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Avian ketocarotenoid pigments occur in both the red retinal oil droplets that
contribute to colour vision and bright red coloration used in signalling.
Turtles are the only other tetrapods with red retinal oil droplets, and some
also display red carotenoid-based coloration. Recently, the CYP2J19 gene
was strongly implicated in ketocarotenoid synthesis in birds. Here, we investigate CYP2J19 evolution in relation to colour vision and red coloration in
reptiles using genomic and expression data. We show that turtles, but not
crocodiles or lepidosaurs, possess a CYP2J19 orthologue, which arose via
gene duplication before turtles and archosaurs split, and which is strongly
and specifically expressed in the ketocarotenoid-containing retina and red
integument. We infer that CYP2J19 initially functioned in colour vision in
archelosaurs and conclude that red ketocarotenoid-based coloration evolved
independently in birds and turtles via gene regulatory changes of CYP2J19.
Our results suggest that red oil droplets contributed to colour vision in
dinosaurs and pterosaurs.

1. Introduction
Ketocarotenoids are red xanthophyll carotenoids whose terminal ketone
groups, when on the C4 position on one or both end rings, lead to the absorption of light at longer wavelengths than in other xanthophylls [1]. They have
been extensively studied in birds where they are the predominant mechanism
of saturated red colours that are frequently sexually or socially selected signals
[2– 5]. In addition, ketocarotenoids perform another key function in birds: the
ketocarotenoid astaxanthin (3,30 -dihydroxy-b-carotene-4,40 -dione) is the red
pigment found in the oil droplets in long-wave sensitive (LWS) cones of the
avian retina [6], where they act as cut-off filters to enhance colour discrimination [7 –10]. Ketocarotenoids in most land birds are not obtained directly
from the diet but are instead synthesized by ketolation (addition of doublebonded oxygen at the C4 position of the end ring) of dietary yellow carotenoids
such as zeaxanthin [1]. The mechanism was for a long time obscure, but recent
studies have strongly implicated a locus encoding a cytochrome P450 monooxygenase (CYP2J19) as the main or only avian ketolase enzyme that catalyses the
conversion of dietary xanthophylls to the ketocarotenoids that are deployed in
both red integumentary coloration and red retinal oil droplets [11,12]. This
raises the intriguing question of the origin of CYP2J19 function in birds, and
its ancestry in vertebrates more generally.
Turtles (Testudines) are the only group of tetrapods apart from birds that
possess red retinal oil droplets [6,13,14], and these probably contain ketocarotenoids [15,16]. By contrast, other extant reptile lineages either lack retinal oil
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Figure 1. JTT model-based protein phylogeny based on all CYP2J, CYP2R1 and CYP2D6 sequences obtained. Bootstrap values are based on 1000 pseudoreplicates.
CYP2J19-like sequences and CYP2J40-like sequences are outlined in red and blue, respectively. CYP2R1 and CYP2D6 clades have been collapsed. For fully expanded
phylogeny, see the electronic supplementary material, figure S1.

droplets entirely (crocodiles, snakes) or have coloured oil
droplets varying from clear to yellow and green, but not
red (many lizards) [14]. Like birds, turtles have excellent
tetrachromatic colour vision [17,18].
Red coloration of the integument is uncommon in turtles,
but red coloration specifically due to the presence of ketocarotenoids has been reported [19] and shown to be related to
sexual selection [20]. Importantly, aquatic turtles, unlike most
land birds, have the potential to obtain red ketocarotenoids
directly from their diet [21,22], and whether turtles have the
capacity for carotenoid ketolation remains unknown.
Several interesting questions arise: is there a shared genetic
basis for ketocarotenoid synthesis in birds and turtles? Alternatively, was ketocarotenoid synthesis independently derived in
the two groups, or even absent in turtles? If ketocarotenoid
synthesis does have a shared genetic basis, was the original
function of CYP2J19 for colour vision or coloration?
The phylogenetic position of turtles within the reptiles has
long been a source of debate [23] mainly due to the highly
derived morphologies of turtles and the somewhat contradictory molecular evidence [24,25]. More recently, a number of
large-scale molecular studies using genomic data support a
sister relationship between turtles and the archosaurs, forming
the turtle–archosaur clade (Archelosauria) independent from
the lepidosaurs (lizards, snakes and tuatara) [26–31]. With turtles now placed as an outgroup to archosaurs, the evolution of
a locus related to colour vision and coloration in turtles has
the potential to inform the occurrence of these traits in the
dinosaurs and pterosaurs.
Here, we address the genetic basis of ketocarotenoids in
the retina and integument of turtles and birds using two
approaches. First, we mine recent genomic data and perform
phylogenetic analyses to reconstruct the evolutionary history
of CYP2J19 within reptiles and birds. Second, we examine
expression of CYP2J-like loci in the western painted turtle
(Chrysemys picta bellii), which possesses both red retinal oil

droplets and red ketocarotenoid-based integumentary coloration, to obtain evidence for functional involvement of
CYP2J19 in ketocarotenoid synthesis in different tissues in
Testudines. We find that CYP2J19 is conserved in birds and turtles but has apparently been lost in crocodiles, and that patterns
of CYP2J19 expression are consistent with a function in both
colour vision and coloration in turtles, as in birds. We interpret
these results to suggest that the carotenoid ketolase CYP2J19
originally functioned in colour vision in the Testudines–
archosaur clade ancestor, and has since been independently
and repeatedly recruited for red integumental coloration by
changes in gene regulation in turtles and birds. Finally, our
results imply the presence of red retinal oil droplets in lineages
related to the birds, including dinosaurs and pterosaurs, which
provides new insights into the reconstruction of the evolution
of colour vision in these groups.

2. Results
(a) Evolution of CYP2J genes in amniotes
BLASTn searches revealed the presence of two CYP2J family
loci in the three most complete turtle genomes out of the four
available (western painted turtle, Chinese soft-shell turtle and
green sea turtle) [28,29]. By contrast, we found at most a
single CYP2J sequence in crocodilians (American alligator,
Chinese alligator) and lepidosaurs (green anole, Schlegel’s
Japanese gecko). Strikingly, phylogenetic analyses revealed
that one of the CYP2J loci in turtles is orthologous to avian
CYP2J19, because turtle sequences form a well-supported
(100% bootstrap support) monophyletic clade with CYP2J19
sequences from birds (figure 1). No CYP2J19 orthologues
were identified in either crocodilians or lepidosaurs. The
remaining reptile and avian CYP2J loci group together by
order but support for other relationships is variable. Reconstructions suggest that the crocodilian and second turtle
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Figure 2. Results of qRT-PCR experiments quantifying male and female
tissue-specific expression for CYP2J19 normalized against TBP, GAPDH and
HPRT1. Error bars represent s.e.m. from three individual males and females.

black plastron, yellow neck

0.9998199

red plastron, yellow neck
red plastron, black plastron

0.0000000***
0.0000000***

CYP2J locus are related to avian CYP2J40, but the bootstrap
support is weak. The single CYP2J locus in lepidosaurs is
placed as an outgroup to the Testudines and archosaur
(crocodile þ bird) sequences, with moderate bootstrap support (60%). The single human CYP2J locus (CYP2J2) is
clearly an outgroup to all of the reptile and avian sequences
(99% bootstrap support).
Overall therefore, we find strong evidence for the conservation of the CYP2J19 locus in avian and turtle (Testudines)
lineages, but no evidence for the presence of CYP2J19 in crocodilians or lepidosaurs. Furthermore, our phylogenetic
analysis indicates that CYP2J19 arose from a duplication
event that occurred after the divergence of reptiles and mammals and before the split between Testudines and archosaurs
and CYP2J19 was subsequently lost in crocodilians.

(b) Specific expression of CYP2J19 in tissues containing
red ketocarotenoids in the western painted turtle
Preliminary experiments revealed high CYP2J19 expression in
the retina and red plastron of western painted turtles of both
sexes, and lower, variable expression in the liver, black plastron, yellow tail, black tail, yellow neck and black neck
regions (not shown). By contrast, CYP2J40 expression was
detected in all tissue types (not shown).
Quantification of expression via qRT-PCR confirmed the
presence of high CYP2J19 expression in the ketocarotenoidcontaining tissues (retina, red plastron) of both sexes, and
low expression in other tissues (figure 2). There was significant heterogeneity of CYP2J19 expression level among
different tissue types (F4,25 ¼ 35.83, p , 0.001) but not
among sexes (F1,28 ¼ 0.4524, p ¼ 0.51) (table 1). As no sexbiased expression was detected, a comparison between all
tissue types pooled for both sexes was carried out. The red
plastron had the highest CYP2J19 expression relative to all
other tissues ( p , 0.05), while the retina had higher
expression when compared with all tissues except for the
red plastron ( p , 0.001) (table 1).

3. Discussion
We provide compelling evidence for the presence of a CYP2J19
orthologue in three divergent Testudines lineages that suggests conservation of CYP2J19 function in turtles and birds,
despite approximately 250 million year divergence between
these lineages [27]. Expression patterns of CYP2J19 in painted

turtles are consistent with this gene playing a role in ketocarotenoid synthesis in both retina and red-coloured integument,
as recently described in birds [11,12]. This raises the question
of whether the original function of CYP2J19 was for colour
vision or coloration. Consideration of the likely ancestral
traits, given the extant distributions, strongly favours colour
vision as the original function, as we now discuss (figure 3).
Colour vision involving ketocarotenoid-containing oil droplets in LWS cones appears to be a pervasive feature in almost
all birds and turtles [6,15,16], implying that red oil droplets
were present in both ancestral birds and ancestral turtles. By
contrast, red ketocarotenoid coloration has a patchy distribution in both groups. In turtles, red coloration is sparsely
distributed among both the pleurodirans and cryptodirans.
Redness appears to be rare or absent in most turtle families
except for two cryptodiran families, Emydidae and Geomydidae, where red coloration is more common, as well as several
taxa within the pleurodiran family Chelidae. In addition, the
pigmentary basis for redness in turtles has not been widely
characterized. In birds, reconstruction of carotenoid-based plumage coloration has shown that this trait is not ancestral but
was acquired multiple times during avian evolution [32]. Evolutionary reconstructions of carotenoid coloration in bare body
parts (such as bills) in birds are still awaited. An independent
line of evidence suggesting that carotenoid coloration in the
integument was not ancestral in birds concerns their lack of
specific pigment cells containing carotenoids. Reptiles, like
amphibians and teleosts, express carotenoids (along with
pteridines) in specialized xanthophores/erythrophores [33],
whereas birds express integumentary carotenoids in keratinocytes. Although studies have found pigment cells in the
avian iris that resemble reptilian xanthophores and iridophores
[34,35], the absence of specialized pigment cells for carotenoids
in the integument of birds seems to imply a period in their
ancestry when carotenoids were not used for coloration.
As tetrachromatic colour vision involving red retinal oil
droplets was probably present in the ancestral turtle and
avian lineages, while red carotenoid-based coloration was
probably absent in both, we conclude that the ancestral function of CYP2J19 was for production of ketocarotenoids in red
retinal oil droplets and that the role of CYP2J19 in red carotenoid-based coloration evolved independently in the two
lineages (figure 3). Many examples of phenotypic convergence
via similar genetic changes have been observed across the
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Figure 3. Reconstructed scenario for evolution of CYP2J19 function in red retinal oil droplets and red ketocarotenoid integumentary coloration in reptiles. Red lines
denote the presence of red retinal oil droplets. The inferred presence of ketocarotenoid-containing retinal oil droplets coincides with the inferred duplication of
CYP2J2 prior to the turtle – archosaur split, followed by subsequent loss of oil droplets and CYP2J19 in the crocodilian lineage. Red highlighted branches show
the independent gain of red ketocarotenoid-based coloration in certain turtle and bird lineages associated with co-option of CYP2J19 expression for coloration.
vertebrates [36–38]. Several examples involve melanin pigmentation, and include the MC1R locus, which has been
involved in convergent evolution of pale/dark coloration in
birds and reptiles [39–41]. Here, we highlight a remarkable
example of convergent evolution whereby CYP2J19 would
have been independently recruited in the bird and turtle
lineages, through changes in gene expression, to function in
ketocarotenoid-based coloration from an ancestral retinaspecific function. The ecological driver for this convergence
in many instances may have been sexual selection [20,42].
Our results imply that red retinal oil droplets themselves
were present in the common ancestor of the archelosaurs (archosaurs and turtles) [31], so that red oil droplets had a single
origin in tetrapods (figure 3). An alternative would be if
CYP2J19 originally arose for a different function than red oil
droplets, but this is unlikely because no other functions for
ketocarotenoids have been described. The adaptive function
of red retinal oil droplets in these early reptiles is an interesting
and open question. Their acquisition presumably led to
improved colour discrimination at long wavelengths, particularly in bright light [7,8], but the ecological context for this
is obscure.
The inferred timing of the gene duplication that produced
CYP2J19 after the split with lepidosaurs is concordant with
the absence of red oil droplets in this clade. The apparent
absence of CYP2J19 in crocodilian genomes could be explained
by the derived loss of all oil droplets from the retina that has
occurred in crocodilians, possibly due to nocturnality [43], as
in snakes where an ancestral period of nocturnality may have
resulted in loss of retinal oil droplets [44,45]. Although we
cannot completely rule out the presence of a divergent
CYP2J19 locus in crocodiles and/or lepidosaurs, which was
not identified in our genome searches, it is notable that our

methods did successfully identify one CYP2J locus, as well as
CYP2D6 and CYP2R1 in two crocodilian and two lepidosaur
genomes (electronic supplementary material, figure S1).
The function of CYP2J40 is unknown, but the observed
expression among all the tissues studied (in both turtles and
birds [11]) does not suggest any direct involvement of this
locus in red coloration.
As birds are phylogenetically nested within the saurischian
dinosaurs [46], the continuous presence of red retinal oil
droplets in the avian lineage since the split with Testudines
implies the presence of red oil droplets in the retina of dinosaurs
and other lineages (including pterosaurs) that are more closely
related to the living birds than crocodiles. Building on the previous inference of colour vision in dinosaurs based on four cone
opsin types [47], the presence of red retinal oil droplets in
dinosaurs suggests that they possessed similar tetrachromacy
to the birds and turtles, with good colour discrimination at
long wavelengths. This is concordant with the proposed use
of coloration in intraspecific signalling in dinosaurs, where
putative melanosomes have been used to infer melanin-based
coloration and iridescence [48–51]. The co-option of CYP2J19
for red ketocarotenoid coloration in dinosaurs, as has occurred
in birds and turtles, may also have been possible.
The implied presence of a functional carotenoid ketolase in
turtles, which are primarily aquatic, is interesting in view of the
availability of ketocarotenoids in potential prey items in aquatic
environments, e.g. crustaceans, which means that in principle
turtles might have lost ketolase activity. If true, this may be a
legacy of their terrestrial ancestry in basal archelosaurs. Another
possibility is that tight control of carotenoid concentration in
retinal oil droplets is required for good colour vision, and that
there is too much variation in dietary ketocarotenoids to rely
on this source. In this context, it is interesting to note that
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(a) Data mining and phylogenetic analysis of amniote
CYP2J loci
BLASTn searches were conducted in all available reptilian genomes,
belonging to the testudine (4), crocodilian (4) and lepidosaur (9)
lineages (electronic supplementary material, table S1). We also
performed BLASTn searches in the common ostrich (Struthio
camelus) (Palaeognathae), which together with chicken (Galloanserae) and zebra finch (Neoaves) represent all three major extant
avian lineages. Searches were conducted using CYP2J, CYP2R1
and CYP2D6 sequences taken from five Ensembl release 83
genomes: zebra finch (Taeniopygia guttata), chicken (Gallus gallus),
human (Homo sapiens), anole lizard (Anolis carolinensis) and Chinese
soft-shell turtle (Pelodiscus sinensis) [58]. Nomenclature for avian and
reptile CYP2J genes was taken from a study on avian CYPs [59]. Previous work has shown that there are two lineages of avian CYP2J
loci, CYP2J19 and CYP2J40 (31), whereas humans and other
mammals have a single CYP2J locus, CYP2J2. CYP2R1 and
CYP2D6 are single-copy CYP families that are closely related to
CYP2J and were used as outgroups (31).
Nucleotide sequences were aligned in MEGA v. 6 [60] using
MUSCLE [61]. Phylogenetic reconstructions of protein sequences
derived from the nucleotide alignment were performed by maximum-likelihood in PhyML-SMS (Smart Model Selection), using
model selection based on Bayesian information criterion (http://
www.ebi.ac.uk/Tools/sfc/emboss_seqret/) [62]. The selected
model was JTT þ G6 (fixed at 1.997) þ I (fixed at 0.089). Branch
support was assessed with 1000 bootstrap pseudo-replicates.

Captive-bred male (N ¼ 3) and female (N ¼ 3) three-month-old
hatchlings of the western painted turtle were obtained by artificial incubation of eggs at constant temperatures that produce a
single sex (268C and 318C, respectively), as previously described
[63]. At this life stage, red coloration is present in the plastron
but yet to develop on the neck. Individuals were euthanized
by an overdose of the anaesthetic propofol, and stored in
RNAlater. The following tissues were studied: eye, neck skin,
neck muscle, plastron, tail skin and liver.
Total RNA was extracted using QIAGEN RNeasy Mini kits.
Separate extractions were performed on red and black regions of
the plastron, yellow and black regions of the neck, and grey tail
skin. Dissected tissues were individually placed in 1.5 ml Eppendorf
tubes and submerged in liquid nitrogen before manual homogenization using an Eppendorf homogenizer and addition of Buffer RLT.
The lysate was centrifuged for 2 min at 13 000 rpm in QIAshredder
spin columns before proceeding with subsequent full-speed
centrifugation step for 3 min. DNase digestion was performed
using the RNase-Free DNase Set. All primers were designed in
Primer3Plus using the western painted turtle genome [29].
First strand synthesis was performed with 10 ml total RNA
and N6 primer (0.5 mM) using SuperScriptII RT (Life technology
Invitrogen) according to the manufacturer’s instructions.
RT-PCR reactions contained 1  NH4 buffer, MgCl2 (1.5 mM),
each dNTP (2.5 mM), each primer (0.4 mM), BioTaq DNA polymerase (Bioline) (0.5U) and cDNA (approx. 50 ng). Reactions
were run in a G-Storm GS1 Thermal Cycler (Life Science
Research) under the following conditions: 2 min at 948C followed
by 35 – 50 cycles of heating for 30 s at 948C, 45 s at 608C and 90 s
at 728C with a final extension of 5 min at 728C. The amplified
full-length fragment was purified using ExoSap-IT (Affymetrix)
and sequenced on both strands via Sanger sequencing (electronic
supplementary material) to confirm gene identity.
Quantitative real-time RT-PCR was carried out in an MJ Opticon2 (Research Engines) thermal cycler using the Quantitech
SYBRGreen kit (Qiagen) for male and female retina, liver, red
plastron, black plastron and yellow neck regions. We used three
technical replicates for each condition, and three reference loci
(TBP, GAPDH and HPRT1). The geNorm application for the evaluation of expression stability in the control genes was applied to
assess the suitability of the reference loci [64]. M-values (denoted
as the average pairwise variation of a control gene with all other
control genes) for TBP, GAPDH and HPRT1 were 1.051, 1.085
and 0.991, respectively, indicating suitability for their use. Differences in gene expression among tissues were assessed via
analysis of variance using the ‘car’ package in RStudio v. 3.2
[65,66]. The Box-Cox power transformation for normality was
applied, and lambda was fixed at 0.3 for subsequent statistical
analysis. The assumptions of ANOVA were verified (electronic
supplementary material).
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4. Material and methods

(b) Laboratory methods
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whereas, as expected, severe dietary carotenoid deprivation is
harmful to colour vision in birds, dietary supplementation of
carotenoids does not affect the carotenoid content in oil droplets
used for colour vision [52–54].
In birds, the anatomical site of ketolation for red coloration
has long been contentious but the pattern of CYP2J19
expression has now shown that it is variable among taxa.
Some species, e.g. zebra finch, perform ketolation in the peripheral tissues such as the beak where ketocarotenoids are
deposited [11,55], whereas in other species such as ploceids,
ketolation occurs centrally in the liver, and ketocarotenoids
are transported in blood to sites of deposition (H Twyman, M
Prager, NI Mundy, S Andersson 2016, unpublished data). In
turtles, the presence of CYP2J19 expression in red integument,
but not in the liver, is indicative of the peripheral conversion
model in this group.
Apart from birds and turtles, the only other vertebrate in
which red retinal oil droplets have been reported is the lungfish
Neoceratodus [56]. Microspectrophotometry measurements on
these red droplets showed that they had similar spectral properties to the red droplets of birds [57]. However, acquisition of
red oil droplets in this lineage was probably independent
of that of archelosaurs because CYP2J19 arose a long time
after the split between lungfish and tetrapods, and this is supported by our failure to find a CYP2J19-like sequence in the
Neoceratodus genome using BLAST searches.
In summary, we have uncovered a remarkable case where a
gene with a strongly conserved function in colour vision has
been independently co-opted for red ketocarotenoid-based
integumentary coloration in turtles and birds via changes in
patterns of gene expression. As CYP2J19 arose within reptile
evolution, the genetic basis for red ketocarotenoid coloration
in amphibians and ray-finned fish warrants further research.
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HE. 2010 Molecular and functional basis of
phenotypic convergence in white lizards at white
sands. Proc. Natl Acad. Sci. USA 107, 2113–2117.
(doi:10.1073/pnas.0911042107)
Prager M, Andersson S. 2010 Convergent evolution
of red carotenoid coloration in widowbirds and
bishops (Euplectes spp.). Evolution 64, 3609–3619.
(doi:10.1111/j.1558-5646.2010.01081.x)
Walls GL. 1942 The vertebrate eye and its adaptive
radiation. Bloomfield Hills, MI: Cranbrook Institute
of Science.
Schott RK et al. 2016 Evolutionary transformation of
rod photoreceptors in the all-cone retina of a
diurnal garter snake. Proc. Natl Acad. Sci. USA 113,
356–361. (doi:10.1073/pnas.1513284113)
Ali MA, Klyne MA. 1985 Vision in vertebrates.
New York, NY: Plenum Press.

Proc. R. Soc. B 283: 20161208

4.

Britton G. 1995 Structure and properties of
carotenoids in relation to function. FASEB J. 9,
1551 –1558.
Burley N, Coopersmith CB. 1987 Bill color
preferences of zebra finches. Ethology 76, 133–151.
(doi:10.1111/j.1439-0310.1987.tb00679.x)
Hill GE. 1990 Female house finches prefer colorful
males—sexual selection for a condition-dependent
trait. Anim .Behav. 40, 563 –572. (doi:10.1016/
S0003-3472(05)80537-8)
Pryke SR, Andersson S, Lawes MJ, Piper SE. 2002
Carotenoid status signaling in captive and wild redcollared widowbirds: independent effects of badge
size and color. Behav. Ecol. 13, 622 –631. (doi:10.
1093/beheco/13.5.622)
Ninnes C, Webb S, Andersson S. In press. Are red
bishops red enough? On the persistence of a
generalized receiver bias in Euplectes. Behav. Ecol.
Goldsmith TH, Collins JS, Licht S. 1984 The cone oil
droplets of avian retinas. Vis. Res. 24, 1661– 1671.
(doi:10.1016/0042-6989(84)90324-9)
Vorobyev M, Osorio D, Bennett ATD, Marshall NJ,
Cuthill IC. 1998 Tetrachromacy, oil droplets and
bird plumage colours. J. Comp. Physiol. A 183,
621–633. (doi:10.1007/s003590050286)
Vorobyev M. 2003 Coloured oil droplets enhance
colour discrimination. Proc. R. Soc. B 270,
1255–1261. (doi:10.1098/rspb.2003.2381)
Hart NS, Hunt DM. 2007 Avian visual pigments:
characteristics, spectral tuning, and evolution. Am.
Nat. 169, S7– S26. (doi:10.1086/510141)
Stavenga DG, Wilts BD. 2014 Oil droplets of bird
eyes: microlenses acting as spectral filters. Phil.
Trans R. Soc. B 369, 20130041. (doi:10.1098/rstb.
2013.0041)
Mundy NI et al. 2016 Red carotenoid pigmentation
in the zebra finch is controlled by a cytochrome
P450 gene cluster. Curr. Biol. 26, 1435 –1440.
(doi:10.1016/j.cub.2016.04.047)
Lopes RJ et al. 2016 Genetic basis for red coloration
in birds. Curr. Biol. 26, 1427 –1434. (doi:10.1016/j.
cub.2016.03.076)
Walls GL, Judd HD. 1933 The intra-ocular colourfilters of vertebrates. Br. J. Ophthalmol. 17,
641–675. (doi:10.1136/bjo.17.11.641)
Bowmaker JK. 2008 Evolution of vertebrate visual
pigments. Vis. Res. 48, 2022 –2041. (doi:10.1016/j.
visres.2008.03.025)
Liebman PA, Granda AM. 1975 Super dense carotenoid
spectra resolved in single cone oil droplets. Nature
253, 370–372. (doi:10.1038/253370a0)
Lipetz LE. 1984 A new method for determining
peak absorbance of dense pigment samples and its
application to the cone oil droplets of Emydoidea
blandingii. Vis. Res. 24, 597 –604. (doi:10.1016/
0042-6989(84)90114-7)
Zana Y, Ventura DF, de Souza JM, DeVoe RD. 2001
Tetrachromatic input to turtle horizontal cells. Vis.
Neurosci. 18, 759– 765. (doi:10.1017/S09525238
01185093)

rspb.royalsocietypublishing.org

1.

6

Downloaded from http://rspb.royalsocietypublishing.org/ on August 5, 2016

54.

55.

57.

58.

59.

60. Tamura K, Stecher G, Peterson D, Filipski A,
Kumar S. 2013 MEGA6: molecular evolutionary
genetics analysis version 6.0. Mol. Biol. Evol. 30,
2725– 2729. (doi:10.1093/molbev/mst197)
61. Edgar RC. 2004 Muscle: multiple sequence
alignment with high accuracy and high throughput.
Nucleic Acids Res. 32, 1792–1797. (doi:10.1093/
nar/gkh340)
62. Guindon S, Dufayard J-F, Lefort V, Anisimova M,
Hordijk W, Gascuel O. 2010 New algorithms and
methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML
3.0. Syst. Biol. 59, 307 –321. (doi:10.1093/sysbio/
syq010)
63. Valenzuela N. 2009 Egg incubation and collection
of painted turtle embryos. Cold Spring Harb.
Protoc. 2009, pdb.prot5238. (doi:10.1101/pdb.
prot5238)
64. Vandesompele J, De Preter K, Pattyn F, Poppe B,
Van Roy N, De Paepe A, Speleman F. 2002 Accurate
normalization of real-time quantitative RT-PCR data
by geometric averaging of multiple internal control
genes. Genome Biol. 3, research0034.1. (doi:10.
1186/gb-2002-3-7-research0034)
65. Fox J, Weisberg S. 2011 An R companion to applied
regression, 2nd edn. Thousand Oaks, CA: Sage.
66. Team RDC. 2009 R: a language and environment for
statistical computing, 409 p. Vienna, Austria: R
Foundation for Statistical Computing.

7

Proc. R. Soc. B 283: 20161208

56.

mexicanus). Arch. Biochem. Biophys. 504, 161–168.
(doi:10.1016/j.abb.2010.06.033)
Bowmaker JK, Kovach JK, Whitmore AV, Loew ER.
1993 Visual pigments and oil droplets in genetically
manipulated and carotenoid deprived quail—a
microspectrophotometric study. Vis. Res. 33,
571 –578. (doi:10.1016/0042-6989(93)90180-5)
McGraw KJ. 2004 Colorful songbirds metabolize
carotenoids at the integument. J. Avian Biol.
35, 471– 476. (doi:10.1111/j.0908-8857.2004.
03405.x)
Bailes HJ, Robinson SR, Trezise AEO, Collin SP. 2006
Morphology, characterization, and distribution of
retinal photoreceptors in the Australian lungfish
Neoceratodus forsteri (Krefft, 1870). J. Comp. Neurol.
494, 381 –397. (doi:10.1002/cne.20809)
Hart NS, Bailes HJ, Vorobyev M, Marshall NJ, Collin
SP. 2008 Visual ecology of the Australian lungfish
(Neoceratodus forsteri). BMC Ecol. 8, 21. (doi:10.
1186/1472-6785-8-21)
Cunningham F et al. 2015 Ensembl 2015. Nucleic
Acids Res. 43, D662–D669. (doi:10.1093/nar/
gku1010)
Watanabe KP, Kawai YK, Ikenaka Y, Kawata M,
Ikushiro S-I, Sakaki T, Ishizuka M. 2013 Avian
cytochrome p450 (CYP) 1– 3 family genes:
isoforms, evolutionary relationships, and mRNA
expression in chicken liver. PLoS ONE 8, e75689.
(doi:10.1371/journal.pone.0075689)

rspb.royalsocietypublishing.org

46. Gauthier J. 1986 Saurischian monophyly and the
origin of birds. Mem. Calif. Acad. Sci. 8, 55.
47. Sillman AJ, Ronan SJ, Loew ER. 1991 Histology and
microspectrophotometry of the photoreceptors of a
crocodilian, Alligator mississippiensis. Proc. R. Soc.
Lond. B 243, 93 –98. (doi:10.1098/rspb.1991.0016)
48. Koschowitz MC, Fischer C, Sander M. 2014 Beyond
the rainbow. Science 346, 416–418. (doi:10.1126/
science.1258957)
49. Li Q et al. 2012 Reconstruction of microraptor and
the evolution of iridescent plumage. Science 335,
1215–1219. (doi:10.1126/science.1213780)
50. Li QG, Gao KQ, Vinther J, Shawkey MD, Clarke JA,
D’Alba L, Meng Q, Briggs DEG, Prum RO. 2010
Plumage color patterns of an extinct dinosaur.
Science 327, 1369 –1372. (doi:10.1126/science.
1186290)
51. Foth C, Tischlinger H, Rauhut OWM. 2014 New
specimen of archaeopteryx provides insights into the
evolution of pennaceous feathers. Nature 511,
79 –82. (doi:10.1038/nature13467)
52. Knott B, Berg ML, Morgan ER, Buchanan KL,
Bowmaker JK, Bennett ATD. 2010 Avian retinal oil
droplets: dietary manipulation of colour vision?
Proc. R. Soc. B 277, 953 –962. (doi:10.1098/rspb.
2009.1805)
53. Toomey MB, McGraw KJ. 2010 The effects of dietary
carotenoid intake on carotenoid accumulation in the
retina of a wild bird, the house finch (Carpodacus

