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Abstract

It has long been of interest to identify the phenotypic traits that mediate reproductive isolation between related species, and

more recently, the genes that underpin them. Much work has focused on identifying genes associated with animal colour,

with the candidate gene CYP2J19 identified in laboratory studies as the ketolase converting yellow dietary carotenoids to red

ketocarotenoids in birds with red pigments. But evidence that CYP2J19 explains variation between red and yellow feather

coloration in wild populations of birds is lacking. Hybrid zones between related species provide the opportunity to identify

genes associated with specific traits. Here we investigate genomic regions associated with forecrown colour in red-fronted and

yellow-fronted tinkerbirds across a hybrid zone in southern Africa. We sampled 79 individuals, measuring spectral reflectance

of forecrown feathers as well as scoring colours from photographs. We performed a genome-wide association study to identify

associations with carotenoid-based coloration, using double-digest RAD sequencing aligned to a short-read whole genome of a

Pogoniulus tinkerbird that we assembled. Admixture mapping using 104,933 SNPs identified a region of chromosome 8 that

includes CYP2J19 as the only locus with more than two SNPs significantly associated with both crown hue and crown score.

The hybrid zone was bimodal with asymmetric backcrossing, consistent with the hypothesis that yellow-fronted females mate

more often with red-fronted males than vice versa. Female red-fronted tinkerbirds mating assortatively with red-crowned males

may reinforce species divergence and is consistent with the hypothesis that converted carotenoids are an honest signal of quality.
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INTRODUCTION

For centuries, species have been delineated based on their physical appearance. Early naturalists differenti-
ated between species based on functional traits such as jaw and limb shape, and beak size, or otherwise on
traits that function in social selection, such as fur pattern and plumage coloration (Birkhead, 2008; Leroi,
2014). Such phenotypic characters, representing clear visual differences to the human eye, have been thought
to aid the species themselves in recognising their own kind and finding potential mates. It has long been
of interest to identify which traits mediate reproductive isolation between related species (Mayr, 1942), and
more recently, which genes underpin those traits; in other words, the genes that mediate speciation (Nosil &
Schluter, 2011). Hybrid zones between related species provide an unparalleled opportunity to identify genes
associated with phenotypic characters (Delmore et al., 2016; Brelsford et al., 2017), including those that play
an important role in mate choice and species recognition (Harrison & Larson, 2016). In some such cases, it
is just a small set of genes that maintain phenotypic differences between hybridising taxa, especially those
functioning in coloration and pattern differences (Poelstra et al., 2014; Toews et al., 2016). And evidence is
starting to mount that the extent of divergence in plumage coloration between populations affects assortative
mating (Haas et al., 2009; Scordato et al., 2017; Billerman et al., 2019).

Genes involved in coloration and patterning pathways have received a lot of attention (Mundy, 2005; Hoek-
stra, 2006), with a number of recent studies identifying genes associated with the melanin pigmentation
pathway as a result of research across hybrid zones (e.g., (Delmore et al., 2016; Toews et al., 2016; Walsh et
al., 2016; Campagna et al., 2017). Carotenoid-based coloration, incorporating the reds, oranges and yellows,
has received far less attention (Toews et al., 2017), because carotenoid uptake is dependent on diet, meaning
that identifying the genes involved in carotenoid processing is especially challenging (Campagna et al., 2017).
Nevertheless, much progress has been made recently with the scavenger receptor B1 (SCARB1 ) identified as
a mediator of carotenoid-colour expression in birds (Toomey et al., 2017), while a region of the Z chromosome
has been identified as a potential regulatory region for follistatin and is associated with sex-linked red colour
polymorphism in Gouldian finch Erithrura gouldiae (Kim et al., 2019). Previous work has also identified
candidate genes to explain differences between red and yellow feather coloration through lab crosses of yellow
canaries with red siskins (Lopes et al., 2016) and red and orange billed individuals of zebra finches (Mundy et
al., 2016). Both studies specifically identified the gene CYP2J19 as the one that encodes the ketolases that
catalyze the conversion of yellow dietary carotenoids to red C4-ketocarotenoids. Both studies were focused
on laboratory-based crosses involving artificially selected forms of species developed to express certain traits
(“red factor” canaries and yellowbeak zebra finches respectively). A field-based study in long-tailed finch
Poephila acuticauda provided further support for the role of CYP2J19 in carotenoid-based bill colour across
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a natural hybrid zone (Hooper et al., 2019), while CYP2J19 gene expression has also been associated with
red coloration in weaverbirds (Twyman et al., 2018b). But evidence that it explains variation between red
and yellow feather coloration in wild populations of birds is still equivocal.

Red-fronted (Pogoniulus pusillus, Dumont, 1816) and yellow-fronted (P. chrysoconus, Temminck, 1832) tin-
kerbirds provide such an opportunity to investigate the genes involved in carotenoid processing because they
hybridise extensively at a contact zone in southern Africa (Nwankwo et al., 2019). They differ phenotypically
most noticeably in their forecrown coloration; hence their vernacular names (Fig. 1). Their other plumage
differences are also in carotenoid-based colours, but those are more subtle differences, to the human eye
at least, between shades of yellow and white that characterize the colour of their underparts, rump, wing
bar, and supercilium (Hockey et al., 2005). The two species have been shown to hybridise extensively with
asymmetric introgression of red forecrown plumage into the P. chrysoconus genomic background, in spite
of phylogenetic analysis on mitochondrial DNA revealing the two species have been diverging for over four
million years (Nwankwo et al., 2019). Despite the deep divergence between the species, the extent of intro-
gression indicates that hybrids are viable and fertile, though some reduced hybrid fitness might maintain
a tension zone and inhibit the two species collapsing into one (e.g., Kearns et al., 2018). Thus, if at least
one species continues to differentiate the two phenotypes and mates assortatively, the plumage trait and the
genes underlying it may play an important role in maintaining species divergence.

Here we investigate the genomic regions associated with the red and yellow feathers in red-fronted and
yellow-fronted tinkerbirds that could play an important role in reproductive isolation. We sampled 79
individuals across the hybrid zone in southern Africa, collecting forecrown feathers for spectrophotometric
analysis (Nwankwo et al., 2019). We performed a genome-wide association study (GWAS) to identify single
nucleotide polymorphisms (SNPs) associated with plumage coloration. The study included assembly of
a short-read genome of an individual Pogoniulus pusillus and double-digest restriction association DNA
sequencing (ddRAD). Our aim was to identify the genes associated with carotenoid plumage coloration across
a natural contact zone, and specifically which regions of the genome explain differences between red and yellow
plumage. We further tested whether those genes, or SNPs at other loci, might be associated with the shade
of yellow to white or extent of yellow versus black plumage in other feather patches, while also testing for
any differences in plumage attributable to sex. We then compared alleles at loci associated with forecrown
colour with the hybrid index across autosomes and the Z chromosome, and interspecific heterozygosity of
individuals, to elucidate the patterns of interbreeding across genotypes that explain asymmetric introgression
between species that have been diverging for over 4 million years (Nwankwo et al., 2019).

MATERIALS AND METHODS

Study species and sample collection

Tinkerbirds are African barbets (Lybiidae) that while omnivorous, feed primarily on fruit, and have a
particular preference for mistletoe (Godschalk, 1985; Dowsett-Lemaire, 1988). Species in the genus differ
subtly in plumage characters in spite of millions of years of divergence in mitochondrial DNA (mtDNA)
between currently recognised sister species (Kirschel et al., 2009; Kirschel et al., 2018; Nwankwo et al., 2018;
Nwankwo et al., 2019). P. pusillus pusillus (hereafterpusillus ) and P. chrysoconus extoni (Layard, 1871)
(hereafter extoni ) are the subspecies of red-fronted and yellow-fronted tinkerbird, respectively, that meet at
a contact zone in southern Africa (Monadjem et al., 1994). They differ in plumage characters beyond the
forecrown colour in the yellower supercilium and dorsal streaking in pusillus – whiter in extoni , the deeper
amber and greater percentage of carotenoid pigment over melanin pigment on the wing coverts in pusillus –
paler yellow and more black in extoni (Fig. 1). The two species might also differ more subtly in underpart
coloration, such as in throat and breast colour (Hockey et al., 2005).

Fieldwork was performed at 16 sites across the contact zone where subspecies extoni and pusillus meet
in southern Africa. Fieldwork took place in Tanzania June – September 2013, and in South Africa and
Eswatini in March and December 2015, and January – February 2017. Methods used to obtain DNA and
feather samples have been previously described (Nwankwo et al., 2019). Briefly, 79 birds were caught in
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mist nets and ringed, of which 37 were from within the contact zone. Blood samples were obtained via
venepuncture of the brachial vein, and crown feathers were plucked and placed in envelopes for spectral
reflectance analysis in the lab. Photographs of 78 birds were taken from several angles using either a DSLR
Camera or smartphone for subsequent plumage scoring. Fieldwork was performed with ringing permits
obtained from SAFRING, Eswatini’s Big Game Parks, Mpumalanga Tourism and Parks Agency, the Game
and Fauna Service of Cyprus, and with research and collecting permits from the respective authorities (see
Acknowledgements).

Plumage scoring & spectral reflectance

Methods used to obtain reflectance spectra from forecrown feathers using a spectrophotometer have been
described in detail (Nwankwo et al., 2019). In brief, we used a JAZ spectrometer (Ocean Optics) with
a fibre-optic reflectance probe (Ocean Optics R-200) and PX xenon light source to obtain two opposite
orientation measurements per set of 3-5 forecrown feathers from each of 43 individuals for which we collected
forecrown feathers. Reflectance spectra were obtained following calibration of the spectrophotometer with a
white standard (Ocean Optics WS-1), and dark standard (by covering the fibre-optic connector with its lid).
Replicate spectra were averaged in the R package pavo (Maia et al., 2013). Colour was estimated following
(Endler, 1990), by computing measures of chroma and hue.

Plumage scoring was performed by two project participants that had no experience from the contact zone
and hitherto had no involvement in the study (MM, BOO). They were asked to score forecrown colour of 78
individuals captured and photographed in the field on an integer scale from yellow (0) through orange (1) to
red (2). To test whether the same SNPs might otherwise explain other carotenoid-based plumage differences
between the species, supercilium colour was also scored from white (0) through cream (1) to yellow (2), and
percentage coverage of yellow over black on the wing bar was also estimated (Fig. 1). We then compared the
scores of the two observers using spearman rank correlation for each plumage patch, and with ρ > 0.85 in
all cases, we averaged the two scores for further analysis. For forecrown colour we designated intermediate
scores between red and orange as reddish and between orange and yellow as amber.

DNA extraction and genotyping

We extracted DNA from blood samples collected using a Qiagen QIAmp DNA Blood Mini kit (Qiagen,
Valencia, CA, USA) following the manufacturer’s protocols. Extracted DNA from samples were quantified
using a NanoDrop (Thermo Scientific 2000c) and a Qubit 2.0 fluorometer with the DNA HS assay kit (Life
Technologies). We also checked for DNA quality based on migration on agarose gel, which allowed for the
selection of samples with appropriate DNA concentration (> 20 ng/μL) and molecular weight (> 10000 bp).
We sequenced 79 yellow-fronted and red-fronted tinkerbirds using a double-digest restriction-site associated
DNA lab protocol (Brelsford et al., 2016), which incorporates elements of protocols from previous studies
(Parchman et al., 2012; Peterson et al., 2012). Briefly, genomic DNA was digested with restriction enzymes
SbfI and MseI and double-stranded adapters with inline barcodes of 4 to 8 bp were ligated to the resulting
fragments. After magnetic bead purification, the fragments were amplified by PCR in 4 replicate reactions
per individual sample and pooled. We implemented a final purification and size selection of the pooled
library using magnetic beads in order to remove primer dimers [and fragments less than 150 bp]. Our library
was then and sequenced on two lanes on the Illumina Hiseq X platform by Novogene Inc., with 150 bp
paired-end reads.

Reference genome assembly

We assembled a low-cost draft genome for Pogoniulus p. pusillus . A single male individual (sample no.
AR93139) was selected for assembly, and a short-insert library was prepared by Novogene, Inc., using the
NEBNext Ultra II DNA kit (New England Biolabs). The library was sequenced to a depth of approximately
50x on the Illumina HiSeq X platform at Novogene Inc., with 150 bp paired-end reads. Overlapping read
pairs were collapsed and adapter and low-quality sequence removed prior to assembly using Pear v0.9.10
(Zhang et al., 2014) with minimum overlap size 20, minimum read length 30, quality score threshold 20,
and maximum proportion of uncalled bases 0.02. We assembled the resulting reads with SOAPdenovo v2.04
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(Luo et al., 2012) for each odd-numbered value of k between 41 and 111, with default values for all other
parameters. The assembly for k=93 was chosen on the basis of higher scaffold N50 and assembly length
closer to the expected genome size for birds.

We aligned these scaffolds to the zebra finch (Taeniopygia guttata ) genome using the Nucmer command in
MUMmer 4.0 (Kurtz et al., 2004). Tinkerbird scaffolds aligning to zebra finch chromosomes were ordered
and oriented according to these alignments; scaffolds that did not align to the zebra finch genome were
ordered by scaffold size.

Single nucleotide polymorphism (SNP ) calling

Adapter sequences were removed and overlapping paired-end reads merged in PEAR v0.9.10 (Zhang et al.,
2014) and reads aligned to the P.p. pusillus draft genome assembly in BWA MEM v0.7.17(Li, 2013) using
default parameters. Variants were called using bcftools mpileup v 1.8 (Li et al., 2009) with mapping quality
> 20 and default values for other parameters. We filtered the resulting variants using VCFtools v 0.1.13
(Danecek et al., 2011), retaining genotypes with depth 4 or greater, and loci with minor allele frequency >
0.05 that were genotyped in at least 80% of individuals.

The SNPs of interest in this study were those most likely to explain differences between red and yellow
forecrown colour. Samtools has been shown to perform relatively poorly in calling indels (Hwang et al.,
2015), so we manually inspected the genotype for the SNPs most strongly associated with forecrown colour
traits for any indels that may have been incorrectly called.

Genome-wide association analysis

We tested for an association between each genetic marker and each of the five colour traits using a linear
mixed model implemented in GEMMA 0.94 (Zhou & Stephens, 2012), which uses a relatedness matrix to
control for population structure. Because GEMMA requires loci with no missing data, we imputed missing
genotypes using Beagle v5.1 (Browning et al., 2018), based on genotype likelihood scores. Significance was
assessed based on a threshold of -log10(α ) = 6, which results in approximately one expected false positive
per trait, taking into account the 104,933 variants tested for each trait. Following Brelsford et al. (2017), we
set this significance threshold for consistency across all traits rather than using false discovery rates (FDR)
(Benjamini & Hochberg, 1995), which would result in different significance thresholds per trait. We note
that this threshold was approximately in line with the most conservative threshold obtained using FDR,
but FDR would also have resulted in significance thresholds as low as -log10(α ) = 4 for certain traits.
Scaffolds significantly associated with forecrown colour were then compared with sequences of candidate
genes CYP2J19 on the zebra finch genome and BC02 on the downy woodpecker (Dryobates pubescens )
genome using BLAST.

Genetic Sex identification

We used two complementary methods to sex individuals. One procedure involved polymerase chain reaction
(PCR) using highly conserved primers 2550F and 2718R (Fridolfsson & Ellegren, 1999) to amplify the
differently sized introns of Z- and W-linked chromohelicase-DNA binding protein 1 (CHD1) genes. PCR
products were separated on a stained 1% or 2% agarose gel run in TAE buffer, revealing one band for male
birds and two for females. The other method was a bioinformatics approach where we compared the ratio
of average read depth of SNPs from ddRAD sequencing that were aligned with the zebra finch on the Z
chromosome with read depths of SNPs on autosomes (see Toews et al., 2018). Because males have two
copies and females one copy of the Z chromosome, we would expect a Z:autosome depth ratio of 1 in males
and 0.5 in females. Using the two approaches was confirmatory of the accuracy of each method and allowed
us to investigate and correct for any possible error if they produced conflicting results.

Identification of hybrid individuals and direction of backcrossing

In order to determine whether individuals with intermediate ancestry were progeny of recent interbreeding or
historical events, we used Faststructure (Raj et al. 2014) with k = 2 to estimate pusillusand extoni ancestry
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(i.e., hybrid index) based on all loci, and separately for loci on scaffolds that aligned to the zebra finch Z
chromosome. We estimated interspecific heterozygosity of each individual based on a genome-wide subset of
1,723 SNPs with allele frequency difference > 0.95 between allopatric pusillus andextoni populations, and
compared this to the hybrid index across the whole genome and the Z chromosome to identify F1 hybrids,
first generation backcrosses and the direction of backcrossing for early and later-generation backcrosses.

To illustrate the relationship between hybrid index and interspecific heterozygosity, we produced triangle
plots, which would reveal F1 hybrids as individuals with intermediate hybrid index and the highest levels
of interspecific heterozygosity at loci diagnostic for each species. F2 hybrids and backcrosses would be
expected to have intermediate levels of interspecific heterozygosity and fall in the middle and sides of the
triangle respectively, in accordance with simulations (Toews et al., 2018), with non-admixed individuals
falling in the lower corners of the triangle.

Data analysis

We tested for an effect of sex on plumage coloration characters using generalized linear models (GLM) in the
R package lme4 (Bates et al., 2015). We included the hybrid index score as a fixed factor in the model. In
particular, we tested the extent to which differences in plumage scores for forecrown, supercilium, and wing
bar, as well as the calculated hue and chroma from spectrophotometry of forecrown feathers, were associated
with sex. False discovery rates were calculated to account for the five comparisons (Benjamini & Hochberg,
1995). We also tested for the direction of asymmetric backcrossing by comparing the hybrid index of the
whole genome and the Z chromosome for individuals with a hybrid index between 0.2 and 0.8 using a paired
t-test in R. All analyses were performed in R version 3.6.2 (R Core R Core Team, 2019).

RESULTS

Reference genome assembly

The assembly for k = 93 resulted in a scaffold N50 of 7.2 Kbp. The assembled genome spanned 1.16 Gbp, and
53% of the assembly was ordered and oriented onto chromosomes on the high-quality zebra finch reference
genome (Kirschel & Brelsford, 2020).

SNP calling

We retained 104,933 SNPs, with a mean depth of 19X, a minor allele frequency < 0.05, which had been
genotyped on at least 80% of the 79 individuals. Of these SNPs, 1,532 were on scaffolds anchored to the Z
chromosome, 57,913 were on scaffolds anchored to autosomes, and 45,487 were on unplaced scaffolds.

Genome-wide association analysis

Admixture mapping revealed a number of genomic regions that were strongly associated with plumage
traits that differ between yellow-fronted and red-fronted tinkerbirds (Table 1). After accounting for the
one expected false positive per trait based on our significance threshold of -log10(α = 6), there were eight
significant associations of chromosomes with traits. We found that crown colour was significantly associated
with three chromosomes. Crown hue was significantly associated with SNPs on chromosome 24 (on scaffolds
70213, 70285 and 70295), crown score with SNPs on chromosome 20 (on scaffolds 67410, 67420, 67433 and
67445), and both were significantly associated with SNPs on chromosome 8 (Fig. 2). Indeed, the same six
SNPs on adjacent scaffolds 50344, 50345, and 50346 on chromosome 8 were significantly associated with
both crown hue and crown score (as well as 50201 for crown score and 50321 for crown hue). The variant
most strongly associated with crown score was an indel on scaffold 50201 on chromosome 8, which aligns to
the region 13-21 kbp upstream ofCYP2J19A in zebra finch, and 16-28 kbp upstream of cytochrome P450
gene XM 009910004 in downy woodpecker (manually annotated asCYP2J19 by Twyman et al. 2018a).
The cluster of SNPs on adjacent scaffolds 50344, 50345, and 50346 on chromosome 8 spans approx. 150
kbp and is located 1.8 Mbp from CYP2J19A in zebra finch. It overlaps with several other genes in zebra
finch: Leucine-rich repeat-containing protein 42 (LRRC42 ), Intraflagellar transport protein 25 homolog
(HSPB11 ), iodothyronine deiodinase 1 (DIO1 ), YIP1 domain family member 1 (YIPF1 ), Nucleoporin
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NDC1 (NDC1 ), and GLIS family zinc finger 1 (GLIS1 ). There was no significant association with crown
chroma. There was also a significant association with regions of the genome and supercilium score, associated
with chromosome 4 (Table 1). There were no chromosomes with >2 significant SNPs associated with wing
bar percent of yellow over black.

Sex determination and differences in plumage coloration

Using PCR and bioinformatics approaches, we identified 44 males and 35 females across the contact zone.
The bioinformatics approach involved comparing the mean depth on 1532 SNPs on the Z chromosome with
103,401 other SNPs for each individual. We expected comparatively higher Z chromosome to autosome
depth ratios for males compared to females, and we indeed found a clear separation. Male Z:autosome ratios
ranged from 0.83 – 1.19, while female ratios ranged from 0.43 – 0.67 (see supporting information). The
results of the bioinformatics method corresponded 100% with the PCR and gel electrophoresis method of
Fridolfsson and Ellegren (1999).

The GLMs found no differences between the sexes in either forecrown hue or chroma, nor in forecrown,
supercilium, or wing bar scores. Hybrid index, on the other hand, was significantly related to all colour
measures for crown colour (Table 2) and other plumage patches (Table S1), confirming species differences in
those traits.

Identification of hybrid individuals and direction of backcrossing

Out of 37 individuals sampled in the contact zone, 13 were admixed at the level between first generation
backcrosses (with a hybrid index between approx. 0.2 – 0.8, Fig. 3). Among the 13 admixed individuals we
identified one F1 hybrid (AR93112), while the remaining hybrids likely had more complex ancestry (Table
3).

Backcrossing was thus asymmetric: autosomes of admixed individuals had a higher percentage of extoni
compared to pusillus genotype than the Z chromosome based on their respective hybrid index (paired t-test:
df = 12, t = 2.55, P = 0.026, Table 3). This finding suggests that hybrids result from females that have
a higher proportion of extoni ancestry mating with males with a relatively higher proportion of pusillus
ancestry, as found in 9 of 13 individuals (compared to 2 with the reverse pattern and 2 with equal indexes).
For instance, female AR93167 had autosomal and Z hybrid indexes of 0.559 and 0.000 respectively, with
an extoni mitochondrial haplotype (Table 3). With over 50% extoni autosomal hybrid index (andextoni
mtDNA haplotype), her mother was likely a ‘pure’extoni and her father mostly pusillus with a hybrid index
= 0.559 and a Z chromosome hybrid index of 0.000 (Table 3).

The variant most strongly associated with crown score was an indel on scaffold 50201 on chromosome 8,
which aligns to the region 13-21 kbp upstream of CYP2J19A in zebra finch, and 16-28 kbp upstream of
cytochrome P450 gene XM 009910004 in downy woodpecker (manually annotated as CYP2J19 by Twyman
et al. 2018a). All individuals homozygous for the pusillus allele were scored with red forecrowns, while
heterozygotes were scored red, reddish or orange, whatever their hybrid index (Fig. 3A). Forecrown score
of homozygotes with the extoni allele ranged from yellow and amber for non-admixed individuals, through
orange for admixed individuals to reddish for one individual (AR93120) with 96% pusillus genotype.

Comparing hybrid index with interspecific heterozygosity in a triangle plot revealed that backcrossing was
asymmetric into the extonigenotype, with red to orange plumage coloration introgressing intoextoni carrying
the pusillus allele at CYP2J19 (Fig. 3B). There was also a very clear relationship between the genotype at
the CYP2J19 locus and crown hue. All heterozygotes at the locus had redder hues than homozygotes at the
locus with comparative hybrid index (Fig. 4). But we note that individual AR93120 homozygous for the
extoniallele at this locus, with a red forecrown also based on her hue measurement, was homozygous for the
pusillus allele at two other loci on chromosome 8 strongly associated with crown hue (on scaffolds 50344 and
50345; see supporting information).

DISCUSSION

7



P
os

te
d

on
A

u
th

or
ea

12
M

ay
20

20
—

C
C

-B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

8
8
02

15
.5

45
08

68
3/

v
2

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

We found that CYP2J19 on chromosome 8 was within one of three regions associated with crown colour across
a natural hybrid zone in tinkerbirds. Indeed, it was the only region of the genome that was significantly
associated with both hue, determined from spectral reflectance, and plumage colour score. Only extoni
individuals homozygous for the CYP2J19 -linked SNP exhibited a yellow forecrown, while all individuals
homozygous for the pusillusallele had red forecrowns. All heterozygotes at theCYP2J19 -linked locus had
either red, reddish or orange crowns.CYP2J19 is a cytochrome P450 enzyme, which has been implicated as
encoding the ketolase that mediates red coloration in birds (Lopes et al., 2016; Mundy et al., 2016). Ketolases
convert dietary yellow carotenoids into red ketocarotenoids in birds with red feathers (Toews et al., 2017;
Norden & Price, 2018). CYP2J19 has also been associated with red retinal oil droplets influencing colour
vision in birds (Mundy et al., 2016), proposed to be its ancestral function, with its role in red coloration
having evolved in some but not other species (Twyman et al., 2018a). It has also been shown to function in
red integumental coloration in turtles (Twyman et al., 2016).

CYP2J19 is not the only gene shown to function in red coloration, however, with recent work finding that
a mutation in the beta-carotenoid oxygenase 2 gene (BCO2) functions in red bare part coloration in birds
(Gazda et al., 2020). The CYP2J19 linked SNP on chromosome 8 was also not the only region associated
with red forecrown colour in tinkerbirds, with chromosome 20 associated with crown score and chromosome
24 with crown hue. BC02 is on chromosome 24, and in addition to its association with crown hue, a single
SNP on scaffold 70216 on chromosome 24 was also significantly associated with crown score. However,
the scaffolds significantly associated with forecrown colour in tinkerbirds on chromosome 24 aligned to the
interval from 5.8 to 6.0 Mbp on zebra finch chromosome 24, while BCO2 spans from 1.53 to 1.54, suggesting
that the SNPs associated with forecrown colour are not linked to BCO2 . We found that forecrown colour
could be intermediate between red and yellow, with some heterozygotes at theCYP2J19 locus displaying
orange forecrowns. This suggests possible additive effects of the gene rather than dominance of one allele
over the other, and/or interactions with genes at other regions we found associated with forecrown colour.
There was a cluster of SNPs on adjacent scaffolds on chromosome 8 that overlapped with several genes in
zebra finch, but to our knowledge there are presently no known functional associations of those genes with
carotenoid-based coloration determination.

We found no significant association with crown chroma. Unlike in hue, the two species were shown to
overlap in chroma between sympatric forms by Nwankwo et al. (2019), with both species showing much
more variation in this measure of colour intensity than in the measures of hue and brightness. We did,
however, find SNPs significantly associated with supercilium colour, but not the extent of yellow on the wing
bar. The SNPs associated with supercilium colour were on a different chromosome to those associated with
forecrown colour, indicating that a different pathway is involved in mediating carotenoid-based coloration
in those traits. This is not unexpected. Those plumage patches varied between white and shades of yellow,
while CYP2J19 has been shown to function in red feather colour determination (Lopes et al., 2016; Mundy
et al., 2016).

In another pair of sister taxa of Pogoniulus tinkerbird, yellow-rumped (P. bilineatus ) and yellow-throated
tinkerbird (P. subsulphureus ), which meet in the forests of west and central Africa, reproductive isolation is
maintained through character differences such as throat colour and song, which have diverged in sympatry
(Kirschel et al., 2009; Kirschel et al., 2020). By contrast, yellow-fronted and red-fronted tinkerbird hybridise
extensively, and hybridisation is asymmetric (Nwankwo et al., 2019). The pattern of asymmetry in putative
hybrids with extoni ancestry and predominantly pusillus Z chromosome suggests red-fronted males are much
more likely to mate with yellow-fronted females than the other way around. Even when the reverse scenario
does happen, based on the proportion of genotypically extoni individuals in the contact zone with red
forecrowns (Nwankwo et al., 2019), a high proportion of genotypically extoni males mating with pusillus
females might indeed sport reddish forecrowns.

Such asymmetry between mitochondrial haplotype and hybrid index of the Z chromosome could result
from a genetic incompatibility in the reverse cross, i.e. pusillus haplotype females interbeeding withextoni
males. Yet, such crosses do occur – two individuals in our sample with pusillus haplotype had extoni
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fathers (AR93115 and AR93163), and both individuals are females – the heterogametic sex - theoretically
more likely to suffer from inviability and infertility (Haldane, 1922). Instead, we suggest the asymmetry
is a consequence of female preference for males with red forecrowns inpusillus and potentially in extoni
females (c.f. Baldassarre et al., 2014). The pusillus mitochondrial haplotype is less than one quarter as
common as the extoni haplotype in the contact zone (8/37 individuals, see Nwankwo et al. (2019)). Yet
femalepusillus appear to put the extra effort into findingpusillus males, outnumbered four-to-one by their
extonicounterparts. By contrast, female extoni appear to breed with males of either genotype at rates
equivalent to their frequency in the population. Mate choice experiments would be needed to test whether
female extoni would choose male pusillus (or otherwise males with extoni ancestry but with introgressed red
forecrowns) over yellow-fronted male extoni , when given a choice. But it does appear to be the failure of
female extoni to mate assortatively with males of their own species and phenotype likely drives introgressive
hybridisation between these species. Premating isolation between the two species remains weak in spite of 4
million years of divergence, according to their mitochondrial DNA phylogeny (Nwankwo et al., 2019). The
choosiness of female pusillus to mate assortatively on the other hand might be the main factor maintaining
a narrow tension zone that does not progress into panmixia and species collapse (e.g., Kleindorfer et al.,
2014; Kearns et al., 2018).

Red feathers result from the conversion of dietary carotenoids to red ketocarotenoids and such converted
carotenoids have been shown to be an honest indicator of fitness that could function in mate choice (Weaver
et al., 2018). Here, female red-fronted tinkerbirds might only mate with males that display red forecrowns
because they consider yellow-forecrowned males of lower quality. Greater extents of difference in plumage
between related species have been proposed to play a role in premating isolation (Scordato et al., 2017). Here,
though yellow-fronted females instigate asymmetric introgression by not mating assortatively with yellow-
fronted males. If there was a sensory bias for red plumage coloration the two species would surely collapse
into one if there is no loss of fitness in hybrids, and with heterozygotes at the CYP2J19 locus displaying
more reddish forecrowns, we would also expect red plumage to rapidly introgress across the population.
Further work is needed to determine the extent to which species boundaries are maintained and the rate of
introgression of red plumage across the contact zone.

Both quantitative (hue) and qualitative (crown score) metrics recovered the same major-effect locus. This
might not be surprising if they are both measures of the same trait, but each method has its own inherent
biases. Scoring from photographs is subjective and affected by each observer’s perspective of the effects
of ambient light. While correlated, there was a resultant variation in their respective scores, hence the
number of individuals with intermediate scores such as reddish, which resulted from one observer scoring
the forecrown red and the other scoring it orange. Likewise, reflectance spectrometry is also susceptible to
variation in feather and probe placement, though we did attempt to control for this with measurements in
two orientations. Despite these potential biases in qualitative and quantitative metrics, the same major-
effect locus was recovered. Furthermore, we showed that admixture mapping is feasible using RADseq with
a sample size < 50, as was shown for forecrown hue, but only for major-effect loci. This was possible in spite
of no prior genomic resources available for Pogoniulus tinkerbirds or any closely-related genera.

CONCLUSION

We performed a genome wide association study to investigate which genes may underlie differences between
red and yellow feathers in tinkerbirds. We found an association with CYP2J19 on chromosome 8, to our
knowledge this is the first time such an association has been found with feather colour across a natural avian
hybrid zone, indeed the first timeCYP2J19 has been associated with red feather colour in a nonpasserine
bird. Asymmetric hybridisation suggests a preference for red plumage in females that share the red trait,
consistent with converted carotenoids reflecting male fitness.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section for this article.

Table 1: Number of SNPs associated with each of eight feather patch traits. Only chromosomes with >2
significant SNPs are shown with associations to each trait because based on the permutation test, we expect
one false positive at -log10(P ) > 6.

Trait Number of SNPs -log10(P) > 6
Chromosomes with >2 significant
SNPs

Crown hue 19 8, 24
Crown chroma 3 none
Crown score 19 8, 20
Wing bar score 1 none
Supercilium score 9 4

Table 2: Results of GLMs testing for associations of sex and hybrid index with crown score, hue and chroma.

Crown Score Estimate SD t P

Intercept 2.08 0.1 20.62 <0.0001
Sex 0.01 0.09 0.12 0.906
Hybrid Index -1.95 0.11 -18.58 <0.0001
Crown Hue
Intercept 0.16 0.05 2.93 0.006
Sex -0.05 0.05 -0.95 0.35
Hybrid Index 0.47 0.06 8.28 <0.0001
Crown Chroma
Intercept 1451.8 253.7 5.72 <0.0001
Sex 346.7 234.6 1.48 0.15
Hybrid Index 966.6 268.5 3.6 0.0009
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Table 3: Admixed individuals, their autosomal hybrid index, Z chromosome hybrid index, interspecific
heterozygosity, mtDNA haplotype (from Nwankwo et al., 2019), and sex. Banner (above) shows photos of
forecrown for each individual except AR93119 in the order presented in the table.

individual hybrid index autosomes hybrid index Z chromos. inter-specific heterozygosity mtDNA haplotype sex+

AR93112 0.498 0.495 0.84 extoni M
AR93115 0.681 1.000 0.41 pusillus F
AR93118 0.493 0.210 0.60 extoni M
AR93122 0.689 0.097 0.46 extoni F
AR93153 0.696 0.878 0.37 extoni F
AR93157 0.632 0.417 0.36 extoni M
AR93159 0.629 0.490 0.66 extoni M
AR93167 0.559 0.000 0.61 extoni F
AR93168 0.695 0.284 0.51 extoni F
AR93170 0.695 0.645 0.46 extoni M
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individual hybrid index autosomes hybrid index Z chromos. inter-specific heterozygosity mtDNA haplotype sex+

AR93172 0.647 0.260 0.53 extoni F
K69365 0.459 0.000 0.65 extoni F
AR93119 0.249 0.250 0.41 extoni M

+F = Female, M = Male.

Hosted file

image2.emf available at https://authorea.com/users/317820/articles/447916-cyp2j19-mediates-

carotenoid-colour-introgression-across-a-natural-avian-hybrid-zone

Figure 1

Forecrown plumage (1) coloration was scored in: A) Pogoniulus pusillus pusillus ; and B) Pogoniulus chryso-
conus extoni . We also scored: (2) supercilium; and (3) wing bar extent of yellow over black, from pho-
tographs, as shown of C) P. p. pusillus and D) P. c. extoni from allopatric populations. Samples, pho-
tographs scored and forecrown feathers were obtained from individuals that were phenotypically red-fronted
(red circles) and yellow-fronted (yellow circles) across the contact zone (green line) in southern Africa (E).

Figure 2

Manhattan plots for crown score, hue and chroma revealing the region of chromosome 8 significantly asso-
ciated with red and yellow colour differences (black triangle points to the region). The locus is associated

16
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with the CYP2J19 gene. Black line indicates genome-wide significance at -log10(P ) > 6.

Figure 3

Forecrown colour, represented by dot colour (scale: red-reddish-orange-amber-yellow) in relation to hybrid
index on a scale from 0 (P. p. pusillus genotype) to 1 (P. c. extonigenotype), and A) genotype of an indel
linked to CYP2J19 on scaffold 50201 on chromosome 8, and B) interspecific heterozygosity. While non hy-
brids homozygous for their respective allele are characterised by species-specific forecrown colour, individuals
heterozygous at the CYP2J19 -linked SNP have orange to red forecrowns, even in extoni genotypes with
little admixture evident. Backcrosses are mostly into extoni .
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Figure 4

Forecrown hue in relation to hybrid index. Dot shade represents the genotype at the variant on scaffold
50201 linked to CYP2J19 , with the (-/-) homozygote in red, (T/T) in yellow, and the heterozygote in
orange. Individuals homozygous for the red allele or heterozygous at the locus have non overlapping hue
with individuals homozygous for the yellow allele, except for one individual (AR93120) whose genome is
96%pusillus based on its hybrid index and was scored reddish from its photo. Notably, all individuals
heterozygous at the locus have redder hue (with hue < 0.5) than all the other individuals homozygous for
the yellow allele (with hue > 0.5).
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