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SUMMARY

The yellow and red feather pigmentation of many bird
species [1] plays pivotal roles in social signaling and
mate choice [2, 3]. To produce red pigments, birds
ingest yellow carotenoids and endogenously convert
them into red ketocarotenoids via an oxidation reac-
tion catalyzed by a previously unknown ketolase
[4-6]. We investigated the genetic basis for red color-
ation in birds using whole-genome sequencing of red
siskins (Spinus cucullata), common canaries (Serinus
canaria), and “red factor” canaries, which are the
hybrid product of crossing red siskins with common
canaries [7]. We identified two genomic regions intro-
gressed from red siskins into red factor canaries that
are required for red coloration. One of these regions
contains a gene encoding a cytochrome P450
enzyme, CYP2J19. Transcriptome analysis demon-
strates that CYP2J19 is significantly upregulated in
the skin and liver of red factor canaries, strongly
implicating CYP2J19 as the ketolase that mediates
red coloration in birds. Interestingly, a second intro-
gressed region required for red feathers resides
within the epidermal differentiation complex, a clus-
ter of genes involved in development of the integu-
ment. Lastly, we present evidence that CYP2J19 is
involved in ketocarotenoid formation in the retina.
The discovery of the carotenoid ketolase has im-
portant implications for understanding sensory
function and signaling mediated by carotenoid
pigmentation.

RESULTS AND DISCUSSION

To identify the genetic basis of red coloration in birds (Figure 1),
we took advantage of the unique genetic history of “red factor”
canaries. Starting in the 1920s, bird fanciers crossed yellow

common canaries with the red siskin, a South American bird
with red ketocarotenoid-pigmented feathers [7]. Hybrid offspring
were then backcrossed with common canaries over multiple
generations to create the world’s first red factor canary (Fig-
ure 2A). Given this genetic history, we reasoned that the genome
of red factor canaries would contain regions responsible for red
coloration introgressed from red siskins onto a background of
common canary DNA. To identify these introgressed regions,
we performed whole-genome sequencing of pooled DNA sam-
ples from red factor canaries, common canaries (both domestic
and wild), and red siskins (Table S1). We generated a total of
~1.5 billion sequence reads that were mapped to the canary
reference genome, resulting in an average effective coverage
of 19.3x per pool (Table S1).

To detect signatures of genetic differentiation between red
factor and common canaries, we measured the fixation index
(Fs7), a metric for summarizing allele frequency differences
between populations [12]. We averaged Fgsr values across the
genome using a sliding-window approach and found that the
average level of genetic differentiation was low (Fsr = 0.079)
(Figure 2B), permitting us to detect regions of heightened differ-
entiation indicative of positive selection. The strongest signals
of selection in our sliding-window analysis were restricted to
two genomic regions (Figure 2B): one located on scaffold
NW_007931131, homologous to zebra finch chromosome 8
(~24,000,000-25,600,000 bp), and the other located on scaf-
fold NW_007931203, homologous to zebra finch chromosome
25 (~700,000-900,000 bp). All windows above the 99.9™
percentile of the empirical distribution (Fs7 > 0.45) map to
these two regions.

Next, we searched for consistent differences in allele fre-
quencies of individual SNPs between two distinct breeds of
red factor canaries and five breeds of common canaries. Using
a Cochran-Mantel-Haenszel (CMH) test [13], we evaluated
9,414,439 SNPs and found that 15,681 SNPs (0.17%) were
significantly associated with red coloration after Bonferroni
correction. Importantly, 10,216 of the significant SNPs (65.1%)
and all of the top 100 SNPs (p < 2.43 x 107 '9) localized to
the same two genomic regions revealed by the Fgsr analysis
(Figure 2C).
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Figure 1. Red Feather Coloration Is Mediated by Carotenoid Ketolation
(A) Yellow common canaries (Serinus canaria) lack red ketocarotenoids in their feathers.
(B) Red factor canaries have ketocarotenoid-pigmented plumage. This breed is the product of hybridization between the yellow common canary and the red

siskin (Spinus cucullata) [7].

(C and D) Rare mutant northern cardinal males (Cardinalis cardinalis; C) lack the red ketocarotenoid-containing feathers worn by wild-type males of the

species (D) [8].

(E and F) Male house finches (Haemorhous mexicanus) have feather coloration ranging from yellow (E) to red (F). Plumage redness is proportional to the

abundance of ketocarotenoids [9, 10].

(G) Nonbreeding male scarlet tanagers (Piranga olivacea) have yellow plumage.

(H) Breeding males grow red ketocarotenoid-based plumage [5, 11].

() Examples of the metabolic conversions used by birds to produce ketocarotenoids from yellow dietary precursors via the action of a carotenoid ketolase.
Photo credits: Rebecca J. Koch (A and B), Jim McCormac (C), and Geoffrey E. Hill (D-H).

To locate genomic segments of red siskin origin across the
red factor canary genome, we used summary statistics that
enabled us to quantify levels of introgression. We started by
comparing the genomes of non-red canaries to that of the
red siskin. We found that the two species are well differenti-
ated (average nucleotide divergence = 1.77%) and the ge-
nomes are well sorted, with 99.4% of all the possible 20 kb
windows in the genome displaying at least one diagnostic
mutation. This sharp differentiation means that introgressed
segments in the red factor genome should be unambiguously
identifiable.

We then computed a statistic (fA,) that measures the fraction
of the genome shared through introgression [14]. This statistic
varies between 0 (no introgression) and 1 (complete replace-
ment). When averaged across the entire genome, A, was close
to 0 (fA4 = 0.006), suggesting that the overall genetic contribution
of red siskin to the red factor canary genome is small, which
is consistent with historical records indicating that many gener-
ations of backcrossing canary-siskin hybrids to common ca-
naries were necessary to both fix the red trait and improve
hybrid fertility [7]. However, the sliding-window analysis identi-
fied several segments of the genome with elevated A4 values
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(Figure 2D), indicative of introgression of red siskin haplotypes
in specific genomic regions. The two strongest signals of intro-
gression overlapped the same two top regions in the Fsranalysis
and CMH test (NW_007931131 and NW_007931203). A third
outlier region emerged from this analysis located on scaffold
NW_007931145, which is homologous to zebra finch chromo-
some 3 (~24,100,000-26,950,000 bp).

The relative node depth statistic (RND) was also calculated
between red factor and non-red canaries. RND is a measure
of genetic divergence that controls for mutation rate variation,
thus allowing us to distinguish between low mutation rate and
introgression as the cause of sequence similarity [15]. This
analysis pinpointed the same outlier regions, corroborating
the previous findings from the A4 statistic (Figure 2E). Overall,
the substantial overlap between differentiation and introgres-
sion statistics indicates that the outlier regions identified
here are strong candidates for the genomic regions mediating
red coloration in canaries. Furthermore, the fact that at least
two genomic regions are implicated in red coloration in ca-
naries (see below) is consistent with the genetic architecture
of this trait, which is known to be governed by more than
one locus [16].
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Figure 2. The Origin of Red Canaries and Genome-wide Scans for
Directional Selection and Introgression

(A) Red factor canaries were created by crossing common canaries with red
siskins. Hybrids were backcrossed with common canaries for many genera-
tions to improve the fertility of the line and to remove all siskin characteristics
except red coloration. The result is a phenotypically normal canary but with the
capacity to produce red ketocarotenoids from yellow dietary carotenoids.

(B) FsTscan across the genome between red and non-red breeds using whole-
genome sequencing data (see Table S1). Each dot represents Fsr averaged
over 20 Kb windows and iterated in steps of 10 Kb across each scaffold. The
99.9™" percentile of the empirical distribution is shown as a red horizontal line.
(C) —log10 values of the CMH statistic for every polymorphic SNP through
pairwise comparison of allele frequencies between red and non-red canaries.
(D) fAd values summarized in non-overlapping windows of 100 SNPs. The
99.9™ percentile of the empirical distribution is shown as a red horizontal line.
(E) RND values between red and non-red canaries summarized in non-over-
lapping windows of 10,000 positions (both polymorphic and monomorphic).
The 99.9t" percentile of the empirical distribution is shown as a red horizontal
line. The different scaffolds are presented on the x axis in the same order as
they appear in the canary reference genome assembly.

To conduct fine-mapping of these outlier regions, we identified
a set of variants that unambiguously distinguish the red siskin
and non-red-canary genomes. We then genotyped these vari-

ants in a larger cohort of birds representing a broader range
of breeds. For the regions homologous to zebra finch chromo-
somes 8 (NW_007931131) and 25 (NW_007931203), we were
able to substantially reduce the size of the candidate intervals
(Figure 3). For NW_007931131, all red birds (n = 49) carried at
least one haplotype of siskin origin over a 631 kb segment (posi-
tions 23,728,812-24,359,539 bp). For NW_007931203, all red
birds were homozygous for the red siskin haplotype encompass-
ing 34 kb (positions 169,696-203,507 bp). In the region homolo-
gous to zebra finch chromosome 3 (scaffold NW_007931145),
many red birds did not carry any haplotype of red siskin origin,
making it unlikely that any gene in this region is strictly neces-
sary for red coloration (Figure S1). Together with the whole-
genome sequencing results (Figure 2), these data indicate that
NW_007931145 contains haplotypes that were introgressed
from red siskin but that are segregating at moderate frequencies
in red factor canaries (Figure 2B).

Two additional observations from these genotyping results
and from animals generated by crossing yellow and red factor
canaries provide information about the genetic architecture
of red coloration. First, we identified a bird displaying yellow
plumage that was heterozygous for the NW_007931131 re-
gion but homozygous for the common canary allele in the
NW_007931203 region. Second, individuals that are hetero-
zygous for both candidate regions do not express red,
but rather a yellow/orange coloration. We can thus conclude
that both regions are necessary to produce red coloration.
The NW_007931131 region appears to act in a dominant
fashion such that a single copy of the red siskin allele is
sufficient, whereas homozygosity for the siskin allele in the
NW_007931203 region is necessary to express red feather
coloration.

We next investigated the gene content of the two introgressed
regions that are necessary for red coloration. Using the pub-
lished annotation of the canary reference genome, together
with an in-depth annotation analysis derived from de novo tran-
scriptome assemblies obtained separately for red and yellow
canaries, we identified five genes within the interval on scaffold
NW_007931131: FGGY, HOOK1, CYP2J19, CYP2J40, and
NFIA. Within the interval on scaffold NW_007931203, we identi-
fied six genes—EDMY1, EDbeta, EDMTFH, EDMTF4, EDMPN-L,
and EDMTF2—plus the promoter region of one gene (LORT)
(detailed in Table S2). The latter interval maps to the epidermal
differentiation complex (EDC), an extended block of genes
involved in integumentary development [18]. We also utilized
whole-genome sequencing data to detect structural vari-
ants (i.e., deletions, duplications, inversions, or translocations)
that differ between the common canary and red siskin haplo-
types (Table S3). We identified several candidate variants, but
none overlapped annotated genes, suggesting that the gene
content and synteny of both regions is likely to be preserved
between the two divergent haplotypes. However, without
high-quality genome assemblies for both species, we cannot
absolutely exclude the existence of some minor structural
differences.

The skin and liver are the two most important anatomical
sites for conversion of yellow dietary carotenoids into red
ketocarotenoids for plumage coloration in birds [19]. Thus, to
further pinpoint candidate causal genes in the introgressed
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Figure 3. Fine Mapping of Introgressed Segments from Red Siskin Origin in the Red Canary Genome

The outermost semi-circle represents the genomic coordinate in megabases. The next semi-circle (from the outside inward) shows the location of genes from the
canary genome annotation (green boxes). In the next semi-circle, fAd values are shown (solid red line). The innermost semi-circles represent the genotyping
results for SNPs found to be diagnostic between red siskin and common canaries in 49 red canaries and 15 non-red canaries, as indicated by red and yellow
canary silhouettes, respectively. Each row represents one individual, and individuals appear in the same order on both Chr8 and Chr25 graphs. Red, yellow, and
orange squares indicate positions homozygous for the red siskin allele, homozygous for the yellow canary allele, and heterozygous for both alleles, respectively.
Missing data are represented by black boxes. Light-gray highlighting indicates the longest continuous regions where all red individuals carry at least one copy of
the red siskin haplotype. Only the names of genes within these regions are shown (see Table S2). The circular plot was generated using Circos [17]. See also
Figure S1.

regions, we analyzed differential gene expression between red  date regions associated with red coloration, we detected signif-
and yellow canaries in both adult skin (plucked 10 days prior icant differential expression of three genes in liver and/or skin:
to induce feather regeneration) and liver by RNA sequencing CYP2J19, FGGY, and EDMTFH (Figure 4A). To corroborate the
(RNA-seq; Table S4). We observed nine genes in the skin and  RNA-seq results, we conducted gPCR. We found CYP2J19 to
102 genes in the liver that were differentially expressed (false be expressed at more than 1,000-fold higher levels in both
discovery rate [FDR] = 0.1%) (Figure 4A). Within the two candi- skin and liver of red canaries compared to yellow canaries,
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Figure 4. Levels and Patterns of Gene Expression in Red and Yellow
Canaries

(A) Volcano plot of statistical significance after FDR correction (y axis) against
log, fold change in expression (x axis) for both liver and skin using RNA-seq
(see Table S4). Significant genes are depicted as red dots, and those that also
overlap the candidate regions are labeled.

(B) gPCR analysis of the transcript levels of four genes (CYP2J19, CYP2J40,
FGGY, and EDMTFH) measured in the liver and skin of three red (R) and three
yellow (Y) canaries. Expression is presented as the mean + SD of fold change
relative to the mean expression level in the respective tissue of the yellow
canaries.

whereas FGGY had 2- to 3-fold lower expression in red birds
compared to yellow (Figure 4B). In contrast, we found no detect-
able expression of EDMTFH in liver and slightly higher levels in
the skin of red birds compared to yellow birds (Figure 4B).
This latter result conflicts with the results from RNA-seq,
which showed EDMTFH to be downregulated in red skin.
Upon reexamination of the RNA-seq data, we discovered that
the apparent differential expression observed for EDMTFH was
due to a read-mapping artifact, in which red-siskin-derived
EDMTFH reads mapped less efficiently to the common canary
transcriptome assembly. Thus, we conclude that CYP2J79
expression is markedly elevated in the skin and liver of red birds
relative to yellow birds, but that FGGY and EDMTFH levels are
only moderately different between the two.

To further characterize these expression differences, we
crossed red factor canaries to common canaries and measured
allele-specific expression in the offspring. Strikingly, we found
that 100% of CYP2J19 transcripts were derived from the red
allele in both skin and liver in all three offspring examined (Fig-
ure 4C). Additionally, we found preferential expression of the
yellow allele of FGGY in both skin (~83% of normalized reads
deriving from the yellow allele) and liver (~64% of normalized
reads deriving from the yellow allele). In contrast, we found
similar levels of expression of yellow and red alleles of EDMTFH
in skin and liver (although EDMTFH was undetectable in liver by
gPCR, it was possible to amplify trace amounts of the transcript
by PCR for allelic analysis). Thus, the most notable finding from
these studies was the occurrence of extreme allelic imbalance
favoring expression of the red-siskin-derived allele of CYP2J19
in both skin and liver.

Unlike EDMTFH, which encodes a structural protein with no
known enzymatic function [18], both FGGY and CYP2J19 are
predicted to encode enzymes and therefore have the potential
to mediate the formation of red ketocarotenoids from yellow
precursors. Because skin and liver are the two most likely sites
of feather ketocarotenoid production in birds [19], a carotenoid
ketolase should be upregulated in red bird skin and/or liver
relative to yellow birds. Expression of FGGY is significantly lower
in the red factor canary than in the yellow canary, the opposite
of what one would expect for a ketolase. Furthermore, FGGY
encodes a protein with homology to a family of kinases that phos-
phorylate carbohydrate substrates [20], a function seemingly

(C) Quantitation by allele-specific RNA-seq of four genes (CYP2J19, CYP2J40,
FGGY, and EDMTFH) measured in the liver and skin of three F1 red x yellow
hybrid canaries. Allele expression is presented as the mean + SD of the pro-
portion of red and yellow allele read counts for each gene. Significance was
determined with a one-sample Student’s t test with the null hypothesis of p =
0.5. *™* indicates that 100% of the reads were from the red allele.

(D) Unstained sections and in situ hybridization of regenerating feather follicles
(10 days post-pluck) of red and yellow canaries. Reddish-orange ketocar-
otenoid pigmentation is evident in the developing barb ridges of red canary
feather follicles, whereas fainter yellow carotenoid-based pigmentation is
evident in the yellow feather (leftmost panels). In situ hybridization probes for
CYP2J19 and CYP2J40 also localize to the barb ridge of the developing
feather. CYP2J19 expression is markedly elevated in the red canary feather
follicles compared to the yellow (middle panels), whereas comparable levels of
CYP2J40 expression are seen in red and yellow feathers (rightmost panels).
Scale bars, 100 um.

See also Figures S2 and S3.
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unrelated to the lipid oxidation required of a ketolase. Although
we cannot exclude a role for FGGY in the production of red
feathers, these considerations indicate that it is not an ideal
candidate for the ketolase.

CYP2J19, in contrast, is markedly elevated in the red factor
canary and is a member of a large superfamily of cytochrome
P450 oxygenases that act on a range of small-molecule sub-
strates, including carotenoids [21-23]. Members of this family
are known to mediate ketolation in the 4 position of the B-ion-
one ring of retinoids in mammals [24]. Furthermore, a cyto-
chrome P450 family member, crtR, is required for astaxanthin
production from B-carotene in the yeast Xanthophyllomyces
dendrorhous [25].

If skin is a site of ketocarotenoid production in red canaries
and CYP2J19 encodes the carotenoid ketolase, then we expect
higher level of CYP2J19 expressionin the regenerating feather fol-
licles of red birds compared to yellow birds. To investigate this
possibility, we analyzed the expression of CYP2J19 in skin by
in situ hybridization. We found strong expression of CYP2J19 in
the regenerating feather follicle of red factor canaries, whereas
transcripts were present at much lower levels in the skin of yellow
birds (Figure 4D). The pattern of CYP2J19 expression correlates
precisely with the distribution of ketocarotenoids in the regener-
ating feather (Figure 4D). For comparison, we also analyzed the
expression of CYP2J40 and found comparable levels in the
regenerating feather follicles of red and yellow birds (Figure 4D).
Overall, these findings make CYP2J19 a strong candidate for
the avian carotenoid ketolase.

Because ketocarotenoids are also present in the avian
retina, we investigated whether CYP2J79 might be expressed
in this tissue in a pattern consistent with a role in carotenoid
ketolation. The red single cone in the avian retina utilizes a ke-
tocarotenoid, astaxanthin, as an intracellular spectral filter to
enhance color discrimination [26-28]. Astaxanthin is thought
to be synthesized locally within the red cone from a yellow
dietary precursor, zeaxanthin (Figures 1 and S2A). We found
that CYP2J19 transcript levels in the chicken retina correlate
well with the levels of astaxanthin over development (Figures
S2B, S2D, and S2E). Furthermore, in situ hybridization indi-
cates that CYP2J19 expression is restricted to a subset of cells
in the outer nuclear layer, consistent with expression in red
single cones (Figure S2C). This correlation is compatible with
the hypothesis that CYP2J79 mediates production of astaxan-
thin in the developing red cone.

Interestingly, yellow canaries have levels of CYP2J19 expres-
sion in the retina similar to those found in the retinas of red
birds (Figure S8). This finding suggests that the expression
differences observed between yellow and red birds in the skin
and liver are due to cis-regulatory differences between the
two CYP2J19 alleles. The vast majority of bird species possess
ketocarotenoid-based oil droplets in their retinas and thus
presumably express CYP2J19 in this tissue. However, only a
subset of bird species deposit these red pigments in their skin
and feathers. Thus, we hypothesize that nearly all bird species
have the latent capacity to produce ketocarotenoid-based
red feather coloration, but that cis-regulatory changes at the
CYP2J19 locus are required for the gain of expression in the
skin and/or liver that leads to the emergence of this trait in
selected species.
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Homozygosity for red siskin alleles in the EDC region is also
necessary for red feather production in canaries. If CYP2J19 en-
codes the ketolase, then what is the function of the EDC region?
We did not identify major differences in gene expression within
the EDC region between red and yellow birds, suggesting that
coding variants might be involved. To address this point, we
scanned all six candidate genes in the EDC region for coding
variants. We identified 11 nonsynonymous variants in three
genes (EDMTFH [12], EDMPN-L [1], and EDMTF2 [2]) (Table
S5). In addition, we evaluated the five candidate genes in the
CYP2J19 region for coding variants and found another 24 nonsy-
nonymous mutations in three genes (HOOK1 [7], CYP2J40 [7],
and CYP2J19 [14]). We did not identify frameshift or STOP
loss/gain mutations in any of the genes. Based on sequence
conservation, we predict that several amino acid changes for
which the derived state is present in red canaries might alter
protein function (Table S5), but functional assays will be required
to determine what role, if any, these coding variants play in red
feather coloration.

The enzyme that converts yellow carotenoids into red keto-
carotenoids in birds has long been sought [5, 7, 29, 30].
Here, we present CYP2J19 as a strong candidate for the carot-
enoid ketolase. Genetic and expression analysis in canary and
chicken support CYP2J19 as the ketolase, or a component
thereof. In a co-submitted paper, CYP2J19 was also identified
as the gene responsible for red coloration in the bill and legs
of zebra finches [31], suggesting that it serves as the ketolase
in multiple tissues across diverse groups of birds. Carotenoid
coloration is widely accepted as a condition-dependent signal
of individual quality that is assessed in mate choice and other
social interactions [32, 33]. The discovery of the ketolase
gene in birds presents unprecedented opportunities for investi-
gating the signal content of carotenoid coloration [34]. The
oxidation potential required by P450 enzymes suggests that
production of red pigments via CYP2J19 will be sensitive to
the organism-wide oxidative state, potentially explaining why
red carotenoid coloration is so consistently linked to individual
quality [35, 36].
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FIGURE S1
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Figure S1. Related to Figure 3. Fine scale mapping of a third outlier segment from the introgression
analysis. See Figure 3 legend for details.
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Figure S2. Related to Figure 4. CYP2J19 expression correlates with astaxanthin levels in the developing chicken retina. (A) The single cone
photoreceptors of the avian retina contain oil droplets pigmented with the indicated carotenoids, all derived from zeaxanthin deposited in the yolk or derived
from the diet [S1]. The red single cone contains a red oil droplet pigmented with the ketocarotenoid, astaxanthin. We hypothesize that CYP2J19 converts
zeaxanthin into astaxanthin in the red single cone. (B) Brightfield images of a flatmounted retina (photoreceptor side up) showing how the size and pigmentation
of cone oil droplets increase rapidly over the course of development from 16 days of incubation (E16), through hatch day (P0), up to 21 days post-hatch (P21) in
the chicken (Gallus gallus). (C) In situ hybridization of the developing chicken retina with a probe targeting CYP2J19. Vertical sections of stained retinas are
shown. High magnification images of the dotted regions are shown as insets. The signal is first detectable at hatch day (P0) and is localized to a subset of
photoreceptors in the outer nuclear layer (ONL). Scale bar = 50 pm. (D) The concentration of astaxanthin in whole retina extracts from chicken (Gallus gallus)
increases significantly over the course of development (Fg 1, = 28.6, P < 0.0001). Concentration is presented as mean +/- standard deviation pg of astaxanthin per
mg of protein and points denoted with different letters are significantly different (Tukey’s posthoc test P < 0.02). (E) Quantitative PCR indicates that CYP2J19
expression in the chicken retina increases significantly across development (Fg 1, = 45.3, P < 0.0001). Values are reported as the mean +/- standard deviation of
the fold change relative to the earliest time point (E16), and points that do not share a letter in common are significantly different (Tukey’s posthoc test P < 0.02).



FIGURE S3
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Figure S3. Related to Figure 4. CYP2J19 expression in yellow canaries is restricted to the retina. (A) There is
no significant difference (two-sample t-test all: t > -1.42, P > 0.317) in the transcript levels of CYP2J19 and
CYP2J40 in the retinas of yellow (n = 3) and red (n = 3) canaries as measured by qPCR. Values are reported as the
mean +/- standard deviation of the fold change relative to the mean transcript levels in yellow canaries. (B) There is
no significant difference (F,¢ = 3.04, P = 0.201) in the transcript levels of CYP2J19 among the tissues of red
canaries. In yellow canaries, transcript levels of CYP2J19 were significantly higher (F,¢= 135.4, P < 0.0001) in the
retina as compared to other tissues. Values are reported as the mean +/- standard deviation of the fold change
relative to the mean transcript levels in retina.



Table S1. Related to Figure 2. Whole genome resequencing details and read mapping statistics.

_ _ Plumage _Num_ber of Number of Percentage of  Percentage Percept_age Mean
Breed/Population Species : individuals a reads of reads MQ  of positions  depth of
coloration reads < b —onC _ d e
pooled mapping >=20 >=1 reads” coverage
Lipochrome red Serinus canaria Red 16 202,038,581 99.24 (92.31) 88.42 96.02 16.9X
Black red Serinus canaria Red 12 275,063,528 99.16 (92.71) 87.61 96.25 23.0X
White recessive Serinus canaria White 12 234,684,768 97.21 (90.48) 82.34 96.28 17.4X
Gibber italicus Serinus canaria Yellow 12 219,183,670 99.08 (91.87) 86.98 96.03 18.2X
Wild Serinus canaria Yellow 39 266,623,880 97.48 (92.96) 86.03 96.21 20.1X
Red siskin Spinus cucullata Red 12 276,281,300 94.69 (91.84) 82.96 93.70 19.9X

After trimming using Trimmomatic.

®Percentage of properly paired reads is given in parentheses.

“Reads with a Phred score mapping quality (MQ) equal or higher than 20.
Ypercentage of positions with at least one read mapping.

®Including positions with zero reads mapping.



Table S2. Related to Figure 3. List of the genes located with candidate regions for red coloration.

Gene Scaffold Location Orientation Description
FGGY NW_007931131 23804313-23921611 + FGGY Carbohydrate Kinase Domain Containing
HOOK1 NW_007931131 23940664-23961203 + Hook microtubule-tethering protein 1
CYP2J40 NW_007931131  23966246-23970926 - Cytochrome P450 2J2-like
CYP2J19 NW_007931131  23974438-23983434 - Cytochrome P450 2J2-like
NFIA NW_007931131  24234130-24577671 + Nuclear Factor I/A
LOR1* NW_007931203 156,540-167,023 - Loricrin-like
EDYM1 NW_007931203 177,527-177,973 - Epidermal Differentiation protein containing Y Motif 1
EDbeta NW_007931203 182,976-183,346 + Epidermal Differentiation protein beta
EDMTFH NW_007931203 188,745-189,094 - Epidermal Differentiation protein starting with MTF motif and rich in Histidine
EDMTF4 NW_007931203 192,347-192,710 + Epidermal Differentiation protein starting with MTF motif 4
EDMPN-L ~ NW_007931203 194,523-194,732 - Epidermal Differentiation protein containing a MPN sequence like
EDMTF2 NW 007931203 199,920-200,159 - Epidermal Differentiation protein starting with MTF motif 2

*The coding region of LOR1 is not included within the candidate region



Table S3. List of structural variants reported within both outlier regions using three methods (BreakDancer, DELLY, LUMPY).
All variants were visually inspected using IGV (Integrative Genomics viewer) to ascertain the likelihood of being true variants.

Differential mapping or read

Scaffold Position-1  Position-2  Type Size Method True/False Overlaping annotated pair patterns between red
genes breeds/siskin and common
canaries
NW_007931130 23932595 23933151 DEL 522 BreakDancer True No Yes
NW_007931131 24058510 24059243  INV 297 BreakDancer; DELLY True No Yes
NW_007931131 24154916 24161980 DEL 7064 BreakDancer; DELLY; LUMPY  (False positive)* - No
NW_007931203 170832 171517 DUP 685 DELLY; LUMPY True No Yes
NW_007931203 171002 198985 INV 27983 DELLY; LUMPY (False positive)? EDMY1; Edbeta; Yes
EDMTFH; EDMTF4;
EDMPN-L
NW_007931203 179472 179721 DUP? 249 DELLY (False positive)® - No
NW_007931203 184471 347600 DEL® 162905 DELLY (False positive)* - Yes
NW_007931203 184689 347598 DUP® 162909 LUMPY (False positive)® - Yes
NW_007931203 199456 207941 INV 8484 DELLY (False positive)® - No

Inferred variants of the same type with overlapping boundaries and inferred by multiple methods were collapsed and the most extreme 5' and 3' ends are given.

Likely a false positive due to possible misasembly and highly repetitive region.

%False positive confirmed by PCR and Sanger sequencing of 1 red siskin and 1 red canary. The obtained PCR product was similar in size and sequence to the canary reference genome
sequence.

3Likely a false positive due to possible misasembly or highly repetitive region. Many reads have their paired read mapping to various small scaffolds.

“The large variant inferred is a false positive. Although there is differences in read pair patterns between red breeds/siskin and common canaries in both coordinates (5' and 3'), read depth
does not support either a deletion or a duplication.

SLikely false positive due to misassembly. Several reads in both coordinates have their paired read mapping on the other coordinate. However, this pattern was observed both in red
breeds/siskin and common canaries.



Table S4. Related to Figure 4. Number of RNA-seq reads for each sample, phenotype and tissue
type before and after filtering.

Tissue  Phenotype  Sample Name No. Reads raw data No. Reads after filtering
red36L 35,255,036 34,459,236
red37L 50,097,120 48,962,080
Red red38L 30,386,458 29,645,156
. red39L 44,560,912 43,607,448
Liver red4oL 58,816,138 57,490,160
yel3L 46,936,126 45,888,670
yeldL 57,880,326 56,470,040
yel5L 73,415,842 71,750,786
red36S 44,077,712 42,808,384
red37S 44,027,624 42,708,234
Red red38S 26,433,622 25,659,742
. red39S 30,264,906 29,391,528
Skin red40S 28,954,682 28,081,226
yel3S 38,191,944 37,101,102
yel4S 26,874,364 26,042,484
yel5S 51,621,108 50,171,384

Total 851634728 829746964



Table S5. Nonsynonymous mutations detected within the two candidate regions and their potential functional impact inferred using SIFT.

" . . - Number
Scaffold Gene Position Reference ~ Alternative ~ Aminoacid and mRNA Species Derived allele in red Derived allele in yellow

genome (bp) base base mutation details position Effect Score Effect Score
NW_007931131 HOOK1 23,948,028 C T p.Thrllllle/c.332C>T 45 Potentially Functional 0.00 - -
NW_007931131 HOOK1 23,950,021 C G p.Leul60Val/c.478C>G 45 - - Potentially Functional 0.03
NW_007931131 HOOK1 23,950,034 Cc T p.Ser164Phe/c.491C>T 45 Potentially Functional 0.00 - -
NW_007931131 HOOK1 23,950,692 G A p.Arg187GIn/c.560G>A 45 Potentially Functional*  0.03 Potentially Functional*  0.03
NW_007931131 HOOK1 23,953,400 A G p.Asp230Gly/c.689A>G 46 Potentially Functional 0.00 - -
NW_007931131 HOOK1 23,953,464 Cc A p.Asp251Glu/c.753C>A 46 - - Potentially Functional 0.00
NW_007931131 HOOK1 23,955,448 C T p.His348Tyr/c.1042C>T 46 Potentially Functional 0.00 - -
NW_007931131 CYP2J40 23,966,575 G T p.Thrd61Asn/c.1382C>A 37 - - Potentially Tolerated 0.51
NW_007931131 CYP2J40 23,967,380 A G p.Met393Thr/c.1178T>C 41 Potentially Functional 0.02 - -
NW_007931131 CYP2J40 23,968,338 C T p.Asp283Asn/c.847G>A 41 - - Potentially Tolerated 0.18
NW_007931131 CYP2J40 23,968,674 C T p.Arg252GIn/c.755G>A 42 - - Potentially Tolerated 0.40
NW_007931131 CYP2J40 23,970,208 T C p.Asn70Asp/c.208A>G 42 Potentially Tolerated* 0.31 Potentially Tolerated* 0.36
NW_007931131 CYP2J40 23,970,223 T C p.lle65Val/c.193A>G 40 Potentially Functional 0.02 - -
NW_007931131 CYP2J40 23,970,754 G A p.Ala58Val/c.173C>T 36 Potentially Functional 0.00 - -
NW_007931131 CYP2J19 23,974,442 G T p.Pro479His/c.1436C>A 41 Potentially Tolerated 0.72 - -
NW_007931131 CYP2J19 23,975,267 A C p.Asn386Lys/c.1158T>G 46 Does not result in an aminoacid change due to the next mutation.
NW_007931131 CYP2J19 23,975,268 T A p.Asn3861le/c.1157A>T 46 - - Potentially Tolerated 0.06
NW_007931131 CYP2J19 23,977,767 Cc T p.Asp245Asn/c.733G>A 46 Potentially Tolerated 0.13 - -
NW_007931131 CYP2J19 23,977,865 G A p.Ser212Leu/c.635C>T 46 Potentially Tolerated 0.39 - -
NW_007931131 CYP2J19 23,983,334 A G p.Val34Ala/c.101T>C 46 Potentially Functional 0.01 - -
NW_007931131 CYP2J19 23,983,344 A G p.Phe31Leu/c.91T>C 48 - - Potentially Tolerated 0.21
NW_007931131 CYP2J19 23,983,385 T C p.Lys17Arg/c.50A>G 48 Potentially Tolerated 0.33 - -
NW_007931131 CYP2J19 23,983,399 c A p.Met12lle/c.36G>T 48 Potentially Functional*  0.01 Potentially Functional*  0.00
NW_007931131 CYP2J19 23,983,422 Cc T p.Val5lle/c.13G>A 44 - - Potentially Tolerated 0.18
NW_007931203 EDYM1 177,669 T G p.GIn102Pro/c.305A>C 39 Potentially Functional 0.00 - -
NW_007931203  EDMTFH 188,777 C G p.Leu106Phe/c.318G>C 6 Potentially Functional 0.00 - -
NW_007931203  EDMTFH 188,832 Cc T p.Arg88Lys/c.263G>A 6 Potentially Functional 0.03 - -
NW_007931203 EDMTFH 188,869 C A p.Val76Phe/c.226G>T 6 Potentially Tolerated 0.38 - -
NW_007931203  EDMTFH 188,870 G C p.lle75Met/c.225C>G 6 Potentially Functional 0.00 - -
NW_007931203  EDMTFH 188,889 G A p.Ala69Val/c.206C>T 6 Potentially Functional 0.01 - -
NW_007931203  EDMTFH 188,896 Cc T p.Val67lle/c.199G>A 6 Potentially Functional 0.00 - -
NW_007931203 EDMTFH 188,906 T C p.lle63Met/c.189A>G 6 Potentially Tolerated 1.00 - -
NW_007931203  EDMTFH 188,916 Cc G p.Ser60Thr/c.179G>C 6 Potentially Functional 0.00 - -
NW_007931203  EDMPN-L 194,638 C G p.Ser32Thr/c.95G>C 31 Potentially Tolerated* 0.13 Potentially Tolerated* 0.13
NW_007931203 EDMTF2 200,102 C T p.Gly20Ser/c.58G>A 32 Potentially Tolerated 0.29 - -
NW 007931203 EDMTF2 200,126 A G p.Ser12Pro/c.34T>C 32 Potentially Tolerated 0.19 - -

*Ancestral-Derived relationship could not be ascertained.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Canary aviculture, sampling, and husbandry

Domestic canaries are descended from common canaries captured in the Canary Islands, and some lineages are
centuries removed from the wild [S2]. Just as in dogs and other domestic animals, selective breeding created breeds
of canaries with specific phenotypic traits, such as an absence of melanin pigmentation in feathers. A breed is a
population of canaries defined by a specific phenotype. Breeds can show modest levels of genetic differentiation.

Given that pedigree and thus ancestry information for most canary birds is not as detailed as in other
domesticated species such as dogs, in order to assure that the sampled individuals conform to the standards
described for the breeds, we collected canary blood samples from aviaries of Portuguese licensed breeders with a
known record of awards in national/international ornithological shows. Blood samples were obtained from selected
live birds by brachial venipuncture with a sterile needle, following standard blood collection procedures. Blood was
collected into a heparin-free capillary tube and immediately transferred into a vial with 96% ethanol. Similarly to
canary breeds, DNA material from red siskins was obtained from local breeders following identical procedures.
Samples from the Canary Islands were collected on La Palma Island from wild birds captured using mist-nets
(Ecotone, Gdynia, Poland). Each bird was sampled following the same procedure described above, aged and sexed,
and released at the site of capture. Samples were collected by RJL under the auspices of a local collecting license
(Cabildo de La Palma, Consejeria de Medio Ambiente, Transportes y Seguridad y Emergencias). All samples were
collected by licensed authors of this study.

For RNA-seq analysis, birds were obtained from aviaries of Portuguese licensed breeders. They were kept
under the same conditions in experimental facilities. Birds sacrificed for gene expression studies were held for 10-15
days following acquisition, and animal care complied with national and international regulations for the maintenance
of live birds in captivity (FELASA, Federation of European Laboratory Animal Science Associations). Birds were
euthanized following accepted practices as outlined by the IACUC (The Institutional Animal Care and Use
Committee: American Association for Laboratory Animal Science, Memphis) and AVMSA (American Veterinary
Medical Association). Each bird was first rendered unconscious and manual cervical dislocation was then
performed. After sacrifice, tissues were collected by dissection. Mixed-breed canaries were obtained by crossing
pure red factor and yellow birds. These animals were maintained and sacrificed as described above.

Whole genome sequencing

Genome-wide polymorphism data and allele frequencies were obtained by means of whole genome sequencing of
pools of individuals (summarized in Table S1). We sequenced four canary breeds (Lipochrome red, Black red,
White recessive, and Gibber italicus), one wild population of canaries, and the red siskin. Genomic DNA was
prepared from blood and combined in equimolar concentrations before library construction. The number of
individuals incorporated in each pool varied from 12-39. Paired-end sequencing libraries for Illumina sequencing
were then generated using the TruSeq DNA PCR-free Library Preparation Kit (Illumina, San Diego, CA) according
to manufacturer protocols and sequenced using an Illumina Hiseq1500 with 2 x 100 bp reads. Whole genome
sequencing data have been deposited in GenBank under the bioproject SRP065487.

Low quality bases and adaptor sequences were trimmed with the program Trimmomatic version 0.32 [S3]
using the following parameter settings: TRAILING = 15, SLIDINGWINDOW = 4:20, and MINLEN = 30. Sequencing
reads were then mapped to the canary reference genome assembly (SCAL; GenBank assembly accession:
GCA 000534875.1) [S4] with BWA-MEM [S5] using default settings, followed by local realignment performed
using GATK [S6].

Genetic differentiation and introgression statistics

Allele frequency differentiation was summarized across the genome using the fixation index (Fst) by means of the
PoPoolation2 package [S7], which is designed to take into account sequencing errors and allele sampling biases
associated with pool sequencing. Unequal sample sizes across positions associated with stochastic differences in
depth of coverage are known to bias Fsr estimates. To correct for this effect, we used an unbiased estimator of Fsr
[S8] as implemented in the PoPoolation2 package. Genetic differentiation across the genome was summarized using
a sliding-window approach. Briefly, we averaged Fsr values over 20 kb windows with a 10 kb step across each
scaffold, and at each new position, Fsr was calculated. We discarded indels, a 5 bp region surrounding each indel



site, and reads with mapping qualities < 20. We required a minimum coverage of 12X per position, a maximum
coverage of three times the average coverage per pool, at least three reads supporting the minor allele in
polymorphic sites, and a per base Phred quality score of 20 or higher. Windows with <30% of positions passing the
quality filters described above were not considered. Final estimates were obtained by averaging values for all
pairwise comparisons involving one breed carrying the red factor and breeds or wild birds not carrying the red
factor. We defined candidate genomic regions under selection in red canaries as regions with window-based Fsr
estimates above the 99.9™ percentile of the empirical distribution and delimited their borders by extending them to
each side as long as consecutive windows fell above 99" percentile. Three additional window sizes were attempted
(10, 50, and 100 kb) but the results remained qualitatively unchanged; the top 50 windows with highest Fs; map to
the same two genomic regions that appear as the strongest outliers in the original analysis (see Results).

To further explore consistent associations of individual alleles and red coloration in both breeds carrying
the red factor we used the Cochran-Mantel-Haenszel (CMH) test [S9], also implemented in PoPoolation2. This test
is a repeated test of independence, and in order not to violate the assumptions of the method, three replicates were
performed in which each population was used only once:

1) red factor breed 1 vs yellow breed 1 + red factor breed 2 vs yellow breed 2;
2) red factor breed 1 vs yellow breed 2 + red factor breed 2 vs yellow breed 3;
3) red factor breed 1 vs yellow breed 3 + red factor breed 2 vs yellow breed 1.

P-values for each position were then averaged across the different comparisons. Filtering criteria for polymorphic
positions were similar to those described above for the Fsr analysis.

We utilized two summary statistics to identify regions in the red canary genome of potential red siskin
origin: the fraction of allelic information shared through introgression (f°d) [S10] and the relative node depth (RND)
[S11]. Prior to applying these statistics, we performed SNP calling using SAMtools v. 0.1.19-44428cd [S12] and
VarScan2 [S13]. We used the following filtering criteria: 1) a minimum depth of 8 reads; 2) the allele with lower
frequency was observed in at least four independent reads at a frequency > 0.01; 3) a minimum Phred base quality of
20 at a position to count a read, and 4) p-value <0.01 for calling variants. Indels or SNPs located within 5 bp of an
indel site were removed from the analysis. Allele frequencies for subsequent analysis were obtained from allele
counts.

f’d is a modified version of a statistic originally developed to estimate the genome-wide fraction of
admixture [S14]. This statistic considers three populations and one outgroup (O) with the following phylogenetic
pattern (((P1, P2), P3), O). Briefly, it focuses on the relative abundance of two patterns referred to as ABBA and
BABA, where A is the ancestral state and B the derived state. Under a neutral coalescent model with no gene flow,
both ABBA and BABA sites are expected to be equally frequent but an excess of either ABBA or BABA patterns is
expected when gene flow has occurred after the split of the two target populations (P1 and P2). This statistic
quantifies introgression by comparing the observed difference in the number of ABBA and BABA patterns to that
expected from a complete replacement of native alleles by introgressed ones, taking into account the fact that gene
flow may occur in both directions. In our case, P1 stands for the non-red canaries, P2 stands for red canaries, and P3
for red siskin. We polarized the ancestral state of mutations using as outgroup the large ground finch (Geospiza
magnirostris). To identify homologous regions of the genome between canaries and large ground finch, we aligned
the canary [S4], zebra finch [S15], and large ground finch [S16] genomes using Mauve Genome Alignment
Software [S17]. In order to weight each segregating site according to its fit to the ABBA or BABA pattern, we
computed the statistic using allele frequencies instead of binary counts of fixed ABBA-BABA sites. Finally, f'd
values were summarized in non-overlapping windows of 100 SNPs for a median window size of 6,359 bp. Windows
containing less than 50 variants, which can occur at the 3’ end of scaffolds or when scaffolds are very small in size,
were excluded from the analysis.

RND measures the relative divergence between populations across the genome while controlling for
mutation rate variation. Values were calculated by dividing D,, (the average pairwise differences between two
groups) between red canaries and yellow canaries, divided by D,, between red canaries and red siskin. D,, values
were calculated from minor allele frequency values for each SNP obtained from read counts. To avoid variation in
the average genetic constraint among windows, we restricted the analysis to intronic and intergenic positions, since
both are expected to be enriched for neutral evolving sites. We required 8 reads and a Phred quality score > 20 both
for polymorphic and monomorphic positions; otherwise, that position was coded as missing data. RND values were
summarized in non-overlapping windows of 10,000 positions passing the quality filters (median size = 21,358 bp).
As before, at the end of contigs or in contigs smaller than 10,000 bp we required at least 5,000 positions. The long
divergence branch between canaries and red siskin when introgressed in red canaries should yield RND values well



above 1, while for non-introgressed regions of the genome, RND values are expected to lie between 0 and 1. For
both introgression statistics, we searched for the most extreme regions as regions with estimates above the 99.9th
percentile of the empirical distribution, and we delimited their borders by extending them to each side as long as
consecutive windows fell above the 99" percentile.

SNP genotyping

We genotyped 114 SNPs located in three independent genomic regions identified as outliers using differentiation
and introgression statistics. These SNPs were chosen from the whole genome sequencing data and required to be
fixed for diagnostic alleles between common breeds of canaries and red siskin. Given the nucleotide divergence
between the canary and red siskin, regions surrounding each SNP were manually checked in order to avoid
designing primers overlapping non-target SNPs or indels that could affect PCR efficiency. We genotyped 49
individuals from four breeds carrying the red factor (Lipochrome red, n = 35; Black red, n = 3; Portuguese
Harlequin, n = 7; Agata red, n = 4), and 15 individuals from three breeds of yellow canary (Lipochrome yellow, n =
4; Harz roller, n = 4; Gibber italicus, n = 3) and one wild population (n = 4).

SNP genotyping was carried out using Sequenom's (San Diego, USA) iPlex technology and detected on a
Sequenom MassArray K2 platform available at the Instituto Gulbenkian de Ciéncia (Lisbon, Portugal). Sequenom's
MassARRAY® Assay Design 3.0 software was used to design primers and establish the multiplex conditions. The
resulting spectra and plots were manually inspected and software genotype calls were corrected whenever required.
Individual genotypes are available online from the Dryad Digital Repository (dx.doi.org/10.5061/dryad.sm12c).

SNP/Indel functional annotation and detection of structural rearrangements

To functionally annotate SNP and indel variants we used the genetic variant annotation and effect prediction toolbox
SnpEff [S18]. We focused strictly on SNP/indel variation that was found to be highly differentiated between
common canaries and red birds (allele frequency difference >0.80), and each variant was manually inspected. We
did not require full fixation of alleles due to potential sequencing errors. We focused specifically on variants of
potential functional significance, such as nonsynonymous, frame-shift, STOP, and splice site mutations. Since the
canary genome is not as comprehensively annotated as other genomes and contains many gaps, we further aligned
homologous transcripts between common canaries and red factor canaries reconstructed from our RNA-seq data (see
below). We then searched for potential additional variants of functional significance that may have been missed by
the previous approach.

Within our candidate regions, we also screened for various types of structural variants, including deletions,
insertions, duplications, inversions and translocations. The identification of structural variants was performed using
three approaches that utilize different aspects of sequence data. First, we used Breakdancer [S19] with default
parameters; a method that relies on paired-end alignment information (read pair orientation and insert size). Second,
we used DELLY [S20] that also relies on paired-end alignment information but also on split-read alignments. We
required a minimum Phred mapping quality of 10. Finally, we used LUMPY [S21] with default parameters, which
utilizes a combination of multiple signals including paired-end alignment, split-read alignment, and read-depth
information. Candidate structural variants were manually inspected and in one case evaluated by PCR followed by
Sanger sequencing, Candidate variants were then intersected both with the canary bird genome annotation and with
the additional genes detected using our RNA-seq data that mapped to the candidate regions.

Impact of amino acid substitutions on protein function

The impact of amino acid substitutions on the function of proteins was inferred using the Aligned Sequences tool
implemented in SIFT v1.03 [S22] available at the webserver: http://sift.jcvi.org [S23]. This method assumes that
amino acid changes in positions conserved across an alignment of orthologous protein sequences will more likely
affect protein function. Orthologs from 31-48 bird species for all seven candidate genes with amino acid changes
between red and common yellow canaries (HOOK1, CYP2J40, CYP2J19, EDYM1, EDMTFH, EDMPN-L and
EDMTF2) were identified within whole-genome shotgun contigs retrieved from NCBI's BLAST database. For the
EDC region, we found that the syntenic location of genes as reported by Strasser et al. [S24] for Gallus gallus was
highly conserved across all avian species. Having syntenic positions of individual EDC genes significantly
facilitated the identification of individual genes. The absence of paralogs also contributed to positive gene
identification. EDMPN-L was missing in Gallus gallus but was found in the majority of other species and was
highly conserved. Orthologs with premature STOP codons were removed from the analysis. After aligning



translated protein sequences for each gene with ClustalW v2.0 [S25], followed by manual inspection of the
alignments, we predicted the impact of the 35 nonsynonymous mutations between red and yellow birds found within
candidate regions (see Results and Supplementary Table 6). For EDMTFH, we restricted the analysis to five
passerine birds in addition to canaries, since the alignment was not satisfactory on deeper phylogenetic scales. We
polarized the ancestral-derived residue state from the most closely related species to canaries and red siskin.
Functional changes were assumed for normalized probabilities of tolerated change <0.05.

RNA-seq analysis of canary skin and liver

We generated RNA-seq data both for liver and skin of yellow (n = 3) and red factor canaries (n = 5) (Table S4).
RNA-seq data have been deposited in GenBank under the bioproject SRP065487. To induce feather regeneration,
we plucked small patches of feathers on the ventral side of the animal. We then allowed feathers to partially regrow
for ~10 days prior to skin excision. The tissues were snap-frozen in liquid nitrogen immediately after dissection.
RNA was extracted using Allprep RNeasy Mini kit (Qiagen Sciences Inc, Germantown, MD) and cDNA and
Illumina libraries were prepared using the TruSeq RNA Sample Prep Kit v2 (Illumina) following standard
procedures. RNA quality prior to sequencing was assessed using a BioAnalyzer 2200 system (Agilent, Foster City,
CA\). Libraries were then sequenced using 100 bp paired-end reads on an Illumina HiSeq1500.

Differential gene expression analysis in common and red factor canaries

Reads were subjected to several quality controls prior to use, including trimming TruSeq Illumina adapters using
Cutadapt version 1.7.1 [S26] and quality filtering with Trimmomatic version 0.32 using a 4 bp trimming sliding
window approach establishing a 15 Phred quality score threshold (SLIDINGWINDOW = 4:15). Also using
Trimmomatic, the first 13 bp bases of every read were cut (LEADING =13) due to a bias observed in nucleotide
composition that is possibly due to the non-random hexamer primer activity of the primers used during library
preparation [S27]. Finally, all reads <30 bp long (MINLEN = 30) were excluded along with their mate. Between
each step, sample quality was assessed with FastQC version 0.10.1
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Prior to gene expression analysis, reads were mapped to the canary genome reference annotation using
Bowtie version 1.0.0 [S28] as implemented in RSEM version 1.2.19 [S29]. RSEM was run with the default
parameters whereas Bowtie was used allocating 512 Mb of memory for the calculation of the best first alignment (--
bowtie-chunkmbs). The relative abundances of genes were used in the subsequent analysis.

Differential expression analysis comparing liver and skin transcriptomes from yellow and red individuals
was performed separately using edgeR version 3.10.2 [S30] in RStudio version 0.98.976 using R version 3.2.2 (R
Core Team, 2015). The analysis consisted of an initial filtering step that excluded genes with <1 count per million
(CPM) mapped reads averaged across all biological replicates. Then, data normalization across libraries was
performed using the trimmed mean of M-Values (TMM) method [S31] as implemented in edgeR. Next, the common
and tagwise dispersion were calculated using a Cox-Reid adjusted profile likelihood. Finally, a Generalized Linear
Model (GLM) was applied to accommodate the experimental design, linking the response variable (count data) to
the predictor (color phenotype) with a log-linear model and modeling read counts with a negative binomial (NB)
distribution [S32]. A likelihood ratio test was used to test for differential expression in the comparison made
(“Yellow” vs. “Red”) and a Benjamin-Hochberg multiple test correction was applied. A false discovery rate (FDR)
of 0.1% was used as the significance threshold.

De novo transcriptome assembly and annotation

Since the canary genome is not as comprehensively annotated as other available genomes and contains many gaps,
to characterize the candidate genes’ isoforms and improve the genome annotation, a de novo assembly for each color
phenotype transcriptome was performed. RNA-seq reads were treated as described above. Two transcriptomes were
then generated for the liver and skin samples of each group of red and yellow individuals using Trinity version 2.0.2
[S33]. The quality of each assembly was then assessed using TrinityStats.pl provided by the Trinity package.

In order to search for new genes and/or isoforms differing between common canaries and red factor
canaries, which may have been missed by the annotation associated with the release of the canary reference genome,
the resulting assemblies were mapped against the canary reference genome using GMAP [S34] with default
parameters and Blastn as implemented in Blast+ version 2.2.29 [S35] requiring a maximum e-value of 1™ and only
reporting the best hit for each contig. We also reciprocally blasted the transcripts of both transcriptomes to look for



potential paralogs. Based on the RNA-seq data, we noticed that the annotation in scaffold NW_007931203 in the
canary genome was incomplete. Therefore, we manually curated the transcripts mapping to this region using as a
template the detailed analysis of the epidermal differentiation complex (EDC) previously described for chickens
[S24]. To identify putative genes, we combined blast searches with phylogenetic and syntenic information between
both the canary and chicken genomes.

Sample collection from developing chicken retinas

To examine the time course of astaxanthin accumulation and CYP2J19 expression in the developing chicken retina,
we acquired pathogen-free fertilized eggs from Charles River Laboratories (North Franklin, CT, USA). We
incubated the eggs and reared chicks to specific developmental stages on a carotenoid-rich commercial diet (Start &
Grow, Purina Mills, St. Louis, MO). We collected retinas from the developing embryos at 16, 18, 20 days of
incubation and chicks at hatch day (P0), as well as 7, 14, and 21 days post-hatch. We euthanized the birds following
an approved protocol (Washington University Animal Studies Committee protocol #20140072) with carbon dioxide
asphyxiation and collected three biological samples of retina tissue for each analysis.

High performance liquid chromatography analysis of ketocarotenoids in the developing chicken retina

Immediately following harvest, retinas were frozen at -80°C and stored for up to six months. For analysis, we
thawed the retinas on ice, resuspended them in 500 ul of phosphate buffered saline (PBS), and homogenized them
by brief sonication (10 sec and 20% amplitude, VC 505, Sonics & Materials, Inc. Newtown, CT). We determined
the protein concentration in the homogenate with a bicinchoninic acid assay (cat. no. 23250, Thermo Scientific,
Rockford, IL, USA). We extracted the ketocarotenoids from 500 pl of the homogenate three times with 500 pl of
hexane:tert-butyl methyl ether 1:1 (vol:vol), combined the extracts from each sample, and dried them under
nitrogen. We saponified the extracts with 0.02 M NaOH at room temperature, in the dark for four hours, following a
published protocol [S36]. We extracted the carotenoids from the saponification solution with 2 ml of hexane:tert-
butyl methyl ether 1:1 (vol:vol) and dried it under nitrogen. We resuspended this material in 200 pl of
methanol:acetonitrile 1:1 (vol:vol) and injected 100 ul into an Agilent 1100 series HPLC equipped with a YMC
carotenoid 5.0 um column (4.6 mm x 250 mm, YMC Inc. Allentown, PA). The ketocarotenoids were eluted with a
gradient mobile phase consisting of acetonitrile:methanol:dichloromethane (44:44:12) (vol:vol:vol) for 11 minutes,
ramp up to acetonitrile:methanol:dichloromethane (35:35:30) from 11-21 minutes, then isocratic through 30
minutes. The column was heated to 30°C and the flow rate was 1.2 ml/min throughout the run. We monitored the
samples at 480 nm and identified and quantified astaxanthin by comparison to an astaxanthin standard that was a gift
of DSM Nutritional Products (Parsippany, NJ). Carotenoid levels were normalized to total protein content in each
sample.

Quantitative real-time PCR analyses of gene expression in canary and chicken tissues

Canary cDNA from skin, liver, and retina was generated as described above. Chicken retinas were harvested and
placed directly in Trizol reagent (Life Technologies, Carlsbad, CA), frozen at -80°C and stored for up to six months
prior to RNA extraction and analysis. We thawed the retina samples on ice and extracted RNA following the
manufacturer’s protocol (Trizol reagent, Life Technologies, Carlsbad, CA). We generated cDNA by reverse
transcribing ~1 pg of RNA using Superscript IV reverse transcriptase (Life Technologies, Carlsbad, CA) following
the manufacturer’s protocols.

We designed the following primers to flank an exon/exon junction of the CYP2J19, CYP2J40, FGGY,
EDMTFH and GAPDH genes in canary (‘Sc’) and CYP2J19, and GAPDH in chicken (‘Gg’), respectively:

Sc_Cyp2J19_1F AGTCCGAGGCAGGAGATTAT
Sc_Cyp2J19_1R CGTTGTCTCTGTCCCAGTTAAG
Sc_Cyp2J40_2F GAAGTGCAGAGGAAAGGCAA

Sc_Cyp2J40_2R ATAGTGCCCTTTGGGATGTAG



Sc_FGGY_2F TCTGGATGAACTTGCCCTTATC

Sc_FGGY_2R GAACAGCGTGGTGATCTCAT
Sc_EDMTFH_2F GAAGCTCTCGGGAAAGATCG
Sc_EDMTFH_2R CAAACTGAACGGTGAAGTTGAA
Sc_GAPDH_1F TAGCCATTCCTCCACCTTTG
Sc_GAPDH_1R ACTCGGTTGCTGTATCCATATT

Gg_Cyp2J19_gPCR_F CCTGAACACTTCCTGGAGAA
Gg_Cyp2J19_ gPCR_R CAGGGCAGTGAAGAAGATGAA

Gyg_GAPDH_gPCR_F  GAGGGTAGTGAAGGCTGCTG
Gg_GAPDH_GPCR_ R TGGCTGTCACCATTGAAGTC

We determined primer efficiency with a 1:10 dilution series of cDNA performed in triplicate. Primers had
efficiencies ranging from 87%-105% at the cycle threshold (C,) levels observed in the subsequent experiments. Each
biological replicate, at each time point, was assayed in triplicate using Sybr® Green PCR master mix (Life
Technologies, Carlsbad, CA) on an Applied Biosystems StepOne real time PCR system (Carlsbad, CA). We
normalized the expression of all genes to GAPDH expression and compared expression of each gene between
yellow and red canaries with two-sample t-tests.

In situ hybridization

We cloned probe templates for CYP2J19, CYP2J40 and EDMTFH from red canary skin cDNA and for CYP2J19
from chicken retinal cDNA with the following primers for canary (*Sc’) and chicken (‘Gg’), respectively:

Sc_Cyp2J19_ISH_F ATGCAGAGAACAGTACAA
Sc_Cyp2J19_ISH_R CGGATGGCGGTCGCC
Sc_Cyp2J40_ISH_F CCTGCTCATCGCAGACTACA
Sc_Cyp2J40_ISH_R TCCCATCCTTCAGAAAATGC
Sc_EDMTFH_ISH_F ATGAATTCCTTCAAGGATTGCTG
Sc_EDMTFH_ISH_R TCACTGGGCTCTGTCCC
Gg_Cyp2J19_ISH_F ATGGATTTTCGCTTTTGGCCC
Gg_Cyp2J19_ISH_R GCAGCGAGGCAGGGC

We subcloned the PCR products into the BlueScript vector pPBSK+ at the EcoRV restriction site and
confirmed the sequences by Sanger sequencing. We used PCR to generate probe templates and followed established
methods to generate digoxigenin-labeled probes from these templates [S37, S38]. All tissue was fixed overnight in
4% paraformaldehyde in 1x PBS and then embedded in Tissue-Tek OCT compound (Sakura, Torrance, CA). In situ
hybridization was carried out on 12 pum horizontal sections as previously described [S37]. Stained sections were
imaged with an Olympus BX-51 microscope.



Quantification of allelic imbalance in red x yellow F1 canaries by sequencing

To quantify the relative expression of red and yellow alleles of CYP2J19, CYP2J40, FGGY and EDMTFH in red x
yellow F1 canaries, we harvested skin and liver from three individuals, extracted RNA, and generated cDNA as
described above. We designed primers to amplify a single 302-399 bp amplicon from each transcript, each
containing 4 to 14 SNPs between the yellow and red alleles:

CYP2J19_F TTTCCAGGAACTGCTGCAC
CYP2J19_R CTCCTGCTGCACTTTCTCCT

CYP2J40_F AGCCGGGACTACATTGACAG
CYP2J40_R CGCGTTGAAAGGGATAACAT

FGGY_F TGGCAGTCAACTCTGAAGGA
FGGY_R CAGGAGACAGGACGTGGTTT

EDMTFH_F AGGCCAGCAATGACAACTTT
EDMTFH_R GCTCTGTCCCCAAACTGAAC

We amplified these fragments from cDNA using Phusion polymerase (NEB, Ipswich, MA) (35 cycles). We
then normalized input DNA from each PCR amplicon to 67 ng and performed 3’ adenylation, adapter ligation, and
amplification (18 cycles) following published protocols [S37]. We pooled indexed library fragments and sequenced
them on a MiSeq (2 x 250-bp reads, Illumina, San Diego, CA) at a loading concentration of 10 pM, yielding from
5444 to 236894 reads per amplicon. We aligned paired-end reads to the red allele of each gene using Bowtie 2
v2.1.0 [S37, S39]. For each transcript, we then counted the number of reads corresponding to red and yellow alleles
to calculate the proportion of red alleles expressed in each individual and tissue. Finally, we performed a two-tailed
one sample t-test (null hypothesis p = 0.5) to test each transcript for biased expression in each tissue.
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