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[325_TD$DIFF]Coloration is one of the most conspicuous traits that varies among organisms.
Carotenoid pigments are responsible for many of the red, orange, and yellow
colors in the natural world and, at least for most animals, these molecules must
be acquired from their environment. Identifying genes important for carotenoid
transport, deposition, and processing has been difficult, in contrast to the well-
characterized genes involved in the melanogenesis pathways. We review
recent progress in the genetics of carotenoid processing, advances owing
in part to the application of high-throughput sequencing data. We focus on
examples from several classes of genes coding for scavenger receptors,
b-carotene oxygenases, and ketolases. We also review comparative studies
that have revealed several important findings in the evolution of these genes.
Namely, that they are conserved across deep phylogenetic timescales, are
associated with gene/genome duplications, and introgression has contributed
to their movement between several taxa.

A Colorful World of Carotenoid Synthesis and Evolution
Carotenoid pigments (see Glossary) are responsible for some of the most spectacular colors
in the natural world, and are synthesized nearly exclusively by plants, bacteria, and fungi [1]. In
animals, which acquire carotenoids almost entirely through their diet (although see below) [2,3],
these colors include the reds, pinks, oranges, and yellows of avian plumage [326_TD$DIFF]and skin [4], the
deep reds of fish tissues [5,6], and dewlap coloration in lizards [7,8]. Carotenoids have inspired
classic research about the connection between coloration, carotenoid ingestion, and mate
quality, whereby females prefer to mate with more [327_TD$DIFF]colorful males [8,9]. However, unlike
endogenously synthesized pigments such as melanin, which in many cases have well-char-
acterized genotype–phenotype connections, researchers have only recently begun to describe
and characterize the genes and pathways involved in exogenously derived carotenoid
metabolism and deposition [1,10].

To understand the selective forces that generate and maintain variation in carotenoid pheno-
types, we must determine the genetic basis of carotenoid pigmentation [11]. At present there is
nomodel system for the study of carotenoid genetics, and identification of the genes involved in
carotenoid metabolism and their expression is especially challenging because of the complex
biochemical processing involved [11]. Although carotenoid metabolism may involve few bio-
chemical reactions, it is likely that many genes are involved in the transport, processing, and
deposition of carotenoids. In addition, because many carotenoids are metabolized from dietary
inputs, environmental factors can interact with the biochemistry of an organism to influence
carotenoid processing and appearance [12,13]. Understanding these links is important
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because determining the molecular basis of carotenoid-based coloration has implications for
our understanding of the ecological and evolutionary processes influencing the acquisition,
processing, and transport of carotenoids, how these processes shape phenotype, and how
these processes might subsequently affect fitness.

In this review we summarize and synthesize new discoveries about the molecular mechanisms
underlying carotenoid processing and deposition. We briefly describe the function of carote-
noids and then outline major classes of genes involved in carotenoid metabolism. These genes
can be classified into several functions – transport, deposition, and metabolic processing – and
we discuss examples of genes involved in each. We then examine comparative research that
has built on the discovery of these genes to understand how and why carotenoids have
biochemically diversified. We also touch on a growing and useful body of biochemical theory
that is helping to explain how genetic variation may translate into metabolic variation. Finally, we
outline potentially fruitful avenues of future research into the genetic control of carotenoid
metabolism.

Carotenoid Form and Function
Animals use a wide range of carotenoids in their tissues, and this structural and functional
diversity is one reason that identifying the genetic bases for these traits has been challenging
[11]. For instance, over three dozen genes are involved in the mammalian melanogenesis
pathway, which results in two organic pigments that are biochemically similar: eumelanin and
phaeomelanin [14,15]. Although the diversity of melanins is not fully known, hundreds of
carotenoids have been characterized in animal tissues [16,17], and these compounds serve
many functions. For example, natural variation in these colors can be used as an honest signal
of quality during mate choice because carotenoid-based coloration can be physiologically
costly to produce [9]. There is also debate over whether carotenoids influence immune function:
some evidence suggests that carotenoids interact with reactive oxygen species to have
therapeutic effects in humans [18], whereas other studies suggest that carotenoid processing
enzymes may in fact increase oxidative stress [19].

The chemical structure of carotenoids directly influences coloration by changing how the
molecule absorbs light. The light-absorbing properties of carotenoids are determined by
the presence of an extensive central chain of conjugated double bonds; specifically, their
chemical structure is characterized by a symmetrical, tetraterpene backbone made up of two
terminal C20 moieties (Figure 1D). This chemical structure allows them to absorb light in the
visible range, and both the length of the central chain and interactions with other molecules
determine the wavelengths of light absorbed [17]. Metabolism of carotenoids to generate a
diversity of colors requires both processing and modification. This processing can result in the
degradation of the entire molecule or can result in more subtle tuning. For instance, removing
double bonds to create a short-wavelength shift or adding double bonds to effect a long-
wavelength shift are two examples of subtle color tuning of the molecule [20]. Carotenoid
processing in animals also involves the transport of dietary carotenoids to target tissues and
(usually) localized enzyme activity that modifies these molecules [21]. Whereas some animal
species express unmodified carotenoids, many others utilize a complex suite of enzymes and
biochemical pathways to alter the molecules [22].

Given that carotenoids are acquired from the environment, variation in the diet of an animal,
either in quantity or quality, can influence which carotenoids are incorporated into tissues [12].
Even within a species, carotenoid coloration may vary because individuals ingest different
carotenoids across space and time. In urban environments, for example, great tits gain less
lutein from their prey than in rural habitats [23]. In another instance, following the introduction of
invasive honeysuckle plants – which bear fruits high in rhodoxanthin – the feathers of two bird

Glossary
Carotenoid: an organic, fat-soluble
pigment that often appears yellow,
orange, or red depending on its
exact chemical structure, which is a
symmetrical, tetraterpene backbone
made up of two terminal C20
moieties.
Carotenoid metabolism: the
process by which precursor
carotenoids are converted into
derivative species via biochemical
reactions that may include the
addition, removal, and/or
modification of functional groups in
the chemical structure.
Co-option: the evolutionary process
by which a gene is recruited for a
novel function, often following a gene
or genome duplication.
Cytochrome P450 (CYP): an
oxidase enzyme that uses a heme–
iron active site to catalyze a variety
of reactions in electron-transfer
chains, which are defined as P450-
containing systems because of the
spectrophotometric peak of these
enzymes at 450 nm.
Enzymatic connectivity: a property
of metabolic networks that describes
the relative number of reactions
among compounds in the network.
Genome scan: a class of methods
that quantify variation throughout the
genome (or a subset of the genome)
for regions that may be differentiated
and/or associated with a particular
trait.
Horizontal (lateral) gene transfer:
a process by which genes from one
lineage are integrated into the
genome of another lineage other
than by vertical transmission from
parent to offspring.
Hybridization: interbreeding among
evolutionarily distinct lineages that
results in mixed offspring.
Introgression: the transfer of
genetic material via hybridization
among lineages.
Ketocarotenoid: a carotenoid that
contains a ketone group.
Ketolase: an enzyme that adds a
ketone group.
Lipoprotein: a soluble protein that
transports lipids through blood by
combining with that lipid or fat.
Melanogenesis: an endogenous
process by which cells produce the
pigment melanin.
Nonsense mutation: also known as
a stop-codon mutation, this mutation
that generates a premature stop-
codon.
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Quantitative PCR (qPCR): also
known as real-time PCR, this
laboratory method measures DNA
amplification during PCR, and allows
one to quantify gene expression.
Quantitative trait locus (QTL): a
region of the DNA that is associated
with quantitative variation in a
particular phenotype.
Oil droplets (in photoreceptors):
oil drops found in the inner segment
of cone photoreceptors that act as
long-pass spectral filters to enhance
color discrimination.
RNA interference technology
(RNAi): a method that utilizes an
existing biological process (RNA
interference) in which RNAi
molecules inhibit the expression of
targeted genes to identify the
function of these genes.
RNA-seq: a method for large-scale
sequencing of expressed RNA that
can recover both fixed genetic
variation and differential gene
expression.
Robustness: a property of
metabolic networks that describes
the redundancy of compounds within
that network. More robust networks
can produce a given compound via
several metabolic pathways.
Scavenger receptor: these
transmembrane proteins recognize
and transport negatively charged
molecules such as low-density
lipoproteins (LDLs).
Visual chromophore: the part of a
molecule responsible for its color.

species changed from orange/yellow to deeper red [24,25]. This strong environmental influ-
ence on carotenoid expression is one reason why identifying the genetic bases of carotenoid
traits has long been challenging.

Perhaps most importantly, the lack of tractable model systems for carotenoid-based traits has
limited our understanding of how these molecules are processed. Indeed, a recent review of
pigmentation genetics suggested that ‘identifying individual genes, or classes of genes, that
affect carotenoid-based coloration seems to be a daunting task, but one that should produce
high rewards’ [11]. Encouragingly, recent advances in sequencing technology are enabling
many important insights into the evolution and genetics of carotenoid processing (Box 1) and
even newer technologies, such as CRISPR/Cas9 knockout methods, are on the horizon for use
in this field.

Common Genes Across Deep Phylogenetic Distances
Identifying the genes underlying carotenoid phenotypes is an essential step in clarifying the
function of those phenotypes. Setting the stage for future research across a diversity of animal
groups, the first genes known to be involved in carotenoid metabolism and modification in
animals were described in Drosophila [18,26]. These foundational discoveries were made by
studying two mutant fly lines that lacked visual chromophores (ninaB and ninaD mutants).

Key Figure

A Schematic of How High-Throughput Sequencing Methods Are Being
Used To Identify the Genetic Bases of Carotenoid Processing
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Figure 1. The figure is conceptually organized from the candidate genes – in the top panel – through different methods of
investigation and the data they generate, through to the resulting biochemical and coloration phenotypes in the bottom
panels. Typically, the genomes of groups with divergent carotenoid-based phenotypes are compared using a measure of
differentiation, such as the fixation index FST. Candidate regions, such as in panel (A), may show high levels of differentiation
compared to the genomic background (e.g., red versus open points in panel B). For association studies, where admixed
individuals are correlated with phenotypes, these peaks instead represent the significance of the association between the
genotype at a given locus and that phenotype. These candidate regions can then be compared in their levels of gene
expression. This can be done using qPCR or RNA-seq technologies; here we illustrate RNA-seq (panel C), where
expression is proportional to the number of short, red reads. In this example they have built up around the coding regions of
the candidate gene. This molecular variation can then be compared to the overall biochemical (D) and coloration (E)
phenotypes. Image credits for panel (E): red cardinal, Geoff Hill; and yellow cardinal, Jim McCormac
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A key component of the visual system, the visual chromophore is a vitamin A derivative that is
generated by the breakdown of dietary carotenoids [27]. To generate a functional chromo-
phore, carotenoid cleavage oxygenases such as [328_TD$DIFF]ninaB catalyze the conversion of a carotenoid
substrate into the required carotenoid species [28], and transport proteins such as [329_TD$DIFF]ninaDmust
transport these carotenoid substrates [26]. Using a combination of sequencing, expression
studies, and in situ measurements of enzymatic activity in E. coli, studies showed that the
mutant ninaB and ninaD genes that define these lines are homologous to the b,b-carotene-
15,15'-oxygenase (BCO1) and a class B scavenger receptor (SCARB) genes, respectively
[29]. These two classes of genes, in addition to a recently identified carotenoid ketolase gene
involved in avian feather and beak pigmentation [30,31], have the best-described molecular
functions and genetic underpinnings, and we describe the function of each gene family below.

Scavenger Receptors (Carotenoid Uptake)
For animals to effectively utilize carotenoids in their diet they must first absorb them from the
gut, transport them to the target tissues, and then, in some cases, metabolize them to
derivative forms. This first step appears to be mediated by a class of scavenger receptors,
and recent advances have clarified much about the role of this gene family. Carotenoids are
highly hydrophobic and therefore require special transport by lipoproteins (including lip-
ophorin in insects) through plasma (or hemolymph) to tissues for deposition [32]. Scavenger
receptors at target tissues recognize these lipoproteins and facilitate the movement of car-
otenoids into the cell [26,32]. Importantly, some carotenoids are transported selectively to

Box 1. The Latest Methods in Carotenoid Genetic Architecture Discovery

Advances in sequencing technology over the past decade have increased the resolution of candidate gene approaches
for identifying pigment genes [6], have facilitated gene expression analyses that strengthen genotype–phenotype
associations [39], and have made genomic resources available for many non-model organisms that express carotenoid
pigments. These advances have enabled the study of an array of taxa, confirming the role of candidate genes in
carotenoid coloration and identifying new candidate genes.

Contemporary approaches rely on using both artificial and natural crosses of carefully selected, closely-related
populations (e.g., [39]) or species (e.g., [30]) that vary in carotenoid-based pigment traits. After cross generation,
several different approaches that utilize high-throughput sequencing are being used to identify the relevant genes. Such
a crossing approach was recently used to identify quantitative trait loci (QTLs) associated with carotenoid-based
orange-red coloration in threespine stickleback throat coloration, although identifying specific genes in these large QTL
regions remains challenging [5]. When fresh tissues are available, transcriptome sequencing and gene expression
analyses can be useful for uncovering genes that exhibit differential expression between tissues with and without
carotenoid pigments [4,6,39,71]. Gene expression analyses are routinely combined with candidate gene approaches to
increase resolution (e.g., [62]). Reverse transcription/PCR and positional cloning can also help confirm the action of
known genes in carotenoid metabolism and clarify the genetic mechanism (e.g., [32]), but appear less likely to uncover
novel genes.

The expression of animal transcripts in bacterial colonies that synthesize b-carotene holds promise for novel gene
detection; colonies that exhibit strong coloration differences likely contain genes involved in carotenoid metabolism [63].
However, there are several logistical challenges [312_TD$DIFF]make this approach unlikely to be useful for detecting all types of
carotenoid processing enzymes (such as CYP2J19, which requires partner enzymes). Whole-genome sequencing and
resequencing of specific genomic regions have also been useful strategies. Genomic regions that exhibit elevated
divergence between taxa that differ in carotenoid-based pigmentation, but are otherwise genetically very similar
(owing to natural or artificial crossing), have revealed genes with important connections to coloration phenotypes.
These approaches are more likely to identify novel genes involved in carotenoid metabolism, and these studies have
also sometimes contradicted earlier studies based on fewer genetic markers (e.g., early QTL studies of zebra finch
beak coloration based on traditional genetic markers identified a chromosomal region that was [313_TD$DIFF]different than that
found using whole-genome sequencing [64]). The comparison of whole genomes across deep phylogenetic
distances has also identified several candidate genes at a very broad scale. For example, using dN/dS ratios,
glutathione S-transferase [314_TD$DIFF]a2 (GSTA2) was indirectly identified as a possible candidate for carotenoid binding and
deposition by comparing the dozens of bird genomes now available [65] – other GST genes are involved carotenoid
processing in animal retinas [66]. These types of indirect studies can be followed-up with more targeted approaches
using RNA-seq and expression analyses, as well as target capture for coding changes, and functional assays using
CRISPR/Cas9-based knockouts [62].
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particular tissues. For example, the human visual chromophore uses only 11-cis-retinal, which
is produced from dietary b-carotene through the actions of BCO1 and RPE65, and the yellow
pigment that then accumulates in the human fovea – the macular pigment – is composed of
only lutein and zeaxanthin [33,34]; this specificity suggests that movement of carotenoids in this
target tissue is actively regulated [35]. Three recent studies from taxonomically disparate
groups highlight the conserved role of SCARB expression in tissues requiring lipid and
carotenoid uptake: one study in the silkworm, and others in salmonids and scallops.

The domesticated silkworm,Bombyxmori, is a powerful system for understanding the genetics
of carotenoid deposition [32,36,37]. This is in part because silkworm larvae feed on mulberry
leaves that have high concentrations of carotenoids [32]. These pigments accumulate in the
middle silk gland of the developing caterpillar, such that the cocoons show a rich yellow color
(Figure 2A,B). As in the earlyDrosophilawork, there are two relevant mutantBombyx lines. Both
mutations involve modifications of carotenoid uptake at the target tissues, but they differ in the
carotenoid involved: one mutant has a defect in the uptake of lutein whereas the other reduces
the uptake of b-carotene. Primarily based on expression analysis, both genes appear to
encode scavenger receptors[330_TD$DIFF]: SCRB15 is involved in selective b-carotene movement and
Cameo2 (homologous to the mammalian SCARB1) is implicated in the transport of lutein [6].
Given their sequence similarity, these genes may have diverged in function following a gene
duplication event [32].

Scavenger receptors have also been implicated in the red/pink coloration in salmonid flesh, a
familiar example of carotenoid deposition in a vertebrate [6]. Although this type of coloration in
tissues is widespread across fishes, only four genera (including Salmo) express carotenoid-
based pigmentation in muscle tissue [38]. These taxa have also all gone through genome-
duplication events; thus, gene and genome duplication may have played a role in the diversifi-
cation of these and other carotenoid-processing genes, although additional evidence to
confirm this statement is required [6]. In the wild, Atlantic salmon ingest a variety of carotenoids
via consumption of crustacean prey, and then deposit these carotenoids in their flesh unmodi-
fied. In commercially farmed stocks, however, astaxanthin is the main carotenoid used as a
pigment. Similarly to other carotenoids, astaxanthin is transported by high-density lipoproteins
to the midgut. Using sequencing and expression analyses, one study found that SCARB1, as
well as a novel paralog (SCARB1-2, 89% identical to SCARB1), had significantly higher
expression in the midgut than in other tissues, consistent with its role in carotenoid transport
[6]. A SCARB1 homolog (SRB-like-3) is also used in the noble scallop (Chlamys nobilis) to
control orange versus brown coloration. This study showed that the scavenger receptor-like

(A) (B) (C) (D) (E) (F)

Figure 2. The isolated middle silk gland of the silkworm Bombyx mori, where researchers have investigated mutations in SCRB15 and Cameo2 influencing carotenoid
uptake. This example shows a worm that has a mutation in SCRB15, selectively transporting more lutein as opposed to b-carotene (A) as well as a double mutant for
both genes (B). (C,D) The yellow BCO2 variant of the domesticated chicken (C) causes yellow leg skin and was likely obtained through hybridization between the grey
jungle fowl and (D) the red jungle fowl, the presumed wild ancestor of domesticated chickens lacking yellow leg skin. (E,F) Male zebra finches with a wild-type (E) or a
mutation in CYP2J19, producing yellow bill (F). Image credits: (A,B) T. Sakudoh, (C) N. Pearl, (D) C.K. Subramanya, (E,F) S. Dennis
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gene correlatedwith the presence of carotenoids in themantle and other tissues. The functional
role of this gene was confirmed using RNA interference technology (RNAi), which demon-
strated that expression of SRB-like-3 resulted in a significant reduction in carotenoid content in
these tissues [39]. The fact that these types of functional genomic assays are possible in non-
model systems bodes well for similar assays in other systems.

b-Carotene Oxygenase (Carotenoid Breakdown)
The best-characterized set of enzymes that are involved in the breakdown of carotenoids are
the b-carotene oxygenases. In mammals and birds two genes have been identified so far:
BCO1 and BCO2. BCO1 cleaves vitamin A from b-carotene and thus plays a role in the visual
system, whereas BCO2 has a more varied set of targets and directly influences coloration [40].
There are a wide range of phenotypes associated with genetic variation in these two genes. For
example, a nonsense mutation in BCO2 is linked with differences in the color of adipose
tissue in sheep, where a rare variant causes a yellowed phenotype [40]. Similarly, a premature
stop-codon mutation in the bovine BCO2 leads to a build-up of b-carotene in milk (78% and
55% more than in homozygous and heterozygous mutant animals, respectively) [41]. In
domesticated chickens, yellow skin is also linked to regulatory variation in BCO2
(Figure 2C,D). Expression analysis showed that BCO2 expression is reduced in yellow leg
skin, consistent with carotenoid degradation to colorless derivatives in white-skinned birds [4].
These data suggest that mutation(s) in the tissue-specific regulatory region of BCO2 confer a
phenotypic change, which is in contrast to studies – in sheep and cows – that identified
functionally relevant protein-coding changes. More recently, BCO2 was identified as an outlier
in a genome scan (e.g., Figure 1B) comparing two phenotypically distinct wood warblers that
vary in carotenoid-based coloration (Box 2 Figure IA) [42]. RPE65 – a paralog of BCO1 and
BCO2 – also serves an important function of chromophore regeneration in the vertebrate visual
system [43].

Cytochrome P450s and Ketolases
One of the most recent and surprising discoveries about the genetics of carotenoid processing
comes from work that attempts to pinpoint the genetic basis for red plumage and bill coloration
in birds [30,31]. Birds are well known for their flashy, carotenoid-based characters (e.g.,
plumage, bill, and skin color), but very little is known about the genetic bases of these traits.
Two recent studies found only a few genomic regions associated with carotenoid-based avian
coloration phenotypes [30,31]. Importantly, both independently implicated a gene, CYP2J19,
that encodes a cytochrome P450 enzyme which is a candidate ketolase gene. In birds that
have red feathers, many use ketolases to convert dietary precursor yellow carotenoids to red
ketocarotenoids [30,31]. A similar genomic region was found to be associated with variation
in the extent of yellow versus red pigments in the feathers of red-factor canaries (Box 2 [331_TD$DIFF]) and the
red beaks of zebra finches (Figure 2E,F). For pigments that end up in the feathers, it is thought
that ketolases are active in both the liver and in the skin around the developing feather follicle. In
canaries, RNA-seq, quantitative PCR, and in situ hybridization show that these two tissues
have the highest levels of expression of CYP2J19 (e.g., Figure 1C). Although it has not been
shown directly that CYP2J19 is involved in detoxification, many cytochrome P450 enzymes
have a well-characterized function in detoxification and are expressed in the inner mitochondrial
membrane. Therefore, the authors of both papers speculate about the links between the
localization of the gene product in the mitochondria, the overall level of organismal oxidative
stress, and the production of red coloration [44]. This ketolase may therefore contribute to a
mechanistic linkage between individual quality and coloration.

Comparative Research: Origin and Diversification of Carotenoid Metabolism
Comparative studies of carotenoids have started to identify connections – at a broad scale –

among variation in genes, the biochemical and coloration phenotypes they express, and the
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possible fitness consequences across species as a result. Several studies have examined the
evolution of carotenoid-based phenotypes in a broad phylogenetic context (e.g., [45–48]). For
instance, evolutionary reconstructions in birds suggest [332_TD$DIFF]that there are rarely transitions from [333_TD$DIFF]use
of modified pigments back to simple use of dietary pigments, but that transitions between
modified red and yellow pigments appear to occur commonly [48]. However, the recent
identification of the genes involved has facilitated more powerful insights into the patterns
of molecular evolution across disparate and independent groups. For example, studies of the
crustacyanin (CRCN) gene family – coding for a protein that binds to the carotenoid astaxanthin
that colors crustacean shells – found that the origin of this gene family dates to early in
crustacean evolution, which some researchers have attributed to the diversification of this

Box 2. Genomics and Feather Pigmentation

Recent advances into our understanding of the genes that underlie the carotenoid pigments deposited in yellow and red
feathers have taken advantage of natural and artificial hybridization. Two of these studies have used genomic scans to
identify regions of the genome that exhibited elevated divergence between comparison groups, and relied on extensive
admixture to reduce background divergence.

Warblers

Golden-winged (Vermivora chrysoptera) and blue-winged (V. cyanoptera) warblers differ in across several distinct
plumage patches (Figure IA). They also hybridize extensively where their ranges overlap, and past genetic studies were
not able to find strong genetic differences between them. However, a recent whole-genome comparison revealed a total
of six small regions that exhibit elevated differentiation between the plumage types [42].BCO2was identified near one of
the six divergent regions, with a small region of elevated [315_TD$DIFF]FST occurring upstream of the gene. Across a large number of
individuals, allelic variation upstream of BCO2 exhibited a correlation with the extent of yellow feather pigmentation.
Many species in the wood warbler radiation exhibit extensive variation in carotenoid-based plumage patches (primarily
lutein variation [58]); however, little is known about the genetic basis of carotenoid processing and deposition in feathers
in these birds, or in other taxa more generally. Similar to the genetic patterns associated with variation in leg coloration in
chickens, these studies suggest consistent regulatory changes in BCO2 that may be driving these phenotypic
differences.

Canaries

Several decades ago a ‘red-factor canary’ (Figure IB) was generated by bird fanciers via artificial crossing of red siskins
(Spinus cucullata) with yellow common canaries (Serinus canaria), and subsequent backcrossing to common canaries.
Now whole-genome comparisons between the taxa have pinpointed two genomic regions that have introgressed from
red siskins into the red-factor canaries and appear to be responsible for red feather coloration [30]. A gene encoding a
cytochrome P450 enzyme, CYP2J19, is contained within one of these regions and the same gene is significantly
upregulated in the skin and liver of red-factor canaries. The second region, which must also be present for the
production of red feathers, is located within the epidermal differentiation complex, a family of genes involved in
integument development. This cluster of genes – also independently divergent between the warbler pairs – has been
characterized across other vertebrates [67], although how [316_TD$DIFF]these genes interacts with carotenoid-based coloration
remains unclear.

(A) (B)

Figure I. Genomic Sequencing of Birds Reveals Novel Carotenoid Processing Candidate Genes. (A) Blue-
winged and golden-winged warblers were used in whole-genome analysis to identify several candidate genes for the
carotenoid-based traits that differ in distinct feather patches. (B) Whole-genome comparisons were also used to identify
the genetic variants that differ between yellow and ‘red factor’ canaries – the latter of the two was generated through
artificial hybridization with wild red siskins. Image credits: (A) D.P.L. Toews, (B) R. Koch
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group of arthropods [49]. Identifying the genes involved in creating carotenoid-based signals
therefore also allows a broader perspective on patterns of diversification of this important
biochemical machinery: how have similar genes evolved in different groups? How have
biochemical constraints limited or facilitated the evolution of the genes involved in carotenoid
processing? In addition, how have hybridization and introgression contributed to their
diversification? We review the latest developments in these broader evolutionary components
below.

Origins, Co-Option, and Introgression via Hybridization
Many of the genes involved in carotenoid processing have ancient origins and are conserved
across deep phylogenetic distances. However, these genes have been co-opted for distinct
functions in different groups. Gene or genome duplication may generate new genes involved in
carotenoid processing, as is presumed to be the case with scavenger receptors in the silkworm
and salmonids. Parallel co-option of genes such as CYP2J19may also explain the origin and
diversification of carotenoid phenotypes in other lineages. CYP2J19 was first linked to keto-
carotenoid metabolism and red coloration in bird feathers, but its function in other related
taxonomic groups remained unclear. Several discoveries have been made by mining available
whole-genome sequences of birds and reptiles [50]. First, aCYP2J19 ortholog was found to be
present in three turtle lineages, but not in crocodiles or lizards. This implies that the gene has an
ancient origin and that it has likely been lost several times. Second, in a qPCR assay in painted
turtles (a species with colorful shells, including red and orange pigments), CYP2J19 was
expressed in both the red portions of their shells as well as in the retina [50]. Turtles are
the only tetrapods, in addition to birds, that have red retinal oil droplets, and these contain
ketocarotenoid derivatives. Oil droplets act as long-pass spectral filters in the lens of the eye
and, at least in birds, these red oil droplets are common [51,52] (more detail on avian color
vision and oil droplets is given in Box 3). The presence of red coloration in feathers, however, is
rarer across birds than are the red oil droplets. This and other studies suggest that the ubiquity
of the oil droplets is consistent with CYP2J19 having originally evolved in the context of color
vision, not plumage coloration [30,53]. It follows that birds and turtles – two lineages separated
by over 250 million years – may have independently co-opted this gene for carotenoid-based
coloration in their feathers and shells, respectively.

Introgression and horizontal (lateral) gene transfer have also been implicated in the
movement and diversification of carotenoid metabolism genes across lineages. The most
extraordinary cases are carotenoid biosynthesis genes that have been identified in pea aphids,
spider mites, and gall midges. Historically, it was believed that animals could not synthesize
carotenoids endogenously. However, these three arthropods appear to be important excep-
tions, although relevant genomic data from other species are lacking [54–56]. In each of these
cases, the orthologs of the arthropod genes are close relatives to genes found in fungi. It is
assumed that horizontal gene transfer from fungi introduced these genes to the three arthropod
taxa, although the precise timing and mechanisms of these transfers remain unclear. In the
case of the pea aphid, variants in these genes also appear to produce an ecologically relevant
color polymorphism, from green to red, which changes their visual susceptibility to predators
[56].

An example of less distantly related taxa that share carotenoid processing genes via recent
introgression involves the yellow variant of the BCO2 gene in domesticated chickens [4]. The
closest wild relative of the domesticated chicken is the red jungle fowl. However, in contrast to
the red jungle fowl, which has pale legs (Figure 2D), many domesticated chickens have either
pale or yellow legs (Figure 2C), with the latter coloration being common in commercial breeds.
After identifying the strong association betweenBCO2 and yellow legs in domesticated breeds,
it was shown that the region around BCO2more closely matches that of the grey jungle fowl, in
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Box 3. Color Vision, Carotenoids, and Spectral Tuning with Oil Droplets

Color discrimination in animal vision requires the precise spectral tuning of photoreceptors, which are each sensitive to different wavelengths of light. In many cases,
changes to the opsin molecules themselves enable this tuning [70]. However, modification of carotenoid derivatives in the oil droplets of birds, turtles, and lizards can
also alter spectral filtering (Figure IA–C) [317_TD$DIFF][51–53,69]. Recent studies have only recently begun to address the molecular and evolutionary processes involved in how
these carotenoid-containing droplets are altered [318_TD$DIFF][53].

The most comprehensive study of spectral tuning of oil droplets comes from research in the avian visual system [319_TD$DIFF][53]. Birds have a tetrachromatic visual system,
allowing them to see rich diversity of colors [320_TD$DIFF][68]. Much research has focused on the evolution of the two shortwave-sensitive photoreceptors, SWS1 and SWS2. Over
a dozen times throughout avian evolution SWS1 opsin has shifted its sensitivity – independently in many cases – such that it is sensitive to light in the ultraviolet range.
The mechanism behind this shift appears to be a very simple molecular change – a single amino acid substitution – in opsin itself [321_TD$DIFF][68]. A change in one opsin usually
results in a change in other opsin molecules, such as SWS2, because cones are equally spaced across the light absorption spectrum. However, previous work
suggests that the complementary shift in SWS2 sensitivity in birds is not accomplished by changes to the opsin, but instead by changes in the carotenoid
composition of the oil droplets [322_TD$DIFF][53]. Specifically, a change in the mixture of two derived carotenoids, galloxanthin and dihydrogalloxanthin, shifts the filtering of the
SWS2 droplets to shorter wavelengths and complements the UV-shift of the SWS1 opsin [322_TD$DIFF][53].

Three candidate genes have been suggested to be involved in the enzymatic pathway contributing to this carotenoid-based spectral filtering: BCO2, RDH12, and
RESTAT. To confirm their involvement, researchers cloned chicken or zebra finch variants of each of these genes and expressed them in cell cultures supplemented
with precursor carotenoids (Figure ID). They demonstrated that these enzymes, when acting in concert, can modify the carotenoid input – zeaxanthin, which is
obtained from a bird’s diet – into the two derived forms (Figure IE–H). This modification directly influences the absorbance of molecules (Figure II–L). Using qPCR, the
researchers found that the expression of these genes mirrors the buildup of the carotenoids during chick embryo retinal development. This correlation suggests that
the carotenoids and the candidate genes are functionally and developmentally linked. Taken together, this study demonstrates that the tuning of the avian visual
system has evolved a novel form of spectral filtering – by changing the type and composition of carotenoids in oil droplets – and is also the first study to characterize
the enzymatic pathways and genes involved.
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Figure I. Oil Droplets and Avian Spectral Tuning. (A) A chicken retina illustrating the different cone oil droplet pigments. (B) A schematic of avian cone receptors
showing the position of the oil droplet, and (C) examples of the spectral filtering. The oil droplet contributing to the SWS2 sensitivity shift is known as the ‘C-type’. (D)
The presumed metabolic pathway modifying zeaxanthin from the diet to galloxanthin and dihydrogalloxanthin, also showing the enzymatic intermediates. (E–H)
illustrate representative HPLC chromatograms of the dietary zeaxanthin in the presence of the product of gene expression in cell culture. These biochemical changes
also predictably change the absorbance spectra of the molecule (I–L), moving it towards the UV range. Figure modified from [311_TD$DIFF][53]
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contrast to the red jungle fowl. This pattern implies a hybrid origin of this gene region [4]. It is
possible that this introgression event happened before domestication. However, hybridization
between grey and red jungle fowl does not occur naturally and, even under artificial conditions,
hybrid offspring are mostly sterile [4]. This implies that hybridization occurred following the initial
domestication of chickens. This introgression event is qualitatively similar to a melanin-based
pigmentation gene (the ‘K locus’), introduced into wild wolves from domesticated dogs, which
evolved in dogs under artificial selection [57]. As more genes involved in carotenoid processing
are identified, it is likely that we will discover additional examples where hybridization has
facilitated the movement of ecologically relevant genes between taxa.

Carotenoid Robustness, Constraints, and Their Role in Diversification
The diversity of expressed carotenoids is the result of dietary inputs, the metabolizing enzymes
and genes that underlie them, and the connections between different enzymes in a given
pathway. It is important to understand how ecological and biochemical constraints influence
genetic diversification underlying carotenoid elaboration. There has beenmuch recent progress
on theory of carotenoid diversification, with empirical evidence being drawn mostly from avian
systems. This research has focused on the inputs and the lengths and connectivity of those
pathways. Specifically, research has examined how diversity of carotenoid precursors in a
metabolic network (i.e., [334_TD$DIFF]‘robustness’) might influence the length of a given pathway (i.e.,
‘elongation’) [10]. For example, in birds utilizing only lutein as an input for feather coloration
(e.g., New World warblers [58]), there is limited enzyme connectivity to other compounds in
the metabolic network, but taxa that also use b-carotene can express many additional
carotenoid products from pathways that are not directly accessible from lutein. Increased
dietary robustness appears to allow for elongation of the metabolic pathway. This is because
these multiple dietary starting points provide a larger pool of potential biochemical connections
(i.e., enzymatic connectivity), which can then result in longer and more diverse pathways
[59]. Conceptually, we might expect selection for a simpler and shorter mechanism for
carotenoid processing. However, in line with the theoretical predictions, distantly related
lineages appear to have converged on similar metabolic networks that are elongated, modular,
and redundant. The underlying interconnectivity of the pathways in the metabolic network
enables organisms to produce a similar coloration phenotype from different precursors.
Identifying the causes of carotenoid diversification therefore requires a thorough understanding
of the metabolic network of carotenoids.

Concluding Remarks
Coloration is one of the most conspicuous traits that varies among related organisms, and
therefore coloration has been a classic focus of genotype–phenotype association studies.
While much progress has been made in connecting melanin phenotypes to the genes that
underlie them, only recently have similar advances been made with carotenoid-based traits.
Thus far, the genes that have been identified are involved in the direct processing of
carotenoid molecules as well as encoding proteins for selective transport and movement.
Clearly, there are many more players in these processing pathways, and additional genes and
regulatory elements will be identified in the near future (see Outstanding Questions). Clarifying
the genetic bases for these traits may facilitate a broader understanding of how these
molecules are processed and deposited in tissue. Such a mechanistic understanding would
have implications for commercial industries – where product coloration is important – as well
as for the possible therapeutic effects of carotenoid molecules [4,6,40,41]. More generally,
identifying the genes involved sets the stage for focused experimental studies in natural
systems, as has been undertaken for color variation in melanin-based traits in oldfield mice
[60]. Combining functional and experimental work such as this will provide insight into how
natural and sexual selection have shaped the genes and phenotypes involved in carotenoid-
based traits.

Outstanding Questions
Several studies connect carotenoids
and immune function, but the general
importance of these molecules in
reducing oxidative stress is unclear.
More specifically, with regards to the
expression of ketolase genes, do these
enzymes significantly reduce reactive
oxidativemolecules, as well as the pro-
ducing red pigmentation?

While some studies have identified
coding variation in carotenoid proc-
essing genes, others have found puta-
tive regulatory differences contributing
to phenotypic changes (e.g., BCO2
variation in sheep fat coloration and
chicken leg coloration). At least in mel-
anin-based traits, coding-region
changes in some genes appear to
be more important (e.g., MC1R) than
in others (e.g., ASIP, agouti signaling
protein). It will be important to both
identify the regulatory regions of these
carotenoid processing genes and also
quantify how common regulatory
versus coding changes are in generat-
ing divergent phenotypes.

It was only very recently discovered
that some mammals may have the
capacity to deposit carotenoids into
their integument [61]. What are the
genes that are responsible for this abil-
ity in mammals? Are they similar to
those described in other taxa? As
additional whole-genome sequences
become available, comparative geno-
mic studies of carotenoid processing
genes will clarify their origins and evo-
lution, as well as the role that hybrid-
ization may or may not have played in
contributing to their diversification.

Our theoretical understanding of the
evolution of carotenoid metabolic
pathways is still in its infancy. The
research suggests that connectivity
of enzymes within a pathway may drive
the most pronounced variation in
carotenoid elaboration. How much of
this phenotypic variation is also due to
differences in carotenoid transport or
deposition? How have the constraints
imposed by these metabolic pathways
contributed to the evolution of the
genes underlying the biochemical
machinery?
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