow
highest in yellow
highest in yellow
highest in yellow
highest in yellow
highest in blue

Refer to supplementary table S3, Supplementary Material online for further details and additional differentially expressed genes.

Of these, slc52a2, rgr, and cndp1 had high expression in grey
skin, and hpx had high expression in grey and blue skin.
Additionally, three genes involved in the WNT signaling pathway (wnt5a, wnt7b, and wnt8a), which indirectly influences
melanin synthesis, had higher expression levels in blue, grey
and orange skin than in yellow skin, and one gene (fzd6) was
significantly more highly expressed in blue skin than all other
skin colors. We also found that 20 differentially expressed
genes included “tyrosine” (the precursor to melanin) in their
annotation terms. Notably, these incorporated genes associated with the Ras/MAPK signaling pathway, which like the

WNT signaling pathway, indirectly influences melanin synthesis. These genes include: dusp2, dusp5, dusp13, and dusp14
which all have the highest expression in grey and blue skin,
and fos, fosb, and juna which together form the fos/jun transcription factor and are uniquely highly expressed in blue skin
(table 2).

Hormone Associated Genes
Abundant evidence indicates control of sex-limited color expression by steroid hormones (Cooper and Greenberg 1992),
including in lizards (Cox et al. 2005, 2008; Jessop et al. 2009),
7
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and in C. decresii females treated with testosterone express
male specific throat coloration (Rankin and Stuart-Fox 2015).
We identified six differentially expressed genes associated
with steroid hormone pathways: cyp3a4, cyp3a7, hsd17b2,
scnn1b, and srd5a2, all of which were more highly expressed
in yellow skin, and sult2b1 which was highest in blue skin
(table 2; supplementary table S3, Supplementary Material
online). Differential expression of these genes supports a
role for steroid hormones in mediating color expression in
C. decresii.

Conclusions
By combining metabolomic and transcriptomic analyses of C.
decresii skin samples, our study contributes substantially to
our understanding of the diverse mechanisms of color production in reptiles. We confirmed that yellow or orange skin
color is produced by the relative concentration of carotenoid
and pteridine pigments, with carotenoid levels highest in yellow skin, and pteridine levels highest in orange skin. The
specific metabolites we identified include the vitamin A precursors b-carotene and b-cryptoxanthin, and several genes
associated with provitamin A carotenoid metabolism were
upregulated in yellow skin. Notably, these metabolites may
provide a physiological link between color expression and
individual condition (Hill and Johnson 2012). Carotenoid concentrations in the skin may be influenced by environmental
availability of carotenoids, which, in turn, may affect pteridine
production if individuals maintain a given ratio of specific
pigments to produce the desired hue. This is the case in
guppies, in which environmental variation in carotenoid availability is correlated with genetically based differences among
populations in drosopterin production (Grether et al. 1999,
2005). Thus, identification of genes and pigments associated
with skin color in C. decresii provides the necessary basis to
further explore costs and control of color variation within and
between populations.
We have also highlighted 489 genes exhibiting differential
expression associated with skin color, including: genes that
may be specifically involved in pteridine production in the
skin, several genes associated with provitamin A carotenoid
metabolism, genes previously associated with iridophore and
melanophore cells in zebrafish, genes involved in melanin
synthesis and six genes associated with steroid hormone
pathways. Nevertheless, the great majority of these 489 genes
have not previously been associated with color production in
vertebrates and warrant further investigation to confirm their
role. These genes also provide a starting point for identifying
genes or gene regions associated with color polymorphism in
C. decresii. In the ruff, P. pugnax, the gene mc1r, which initiates
the production of eumelanin, is located within the large inversion underpinning alternative male reproductive strategies, and exhibits a number of genetic variants associated
with the morph types (Lamichhaney et al. 2016). Similarly,
it is possible that specific genes responsible for generating skin
coloration in C. decresii are located within gene regions associated with the discrete throat color polymorphism. More
8

generally, these 489 genes provide a rich resource for investigating the genetic basis of color variation in vertebrates.

Materials and Methods
Study Species and Sample Collection
The lizards used in this study were either wild caught between
December 2012 and December 2014 from various locations in
South Australia, or bred in captivity between November 2012
and January 2013 to parents from Warren Gorge (31.422 S,
138.705 E; supplementary table S4, Supplementary Material online). Twenty-one adult males were humanely euthanized with
an intraperitoneal injection of sodium pentabarbitone (150 mg/
kg), and tissues were immediately dissected postmortem. Skin
samples for LC-MS analysis were flash-frozen and stored at
80  C, while tissues for transcriptomic analysis were stored
in RNAlater (Ambion, Inc. Austin, TX) at 20  C. Skin was
sampled from a variety of body regions from males of different
color morphs (supplementary table S4, Supplementary Material
online) to ensure that differences in gene expression were due
to skin color rather than morph type or lineage.

Pteridine and Carotenoid Pigment Identification
To determine whether carotenoid or pteridine pigments generate yellow and orange coloration in C. decresii, we extracted
pigments from seven samples of each of orange, yellow, and
grey skin, which incorporated the full throat color variation of
the polymorphic northern lineage (fig. 1; Teasdale et al. 2013).
A custom pigment extraction was developed for this study
and detailed methods are provided in the Supplementary
Information (supplementary appendix S1, Supplementary
Material online). Briefly, samples were weighed and
homogenized in methanol:ethylacetate using a TissueLyser
II system (with 3 mm stainless steel beads; Qiagen, Hilden,
Germany), and the resulting carotenoid extract was collected
following centrifugation. Pteridines were then extracted from
the tissue pellet using 2% ammonium hydroxide. Carotenoids
and pteridines were semi-quantified in separate LC-MS analyses on an Agilent 6490 triple quadrupole MS system with a
Jet Stream electrospray ionization source coupled to an
Agilent 1290 series LC system (Agilent Technologies Inc,
Santa Clara, CA). Data analysis was conducted using the
Agilent MassHunter Workstation Software (version B.07.00).
All peak assignments were matched against commercial or
purified standards and confirmed with a qualifier ion.
Carotenoid standards used were: canthaxanthin, b-carotene,
b-cryptoxanthin (Sigma-Aldrich, St Louis, MO), 3’-dehydrolutein, astaxanthin, lutein, and zeaxanthin (these last two isomers cannot be distinguished by this method; Sapphire
Biosciences, Redfern, Australia); while pteridine standards
were: xanthopterin (Chem-Supply, Port Adelaide, Australia),
isoxanthopterin, pterin, pterine-6-carboxylic acid, 6-biopterin
(Sigma-Aldrich), sepiapterin (Sapphire Biosciences), and drosopterin (extracted and purified from fruit flies, Drosophila
melanogaster; Wilson and Jacobson 1977). For each pigment,
weight standardized responses were compared among skin
colors using one-way ANOVAs and Tukey’s post hoc tests
performed in the stats R package (R Development Core
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Team 2010). Data were log transformed prior to analysis to
meet model assumptions of normality.

Transcriptome Sequencing, Filtering, and Assembly
RNA was extracted from three blue skin, four orange skin, two
yellow skin, four grey skin, and nine nonskin (one of each of
heart, pituitary, and thymus and two of each of gonad, retina,
and spleen) tissue samples. We used a TissueLyser II system
(with 5mm stainless steel beads; Qiagen, Hilden, Germany) to
disrupt and homogenize samples before extracting total RNA
using an RNeasy Mini Kit (Qiagen, Hilden, Germany). Library
preparation and transcriptome sequencing were done by the
Georgia Genomics Facility (GGF; Athens, GA) and the
Australian Genomic Research Facility (AGRF; Melbourne,
Australia). RNA libraries were prepared using a TruSeq RNA
Sample Prep Kit (Illumina, Inc., San Diego, CA), including a
step for polyA enrichment of messenger RNA (mRNA).
Libraries were checked for quality with Bioanalyzer (Agilent
Technologies, Inc., Clara, CA) runs and 150 base paired end
reads (insert size 250 bp) were then sequenced on the
HiSeq2000 sequencing platform (Illumina, Inc., San Diego,
CA). Samples were multiplexed with two, six, or twelve libraries sequenced on a single lane, generating between 12.4 and
51.5 M paired end reads per sample (supplementary table S5,
Supplementary Material online).
We assessed the quality of the raw reads using FastQC ver.
0.11.2 (Andrews 2010). Adaptor sequences and low quality
reads were removed using Trimmomatic ver. 0.32 (Bolger
et al. 2014), with a minimum quality (Phred) score of 20
per 8 bp sliding window and a minimum sequence length
of 40 bp. Additionally, we used Deconseq ver. 0.4.3
(Schmieder and Edwards 2011) to remove potential contaminant reads. Custom contaminant databases were prepared
using the Genome Reference Consortium human genome
assembly (GRCh38), and all available bacterial and viral genomic sequences, as downloaded from the National Centre for
Biotechnology Information (NCBI) on April 2, 2015. To prepare the rRNA and mitochondrial Deconseq databases, we
first de novo assembled the trimmed and filtered reads for one
transcriptome (49_spleen; supplementary table S6,
Supplementary Material online) using Trinity ver. 2.0.6
(Grabherr et al. 2011; Haas et al. 2013) with default settings
and a minimum contig length of 151 bp. We then downloaded all available mitochondrial sequences for the family
Agamidae, and 18S and 28S rRNA sequences for the suborder Iguania from the NCBI protein database. The assembled
transcriptome was compared to these sequences using the
BlastN algorithm (with a minimum E-value threshold of 1010; Altschul et al. 1990) to identify the full mitochondrial and
rRNA sequences. Deconseq was run using threshold values of
90% sequence coverage and 95% sequence identity. For a
detailed summary of trimming and filtering statistics refer to
supplementary table S5, Supplementary Material online.
Assemblies were then constructed from the trimmed and
filtered reads for each transcriptome using the program
Trinity ver. 2.0.6 (Grabherr et al. 2011; Haas et al. 2013) with
default settings and a minimum contig length of 151 bp (supplementary table S6, Supplementary Material online), and
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assessed for completeness using BUSCO (Benchmarking
Universal Single-Copy Orthologs) ver. 1.1b (Sim~ao et al.
2015) and the vertebrata library consisting of 3023 single
copy orthologs. Based on this assessment, the average completeness of transcriptome assemblies was 64.9% (6 9.6), with
8.9% (6 2.2) fragmented, and 26.2% (6 7.5) missing BUSCOs
(supplementary table S7, Supplementary Material online).

Abundance Estimation and Differential Expression of
Genes and Pathways
The central bearded dragon (Pogona vitticeps) is currently the
closest con-familial species for which a fully annotated genome is available (Georges et al. 2015). Nevertheless, estimated divergence between C. decresii and P. vitticeps is
considerable (Hugall et al. 2008), hence we derived a C. decresii
specific reference by identifying homologs to the 19,407 protein coding regions annotated for P. vitticeps. This was
achieved by pooling and comparing the 22 assemblies to
the P. vitticeps proteome set using blastx. After merging redundant transcripts, correcting frameshifts and removing the
untranslated regions, the final C. decresii reference used for
downstream mapping comprised 17,216 coding DNA sequences. We identified genes within the reference which
have been previously shown to be associated with chromatophore cells (Higdon et al. 2013), melanin, and pteridine pigment synthesis pathways (Braasch et al. 2007; Emaresi et al.
2013; Roulin and Ducrest 2013) and/or carotenoid pigment
transport and storage (Diepeveen and Salzburger 2001;
Salzburger et al. 2007; von Lintig 2010; Walsh et al. 2011) in
fish and birds (as there were heretofore no data for nonavian
reptiles). We also downloaded Gene Ontology (GO) terms
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway information for any genes which were differentially
expressed between skin colors and searched for key words
relating to pigments and pigment precursors (purine, tyrosine, melanin, melanogenesis, pteridine, and carotenoid).
We calculated relative expression levels of genes (in transcripts per million reads; TPM) by mapping the trimmed and
filtered reads for each transcriptome to the reference using
RSEM (Li and Dewey 2011) and Bowtie 2 v2.2.2 (Langmead
and Salzberg 2012). Differentially expressed genes were identified using the Bioconductor package edgeR (Robinson et al.
2010). We first filtered the data so that only those genes with
at least one count per million reads in at least two libraries
(minimum number of replicates for a skin color) were retained for the analysis and applied trimmed mean of Mvalues (TMM) normalization (Robinson and Oshlack 2010).
Dispersion was estimated on a tag wise basis and P-values
were adjusted using the false discovery rate (FDR) correction
method (Benjamini and Hochberg 1995). To minimize the
influence of outlier expression estimates on P-values, we adjusted prior.df so that prior.n was equal to one for each comparison. Genes were considered to be significantly
differentially expressed when the FDR corrected P-value was
less than 0.05 and expression values did not overlap between
the two groups compared. To further examine clustering of
tissue types and skin colors, we performed two principal
components analyses (PCAs) using the FactoMineR package
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in R (L^e et al. 2008). The first analysis incorporated all samples
and all 17,216 annotated genes, while the second analysis
incorporated skin samples and the subset of genes which
were differentially expressed between skin colors.
We also applied GSEA (ver. 2.0; Subramanian et al. 2005) to
expression data to investigate whether pigment related pathways were differentially expressed between skin colors. We
produced three custom gene sets for the analysis: (1) “pteridine synthesis” which consisted of the 10 genes listed in the
pteridine synthesis pathway in figure 3, (2) “carotenoid metabolism” which consisted of 39 genes involved in provitamin
A carotenoid transport and metabolism (Waagmeester et al.
2009), and (3) “melanin synthesis” which incorporated the 81
genes in the KEGG melanogenesis pathway (acs04916; supplementary table S8, Supplementary Material online). We
considered pathways to be enriched in one skin color over
another when the FDR corrected P-value was less than 0.05.

Availability of Data and Materials
The datasets used and/or analyzed during the current study
are available from Dryad: doi:10.5061/dryad.ns315.
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Supplementary data are available at Molecular Biology and
Evolution online.
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