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Carotenoid pigments produce most red, orange and yellow colours in
vertebrates. This coloration can serve as an honest signal of quality that
mediates social and mating interactions, but our understanding of the under-
lying mechanisms that control carotenoid signal production, including how
different physiological pathways interact to shape and maintain these signals,
remains incomplete. We investigated the role of testosterone in mediating
gene expression associated with a red plumage sexual signal in red-backed
fairywrens (Malurus melanocephalus). In this species, males within a single
population can flexibly produce either red /black nuptial plumage or female-
like brown plumage. Combining correlational analyses with a field-based
testosterone implant experiment and quantitative polymerase chain reaction,
we show that testosterone mediates expression of carotenoid-based plumage
in part by regulating expression of CYP2]19, a ketolase gene associated with
ketocarotenoid metabolism and pigmentation in birds. This is, to our knowl-
edge, the first time that hormonal regulation of a specific genetic locus has
been linked to carotenoid production in a natural context, revealing how
endocrine mechanisms produce sexual signals that shape reproductive success.

1. Introduction

Carotenoid pigments, which provide many of the vivid red, orange and
yellow colours observed in vertebrates, have long captured the attention of
behavioural ecologists interested in the evolution of social signals. Among
vertebrates, carotenoid-based colours can serve as honest indicators of quality
because of costs associated with obtaining and producing them, inspiring
classic research surrounding the adaptive benefits of sexual signalling [1,2].
However, many aspects of the underlying mechanisms of carotenoid colour
production remain unclear [3] (though see [4,5]), even though many assump-
tions surrounding honest signalling rely on understanding these proximate
mechanisms. For example, carotenoids can be important for both antioxidant
and immune functions [6,7], which suggests a trade-off between using caroten-
oids for physiological maintenance versus signal production [8,9]. However,
recent work has cast doubt on the degree to which carotenoids function in
physiological defences [10] or trade-off with somatic maintenance [11], sparking
debate about the costs associated with production or maintenance of
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carotenoid-based signals [12,13]. Resolving the underlying
proximate mechanisms involved in carotenoid production
can help inform this debate by improving our ability to inter-
pret how multiple physiological pathways interact to shape
and maintain carotenoid signals [3].

Once acquired from the diet, carotenoids can be modified
via endogenous enzymatic processes that modulate caro-
tenoid-based signal expression [14-17]. In contrast to some
endogenously synthesized pigments such as eumelanin
[18,19], researchers have only recently begun describing and
characterizing the enzymes, genes and pathways involved in
carotenoid metabolism and deposition [15,20,21]. Carotenoid
ketolation, which includes the metabolism of yellow dietary
carotenoids into red ketocarotenoids [22], is an important
innovation in vertebrate evolution and colour diversification
[23-27]. In birds in particular, many well-known examples
of sexually selected visual displays involve bright-red keto-
carotenoid-based coloration in the plumage or bare parts (e.g.
[28-31]). Two recent studies have independently identified
and described the locus CYP2]19 as a gene that codes for the pro-
duction of a putative ketolase enzyme (from the cytochrome
P450 family) that underlies ketocarotenoid pigmentation in
birds [14,15]. Though the discovery of this ketolase has impor-
tant implications for understanding carotenoid signalling, the
generality of this mechanism remains unclear since these studies
have so far linked CYP2]J19 to red coloration in aberrantly
coloured domesticated birds: the mutant ‘yellowbeak’ zebra
finch (Taeniopygia guttata) and a hybrid breeding line (red-
factor) of canary (Serinus canaria). However, recent work has
suggested that CYP2]19 expression may account for interspecific
variation in red coloration—for example, CYP2]19 expression
was consistently higher in the liver of species of weaverbirds
(Ploceidae) with red plumage compared to species with
yellow plumage [24]. However, to date to our knowledge, no
empirical study has linked CYP2J19 expression to intraspecific
variation in expression of red coloration in a wild species, limit-
ing our ability to evaluate potential adaptive consequences of
this gene-regulatory mechanism to sexually selected traits [32].

Endocrine regulation often underlies the development
and expression of sexually selected traits [33]. Androgens,
such as testosterone, play a fundamental role in mediating
gene expression and resulting phenotype [34,35]. In many
animals, testosterone is involved in phenotypic integration at
the level of the individual, including determining breeding phe-
notype [34,35]. For example, in species characterized by complex
social hierarchies, such as cooperative breeders [36,37], domi-
nant breeding males often have elevated testosterone relative
to subordinate ‘helper’ males [38—41]. Testosterone regulates
changes in physiology and phenotype to help match organisms
to their social environment, including changes in social rank and
breeding status [42,43]. At the same time, studies in other sys-
tems provide little support for the phenotypic-integration role
of steroid hormones [44,45], revealing limitations in our under-
standing of these relationships. Indeed, many key components
of the endocrine-genomic mechanisms involved in regulating
signal expression remain unresolved [46,47], especially for caro-
tenoid-based signalling systems [48-50], highlighting the need
foradditional research into how phenotypicintegration operates
on a mechanistic level.

The red-backed fairywren (Malurus melanocephalus) provides
a useful study system for linking these two lines of inquiry and
assessing how CYP2]19 and testosterone regulation may interact
to control intraspecific variation in the expression of a

carotenoid-based signal. Within a population of this coopera- [ 2 |

tively breeding species of bird, males can express either
ornamental black body plumage with a carotenoid-based red
dorsal feather patch, which is displayed in courtship, or
female-like unornamented brown plumage [51,52]. Individual
males can flexibly express unornamented or ornamented
plumage depending on several factors including (i) breeding
status: nearly all males moult into ornamented plumage
during the non-breeding season (pre-alternate moult) in prep-
aration for breeding, though timing and duration of this phase
vary, and most males moult back into unornamented plumage
after the breeding season (pre-basic moult); (i) age: approxi-
mately 15% of males in our study population moult into
ornamented plumage in their first breeding season, 90% by 2
years of age, and nearly all males by their third year; and (iii)
physiological condition: males in better condition are more
likely to moult into ornamented plumage [53]. Ornamented
males have higher reproductive success than unornamented
males, driven by higher rates of extrapair paternity in ornamen-
ted males [54]. In addition, there is experimental evidence
for strong female preference for males with redder dorsal plu-
mage [55], suggesting that this is a sexually selected trait in this
species, which in turn appears to be driving introgression of
redder plumage between subspecies [56]. Previous work also
indicates that androgens (in particular testosterone) are impor-
tant in signal acquisition: ornamented male red-backed
fairywrens have higher levels of circulating androgens than
unornamented males [57], unornamented males experimentally
implanted with testosterone moult into the ornamental red/
black plumage [58], and younger non-breeding helper males
rapidly increase androgen levels and develop carotenoid-based
plumage when experimentally provided with breeding opportu-
nities [59]. In addition, testosterone treatment of females can
induce some red plumage coloration in normally brown females
that would otherwise have low circulating androgens [60].
Revealing how these endocrine processes may regulate gene
expression associated with sexually selected carotenoid color-
ation has the potential to advance our understanding of the
evolutionary origins and trajectories of carotenoid ornaments.
In this study, we test the hypothesis that testosterone
regulates carotenoid-based plumage expression at the level
of gene expression in male red-backed fairywrens. Specifically,
we investigate the relationship between testosterone and caro-
tenoid-based signal production by assessing the correlation
between circulating ketocarotenoid concentration and plu-
mage phenotype (i.e. expression of the carotenoid-based
plumage patch), as well as experimentally test for the role of
testosterone in regulating CYP2]19 expression. We first use
high-performance liquid chromatography (HPLC) to deter-
mine circulating carotenoid levels of ornamented red/black
males, unornamented brown males, and females to identify
the degree to which variation in metabolized ketocarotenoid
circulation explains differences in carotenoid-based signal
expression among these phenotypes. To evaluate the genomic
regulation of these ketocarotenoid differences, we measure
relative expression of CYP2]19 in the liver (a central site for
carotenoid metabolism [14,15,61,62]) in each phenotype.
Finally, we experimentally test for the role of testosterone in
regulating CYP2J19 expression by measuring expression
levels in testosterone-implanted unornamented males that
developed carotenoid-based plumage in response to testoster-
one treatment. Our results are consistent with the hypothesis
that, in red-backed fairywrens, testosterone mediates



expression of carotenoid-based plumage by regulating
expression of CYP2]19.

2. Material and methods

(a) Plasma sample collection and quantifying
circulating carotenoids

We collected samples and conducted experiments (below) on free-
living red-backed fairywrens captured in mist nets at our long-
term study site in Samsonvale, Queensland, Australia (27°27'S,
152°85' E). We collected blood samples (20-70 pl) from the wing
vein using heparinized microcapillary tubes from May to
August 2017 and 2018 during the non-breeding season, a period
when most males were actively moulting into their breeding
season plumage. Blood was centrifuged for 5min at 10
000 r.p.m., after which the plasma was separated from the
packed cells and stored at —20°C until transport to the USA
where samples were stored at —80°C until HPLC analysis.

Plumage score was recorded at time of capture following prior
methods [63], yielding total ornamentation scores that ranged from
0 (brown) to 100 (red/black). Based on this score, males were
labelled as either ‘unornamented’ (brown plumage, score < 33),
‘intermediate’ (mixed plumage, score between 33 and 66), or
‘ornamented’ (red/black plumage, score>66). Females always
have completely brown plumage (plumage score=0) and are
therefore considered unornamented. Timing of moult into orna-
mented plumage is variable (J. F. Welklin, S. M. Lantz, S. Khalil,
J. Karubian, M. S. Webster 2020, unpublished data), similar to
other recorded Malurus species [64], meaning that male plumage
at time of capture and sample collection may differ from the
‘final’ plumage colour score the male expressed later in the breed-
ing season. Males can breed in unornamented or ornamented
plumage or serve as auxiliaries with unornamented plumage
(helpers) at the nest [53]. Because we were interested in differences
between unornamented and ornamented plumage, we documen-
ted the ‘final’ plumage score of colour-banded individuals on
1 November (the approximate mid-point of the breeding season)
and used this ‘final” score for analyses of unornamented males,
ornamented males, and females; we excluded from analysis the
relatively small subset of birds whose ‘final’ plumage score was
intermediate (1 =11). We assigned either minimum or known
age (age range 1-7 years, 77%, 123 of 160, were of known age) to
all birds at the time of sample collection using nestling banding
records or extent of skull ossification (ossification scale modified
from [65], and we have validated this scale within this species mul-
tiple times). Qualitatively similar results were obtained in analyses
run with these age criteria, or using only known-age birds (see the
electronic supplementary material, table S1).

We used HPLC to identify and quantify the concentration of
carotenoids in the plasma, following the methods of Rowe &
McGraw [51]. We analysed carotenoids in 160 plasma samples
(1 =42 females, n =29 unornamented males, 7 =89 ornamented
males). To assess the relationship between circulating ketocarote-
noid levels and plumage phenotype, we ran a linear mixed-effect
model with the Ime function in the R package nlme [66], R
v. 3.6.0 [67]. The model included total circulating ketocarotenoid
concentration (i.e. the sum of alpha-doradexanthin, astaxanthin,
adonirubin and canthaxanthin concentrations) as the response vari-
able and the following predictor variables: (i) phenotype (female
versus unornamented male versus ornamented male); (i) age (as
a continuous variable); (iii) year of sample collection; and (iv) the
interaction between phenotype and age. To control for repeated
measures of the same individual across years, we added individual
as a random effect (n=13 individuals sampled both years).
Residuals were inspected visually for homoscedasticity, and we
used the varldent function to control for heterogeneity of variance
between groups. Year of sample collection did not improve model

fit (i.e. it did not improve Akaike information criteria by more than
2 and the p-value of the year variable was greater than 0.05) and
was therefore dropped. We tested the model for significance of phe-
notype with a Tukey’s posthoc test using the glht function in the R
package multcomp [68].

(b) Testosterone implantation and liver sample
collection

We collected liver samples from breeding, but not auxiliary
helper, red-backed fairywrens in November 2017, to control for
potentially confounding underlying differences in endocrine or
genetic profiles that may exist between auxiliary non-breeding
versus breeding individuals [57]. First, three breeding unorna-
mented males were implanted with testosterone. At time of
initial capture and implantation, around 10 feathers were
plucked from the centre of the back to induce feather replace-
ment at that location. Implants were composed of beeswax
(73% by weight; Sigma-Aldrich, St. Louis, MO, USA) and har-
dened frozen peanut oil (24% by weight; ACROS Organics, NJ,
USA) that were mixed in a water bath at 67°C. Once the bees-
wax/peanut oil mixture was melted, crystalline testosterone
3% by weight; Sigma-Aldrich, St. Louis, MO, USA) was dis-
solved in 2.5pl of 200 proof ethanol (Fisher Bioreagants™),
and the testosterone suspension was then added to the wax mix-
ture and stirred. The implants were formed by feeding partially
solidified wax through the tip of a syringe that was cut so the
diameter was 2 mm, resulting in implants of 2 x 3.2 mm weigh-
ing between 19.8 and 20.7 mg. Testosterone concentration in
the beeswax carrier was scaled to produce high physiological
concentrations found in circulation during the breeding season
[57]. Implants were inserted subcutaneously using forceps above
the thigh into a small (2-3 mm) skin incision that was sealed
with veterinary skin adhesive. After confirming that the incision
was completely sealed and the bird was in good condition, the
bird was released. Three unornamented males were implanted
with sham controls (beeswax/peanut oil implant with no
testosterone) and also had around 10 back feathers plucked.
Implanted birds were recaptured 10-12 days post-implantation
for liver sample collection, a time period that allowed for growth
of pin feathers in the plucked plumage patches (red pins in testos-
terone-implanted males, and a mix of red and brown pins in the
sham-implanted males, consistent with what had been observed
in another feather-plucking study in this species [59]). We were
unable to recapture one of the sham-implanted birds after implan-
tation. Instead, we captured and obtained samples from one
additional breeding unornamented male, who was not implanted,
to include in our control group. Following recapture on territories
in mist nets, birds were immediately sacrificed by cervical dislo-
cation. Body dissection was performed in the field, and the right
lower lobe of the liver was removed and stored in 1 ml of RNAlater
storage buffer (ThermoFisher Scientific), and immediately placed
on dry ice. Samples were stored at —80°C until RNA extraction.
In addition to the three testosterone-implanted unornamented
males and the three control unornamented males (two with sham
implants, one without an implant), we also collected liver samples
for three ornamented breeding males and three breeding females
(without implants). All birds sacrificed were seen paired with a
male or female within two weeks prior to sample collection, and
all samples were collected within a period of 9 days. Circulating
androgens were measured using an established radioimmunoassay
protocol for this species (full methods in [57,69]); the intra-assay
coefficient of variation was 8.68%. Testosterone-implanted birds
were confirmed to have high concentrations of circulating andro-
gens at time of collection (mean=3027 pgml~’, range=2198-
4065 pg ml™"), which is within the natural range of androgens for
breeding ornamented males in this species [57]. Ornamented
males also had similarly high levels of androgens at time of
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collection (mean =1834 pg ml™", range =1124-2925 pg ml™"). We
were unable to obtain samples to assay testosterone concentrations
for control unornamented males or females.

() Quantifying relative expression of (YP2J19

To extract messenger RNA (mRNA), we removed liver tissue from
the RNAlater buffer and homogenized it in a Qiagen TissueRuptor.
We used a Qiagen RNAeasy mini-kit, following manufacturer’s
instructions, and reverse transcribed the mRNA to complementary
DNA (cDNA) with a Superscript IV first strand synthesis kit (Invi-
trogen). All quantitative polymerase chain reaction (qPCR)
reactions were run on CFX96 Touch™ Real-Time PCR Detection
System (BioRad) with CFX Maestro Software (BioRad), using
PowerUp SYBR Green Master Mix (Thermofisher Scientific). For
measurements of CYP2]19 expression, we used qPCR primers
CYP2J2-2F and CYP2J2-2R [14]. We assayed gene expression in
triplicate for each sample (except for one female sample where
CYP2]19 was assayed in duplicate) and normalized the data
using the housekeeping gene GAPDH, wusing primers
Gg_GAPDH _gPCR _F and Gg GAPDH_qPCR R [15]. Reaction
conditions for gPCR were tested and optimized using a standard
curve produced by creating a serial dilution of a pool of all
c¢DNA samples. Efficiencies ranged from 95% to 105%, and we ana-
lysed qPCR data using the delta-delta Ct method [70], further
described in the electronic supplementary material, Methods.

We found no effect of the presence or the absence of the sham
implant on gene expression within unornamented males (see the
electronic supplementary material, Methods), and no evidence of
homoscedasticity (Breusch Pagan test, p>0.05). We tested for
statistical differences in liver CYP2J19 expression (log fold
change) between phenotypes with an ANOVA, using the aov
function in R, followed by a Tukey’s posthoc test using the
Tukey HSD function in R.

3. Results

(a) Circulating carotenoid concentration was associated

with sex and plumage phenotype

We identified six different circulating carotenoids in fairyw-
rens: two dietary xanthophylls, lutein and zeaxanthin, and
four red metabolized ketocarotenoids previously identified in
the red dorsal feathers of red-backed fairywrens [51]: alpha-
doradexanthin, astaxanthin, adonirubin and canthaxanthin.
Plumage phenotype was a significant predictor of total circu-
lating ketocarotenoid concentration (F;45=240.2, p<0.0001;
figure 1), where ornamented (red/black) males had higher
concentrations of circulating ketocarotenoids than either unor-
namented (brown) males (Tukey’s posthoc, p.adj<0.001) or
females (brown) (p.adj<0.001). There was also a significant
effect of the phenotype xage interaction (Fo45=24.7, p<
0.0001) but no effect of age alone (electronic supplementary
material, table S2). Specifically, ages differed in ketocarotenoid
circulation only for unornamented males, where 2-year-old
unornamented males had higher concentrations of circulating
ketocarotenoids than their 1-year-old counterparts (figure 1
and the electronic supplementary material, figure S1).

(b) CYP2J19 expression in the liver was associated with

expression of red plumage
Liver expression of CYP2]19 differed significantly among
plumage phenotypes (F55=114, p <0.0001; figure 2). Orna-
mented males had higher relative expression of CYP2J19

than did unornamented males (Tukey’s posthoc, p.adj=
0.038), and unornamented males had higher relative
expression of CYP2]19 than did females (p.adj < 0.0001).

(c) Testosterone upregulated CYP2JT9 expression
Testosterone-implanted unornamented males had signifi-
cantly higher expression of CYP2J19 in liver tissue than did
control unornamented males (Tukey’s posthoc, p.adj=0.012;
figure 2) or females (Tukey’s posthoc, p.adj<0.0001), with
no difference in expression between testosterone-implanted
unornamented males and ornamented males (Tukey’s
posthoc, p.adj=0.83).

4. Discussion

By combining field-based observational and experimental
investigations with gene expression and biochemical analyses,
we found that testosterone regulates gene expression impli-
cated in the production of sexually selected red plumage in
male red-backed fairywrens. Ornamented males with caroten-
oid-based red plumage ornamentation had higher levels of
circulating ketocarotenoids than either females or unornamen-
ted males (both with brown plumage). Carotenoid metabolism
is an endogenous process, and the ketolase enzyme encoded by
CYP2]19 has previously been demonstrated to convert dietary
carotenoids into red ketocarotenoids in birds [14,15]. Along
with unmanipulated ornamented fairywren males having
higher expression of CYP2]19 in the liver than either unorna-
mented males or females, our experiment confirmed that
elevated testosterone levels resulted in increased CYP2J19
expression in unornamented males. These findings are sup-
ported by field studies showing that ornamented plumage is
testosterone-dependent in red-backed fairywrens [57,58].
Taken together, these results are consistent with a mechanistic
hypothesis (figure 3), whereby circulating testosterone levels
change in males in response to intrinsic or extrinsic cues (breed-
ing status, age, physiological condition [53,57]), which in
turn modifies expression of CYP2J19 in the liver and thus
increases concentration of metabolized ketocarotenoids in
the plasma, which is associated with red plumage ornamenta-
tion. Though we did not test this full mechanistic hypothesis
within the same individuals (i.e. it is based on two separate data-
sets, one for circulating ketocarotenoids and one for the
testosterone-gene expression experiment), this proximate path-
way for carotenoid-based signal production establishes a link
between the endocrine and gene-regulatory system and avian
coloration important for sexual signalling and elevated male
reproductive success.

Testosterone has been shown in several studies to be
an important activator of male ornamentation [33,71,72], yet
there is little work investigating how testosterone and orna-
ment production are linked [73,74]. Mutations and expression
differences in CYP2J19 have been implicated in driving caro-
tenoid trait divergence between species and subspecies
[14,15,23,24,75,76], but it has not previously been shown
whether CYP2]19 expression levels influences intra-population
variation in ornamentation. Our study design focused on
characterizing differences in plumage phenotypes within a
wild population, revealing how hormonal regulation of
CYP2]19 expression generates variation in a polymorphic
sexual signal. Past studies combining endocrine and gene
expression analysis in other natural systems have revealed
how flexibility in behaviour is mediated within a species
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Figure 1. Ornamented male red-backed fairywrens have higher concentrations of circulating metabolized ketocarotenoids than do either unornamented males or
females. (a) Scatterplot points show ketocarotenoid concentration as a function of breeding phenotype and age. Lines represent fitted lines from the linear mixed-
effect model described in text. (b) Total plasma carotenoid concentration for the different plumage phenotypes are presented as boxplots, indicating the median and
quartiles with whiskers reaching up to 1.5 times the interquartile range. The half-violin plot outlines show kernel probability density. The scatterplot points show the
value of the total carotenoid concentration for each sample, and the colour of the point represents the concentration of metabolized ketocarotenoids in that sample,
represented as a scaled gradient where yellow points have low metabolized ketocarotenoid concentration and red points have high metabolized ketocarotenoid

concentration (see inset legend). (Online version in colour.)

[77,78], and how phenotypic differences may evolve between
species [79], improving our understanding of hormone-
mediated phenotypic evolution. The current study adds to
this body of work by suggesting that incorporating endocrine
control of gene expression to studies of colour production
may be a rewarding research avenue for assessing signal evol-
ution. Specifically, our findings show support for a role of
testosterone as a transcriptional regulator of sexually selected
phenotypes, which may also be important in other species
with strong sexual selection for ornamented phenotypes.
Testosterone may also help explain two unexpected results
from this study. First, why would unornamented males have
higher expression of CYP2J19 than females, despite both of
them having similar brown plumage? Unornamented male
red-backed fairywrens that shift from being an auxiliary
helper to being a breeder during the breeding season exhibit
rapid increases in their circulating testosterone levels [59],
and in general male breeders have higher levels of circulating
testosterone than do helpers [57]. These higher concentrations
of testosterone probably benefit unornamented breeders by

mediating observed increases in breeding-specific behaviours
such as territory defence [63,80], but also probably trigger
increased CYP2]J19 expression. Whether this increase in
CYP2]19 expression is merely a by-product of testosterone or
whether it somehow benefits these males is unclear, but one
possibility is that it could allow newly paired unornamented
males to quickly start depositing red ketocarotenoids into
their developing feathers if they are still in the moulting
window. Second, why do we find an age effect on circulating
ketocarotenoids among unornamented males, where 2-year-
olds have higher concentration than 1-year-olds? Here again,
testosterone may mediate differences in CYP2J19 expression
that underlie these results. Specifically, 1-year-olds are more
likely to serve as helpers in their natal group and hence
have lower levels of circulating testosterone, whereas most 2-
year-olds transition into a breeding role, even after having
completed moult into unornamented plumage [63,81], which
may explain this shift in carotenoid concentration between
the two age groups. Future work with greater sampling will
reveal how tightly linked age, testosterone and gene
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Figure 3. Aworking mechanistic model for the acquisition of carotenoid-based plumage in male red-backed fairywrens (modified from [53]). Under this model, extrinsic
and intrinsic cues interact to affect testosterone levels. In turn, testosterone levels mediate expression of the CYP2/79 gene (and probably other genes), which appears to
elevate circulating ketocarotenoid levels in plasma, which in turn are linked to plumage phenotype. Solid arrows depict connections supported by this study, whereas
dashed arrows depict connections supported by previous work in this system. lllustrations of fairywrens by Allison Johnson. (Online version in colour.)

expression are to each other, and how often ketocarotenoids
are produced even when not deposited into the plumage.
Our results corroborate a growing number of studies
suggesting the importance of CYP2]J19 for red coloration in
birds [23,24,82,83] and other animals [84,85]. The genetic
basis of carotenoid-based coloration is not yet well resolved
[3,32], but a handful of genes with large effects have been
identified in recent years that are associated with carotenoid
coloration (e.g. BCO2 [86-88], SCARBI [16], CYP2]19 [14,15]
and other cytochrome P450’s in other taxa [89,90]). There are
probably many more genes involved in processes such as caro-
tenoid uptake, processing and transport [91], all of which
might influence coloration to varying degrees. Yet, without a
clearer understanding of how these genes and other under-
lying processes interact to produce carotenoid phenotypes,
our ability to identify and interpret the selective forces and

evolutionary processes that maintain these phenotypes
remains limited. One promising route to identifying genes
associated with carotenoids is to use RNA sequencing,
especially in the context of experimental manipulation of phe-
notypes as done here with hormones, to identify gene
pathways that underlie red coloration. We note the small
sample size for our gene expression experiment (1 = 3 per phe-
notype, owing to permitting restrictions), and we attempted to
minimize any effect of this by only using breeding individuals
to reduce phenology differences as well as collecting all birds in
a relatively small time period (described in methods).
Additionally, future work might test for the role of CYP2j19
activity in other tissues relevant for colour signal production,
including feather follicles and other integumentary tissue
(e.g. bill or leg keratinocytes) [92], and investigate finer-grained
relationships between CYP2]19 expression and hue of red



plumage to extend beyond the presence/absence-of-coloration
approach we employ in the current study. An integrative
approach to studying colour signals by combining new
research on proximate mechanisms of signal production with
our current understanding of ultimate explanations for these
signals (e.g. importance in mate choice and reproductive suc-
cess), will improve our broader understanding of how such
traits are regulated and shaped by selection.

All procedures in this study were approved by the Tulane
University Institutional Animal Care and Use Committee (IACUC
2019-1715), Cornell University IACUC (2009-0105), Washington
State University IACUC (ASAF no. 04573), the James Cook Univer-
sity Animal Ethics Committee (A2100) and under a Queensland
Government Department of Environment and Heritage Protection
Scientific Purposes Permit (WISP15212314).

Data available from the Dryad Digital Repository:
https://dx.doi.org/10.5061/dryad.pnvx0kéjp [93].

S.K. contributed to conceptualization, writing, edit-

ing, data collection and funding acquisition, and carried out qPCR

laboratory work, formal statistical analysis and visualization. J.F.W.
contributed to data collection and editing. K.J.M. carried out HPLC
laboratory work and contributed to editing. ].B. made testosterone
implants, carried out testosterone assays and contributed to editing.
H.S. contributed to conceptualization, data collection and editing.
M.S.W. contributed to conceptualization and editing. J.K. contributed
to conceptualization, supervision, editing and funding acquisition.
We declare we have no competing interests.

This work was supported by the National Science Foundation
(I0S-1354133 and IRES-1460048 to J.K.) and Tulane University
Department of Ecology and Evolution (to S.K.). S.K. was supported
by an NSF Graduate Research Fellowship during part of this work.

We gratefully acknowledge field technicians Mary
Margaret Ferraro, Maria Smith, David Weber, Sarah Duff and Malcom
Moniz for their assistance in collecting samples in the field, as well as
William Feeney and Matthew Marsh for assistance in the field. We
also thank Southeast Queensland Water for access to land where we per-
formed our field research. This manuscript was greatly improved by
discussion and feedback from E.D. Enbody, N.R. Hofmeister, J. Walsh,
A.C. Demery, 1]. Lovette, A.R. Gunderson and K.G. Ferris, as well as
the Karubian laboratory. Illustrations of fairywrens by Allison Johnson.

1. Hill GE, McGraw KJ. 2006 Bird coloration, volume 2:  11. Koch RE, Staley M, Kavazis AN, Hasselquist D, bird. Proc. R. Soc. B 279, 58—66. (d0i:10.1098/rspb.
function and evolution. Cambridge, MA: Harvard Toomey MB, Hill GE. 2019 Testing the resource 2011.0765)

University Press. tradeoff hypothesis for carotenoid-based signal 21. Brelsford A, Toews DPL, Irwin DE. 2017 Admixture

2. Svensson APA, Wong BBM. 2011 Carotenoid-based honesty using genetic variants of the domestic mapping in a hybrid zone reveals loci associated
signals in behavioural ecology: a review. Behaviour c@nary. J. Exp. Biol. 222, jeb.188102. (doi:10.1242/ with avian feather coloration. Proc. R. Soc. B 284,
148, 131-189. (doi:10.1163/000579510X548673) jeb.188102) 20171106. (doi:10.1098/rspb.2017.1106)

3. Toews DPL, Hofmeister NR, Taylor SA. 2017 The 12. Costantini D, Meller AP. 2008 Carotenoids are minor ~ 22. Brush AH. 1990 Metaholism of carotenoid pigments
evolution and genetics of carotenoid processing in antioxidants for birds. Funct. Ecol. 22, 367-370. in birds. FASEB J. 4, 2969-2977. (d0i:10.1096/
animals. Trends Genet. 33, 171-182. (doi:10.1016/j. (doi:10.1111/j.1365-2435.2007.01366.x) fasebj.4.12.2394316)
tig.2017.01.002) 13. Hartley RC, Kennedy MW. 2004 Are carotenoids a 23. Twyman H, Andersson S, Mundy NI. 2018 Evolution

4. Badyaev AV, Morrison ES, Belloni V, Sanderson MJ. red herring in sexual display? Trends Ecol. Evol. 19, of (YP2J19, a gene involved in colour vision and red
2015 Tradeoff between robustness and elaboration 353-354. (doi:10.1016/j.tree.2004.04.002) coloration in birds: positive selection in the face of
in carotenoid networks produces cycles of avian 14. Mundy NIl et al. 2016 Red carotenoid coloration in conservation and pleiotropy. BMC Evol. Biol. 18, 22.
color diversification. Biol. Direct 10, 1-22. (doi:10. the zebra finch is controlled by a cytochrome P450 (doi:10.1186/512862-018-1136-y)
1186/513062-015-0073-6) gene dluster. Curr. Biol. 26, 1435-1440. (doi:10. 24. Twyman H, Prager M, Mundy NI, Andersson S. 2018

5. Morrison ES, Badyaev AV. 2018 Structure versus time 1016/j.cub.2016.04.047) Expression of a carotenoid-modifying gene and
in the evolutionary diversification of avian 15. Lopes RJ et al. 2016 Genetic basis for red coloration evolution of red coloration in weaverbirds
carotenoid metabolic networks. J. Evol. Biol. 31, in birds. Curr. Biol. 26, 1427—1434. (doi:10.1016/j. (Ploceidae). Mol. Ecol. 27, 449-458. (doi:10.1111/
764-772. (doi:10.1111/jeb.13257) cub.2016.03.076) mec.14451)

6. Chew BP, Park JS. 2004 Carotenoid action on the 16. Toomey MB et al. 2017 High-density 25. Prager M, Andersson S. 2010 Convergent evolution of
immune response. J. Nutr. 134, 2575-261S. lipoprotein receptor SCARB1 is required for red carotenoid coloration in widowbirds and bishops
(doi:10.1093/jn/134.1.2575) carotenoid coloration in birds. Proc. Natl Acad. Sdi. (Euplectes spp.). Evolution 64, 3609—3619. (doi:10.

7. Surai PF, Speake BK, Sparks NHC. 2009 Carotenoids USA 114, 5219-5224. (doi:10.1073/pnas. 1111/j.1558-5646.2010.01081.x)
in avian nutrition and embryonic 1700751114) 26. Friedman NR, McGraw KJ, Omland KE. 2014
development. 2. Antioxidant properties and 17. Vége DI, Boman IA. 2010 A nonsense mutation in Evolution of carotenoid pigmentation in caciques
discrimination in embryonic tissues. J. Poult. Sci. 38, the beta-carotene oxygenase 2 (BC02) gene is and meadowlarks (Icteridae): Repeated gains of red
117-145. (doi:10.2141/jpsa.38.117) tightly associated with accumulation of carotenoids plumage coloration by carotenoid C4-oxygenation.

8. Weaver RJ, Koch RE, Hill GE. 2017 What maintains in adipose tissue in sheep (Ovis aries). BMC Genet. Evolution 68, 791-801. (d0i:10.1111/ev0.12304)
signal honesty in animal colour displays used in 11, 10. (doi:10.1186/1471-2156-11-10) 27. Thomas DB, McGraw KJ, Butler MW, Carrano MT,
mate choice? Phil. Trans. R. Soc. B 372, 20160343.  18. Meredith P, Sarna T. 2006 The physical and chemical Madden O, James HF. 2014 Ancient origins and
(doi:10.1098/rsth.2016.0343) properties of eumelanin. Pigment Cell Res. 19, multiple appearances of carotenoid-pigmented

9. Koch RE, Hill GE. 2018 Do carotenoid-based 572-594. (doi:10.1111/j.1600-0749.2006.00345.x) feathers in birds. Proc. R. Soc. B 281, 20140806.
ornaments entail resource trade-offs? An evaluation ~ 19. D'Alba L, Shawkey MD. 2019 Melanosomes: (doi:10.1098/rspb.2014.0806)
of theory and data. Funct. Ecol. 32, 1908—1920. biogenesis, properties, and evolution of an ancient ~ 28. Pryke SR, Andersson S, Lawes MJ, Piper SE. 2002
(doi:10.1111/1365-2435.13122) organelle. Physiol. Rev. 99, 1-19. (doi:10.1152/ Carotenoid status signaling in captive and wild red-

10. Koch RE, Kavazis AN, Hasselquist D, Hood WR, physrev.00059.2017) collared widowbirds: independent effects of badge
Zhang Y, Toomey MB, Hill GE. 2018 No evidence 20.  Walsh N, Dale J, McGraw KJ, Pointer MA, Mundy NI. size and color. Behav. Ecol. 13, 622—631. (doi:10.
that carotenoid pigments boost either immune or 2012 Candidate genes for carotenoid coloration in 1093/beheco/13.5.622)
antioxidant defenses in a songbird. Nat. Commun. vertebrates and their expression profiles in the 29. Searcy WA, Yasukawa K. 1983 Sexual selection and

9, 491. (doi:10.1038/541467-018-02974-x)

carotenoid-containing plumage and bill of a wild

red-winged blackbirds. Am. Sci. 71, 166—174.


https://dx.doi.org/10.5061/dryad.pnvx0k6jp
https://dx.doi.org/10.5061/dryad.pnvx0k6jp
http://dx.doi.org/10.1163/000579510X548673
http://dx.doi.org/10.1016/j.tig.2017.01.002
http://dx.doi.org/10.1016/j.tig.2017.01.002
http://dx.doi.org/10.1186/s13062-015-0073-6
http://dx.doi.org/10.1186/s13062-015-0073-6
http://dx.doi.org/10.1111/jeb.13257
http://dx.doi.org/10.1093/jn/134.1.257S
http://dx.doi.org/10.2141/jpsa.38.117
http://dx.doi.org/10.1098/rstb.2016.0343
http://dx.doi.org/10.1111/1365-2435.13122
http://dx.doi.org/10.1038/s41467-018-02974-x
http://dx.doi.org/10.1242/jeb.188102
http://dx.doi.org/10.1242/jeb.188102
http://dx.doi.org/10.1111/j.1365-2435.2007.01366.x
http://dx.doi.org/10.1016/j.tree.2004.04.002
http://dx.doi.org/10.1016/j.cub.2016.04.047
http://dx.doi.org/10.1016/j.cub.2016.04.047
http://dx.doi.org/10.1016/j.cub.2016.03.076
http://dx.doi.org/10.1016/j.cub.2016.03.076
http://dx.doi.org/10.1073/pnas.1700751114
http://dx.doi.org/10.1073/pnas.1700751114
http://dx.doi.org/10.1186/1471-2156-11-10
http://dx.doi.org/10.1111/j.1600-0749.2006.00345.x
http://dx.doi.org/10.1152/physrev.00059.2017
http://dx.doi.org/10.1152/physrev.00059.2017
http://dx.doi.org/10.1098/rspb.2011.0765
http://dx.doi.org/10.1098/rspb.2011.0765
http://dx.doi.org/10.1098/rspb.2017.1106
http://dx.doi.org/10.1096/fasebj.4.12.2394316
http://dx.doi.org/10.1096/fasebj.4.12.2394316
http://dx.doi.org/10.1186/s12862-018-1136-y
http://dx.doi.org/10.1111/mec.14451
http://dx.doi.org/10.1111/mec.14451
http://dx.doi.org/10.1111/j.1558-5646.2010.01081.x
http://dx.doi.org/10.1111/j.1558-5646.2010.01081.x
http://dx.doi.org/10.1111/evo.12304
http://dx.doi.org/10.1098/rspb.2014.0806
http://dx.doi.org/10.1093/beheco/13.5.622
http://dx.doi.org/10.1093/beheco/13.5.622

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

4.

43.

4,

Hill GE. 1990 Female house finches prefer colourful
males: sexual selection for a condition-dependent
trait. Anim. Behav. 40, 563-572. (doi:10.1016/
50003-3472(05)80537-8)

Burley N, Coopersmith (B. 1987 Bill color
preferences of zebra finches. Ethology 76, 133-151.
(doi:10.1111/}.1439-0310.1987.tb00679.x)

Orteu A, Jiggins CD. 2020 The genomics of
coloration provides insights into adaptive evolution.
Nat. Rev. Genet. 21, 461-475. (doi:10.1038/541576-
020-0234-z)

Hau M. 2007 Regulation of male traits by
testosterone: implications for the evolution of
vertebrate life histories. Bioessays 29, 133—144.
(doi:10.1002/bies.20524)

Ketterson ED, Nolan V. 1992 Hormones and life
histories: an integrative approach. Am. Nat. 140,
$33-562. (doi:10.1086/285396)

Cox RM, McGlothlin JW, Bonier F. 2016 Hormones as
mediators of phenotypic and genetic integration: an
evolutionary genetics approach. Integr. Comp. Biol.
56, 126—137. (doi:10.1093/ich/icw033)

Young AJ, Carlson AA, Monfort SL, Russell AF,
Bennett NC, Clutton-Brock T. 2006 Stress and the
suppression of subordinate reproduction in
cooperatively breeding meerkats. Proc. Nat/ Acad.
Sci. USA 103, 12 005-12 010. (doi:10.1073/pnas.
0510038103)

Nelson-Flower MJ, Ridley AR. 2015 Male-male
competition is not costly to dominant males

in a cooperatively breeding bird. Behav. Ecol.
Sociobiol. 69, 1997—2004. (doi:10.1007/500265-
015-2011-0)

Pikus AE, Guindre-Parker S, Rubenstein DR. 2018
Testosterone, social status and parental care in a
cooperatively breeding bird. Horm. Behav. 97,
85-93. (doi:10.1016/j.yhbeh.2017.10.008)

Poiani A, Fletcher T. 1994 Plasma levels of
androgens and gonadal development of breeders
and helpers in the bell miner (Manorina
melanophrys). Behav. Ecol. Sociobiol. 34, 31-41.
(doi:10.1007/BF00175456)

Peters A, Astheimer LB, Cockburn A. 2001 The
annual testosterone profile in cooperatively breeding
superb fariy-wrens, Malurus cyaneus, reflects their
extreme infidelity. Behav. Ecol. Sociobiol. 50,
519-527. (doi:10.1007/5002650100403)

Schoech SJ, Mumme RL, Moore MC. 1991
Reproductive endocrinology and mechanisms of
breeding inhibition in cooperatively breeding Florida
scrub jays (Aphelocoma c. coerulescens). Condor 93,
354-364. (doi:10.2307/1368951)

Oliveira RF, Hirschenhauser K, Carneiro LA, Canario
AVM. 2002 Social modulation of androgen levels in
male teleost fish. Comp. Biochem. Physiol. B 132,
203-215. (doi:10.1016/51096-4959(01)00523-1)
Ryder TB, Dakin R, Vernasco BJ, Evans BS, Horton
BM, Moore IT. 2019 Testosterone modulates status-
specific patterns of cooperation in a social network.
Am. Nat. 195, 82-94. (doi:10.1086/706236)
Garamszegi LZ, Rosivall B, Rettenbacher S, Marké G,
Zsebok S, Szollosi E, Eens M, Potti J, Tordk J. 2012
Corticosterone, avoidance of novelty, risk-taking and

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

aggression in a wild bird: no evidence for
pleiotropic effects. Ethology 118, 621-635. (doi:10.
1111/j.1439-0310.2012.02049.x)

Lipshutz SE, George EM, Bentz AB, Rosvall KA. 2019
Evaluating testosterone as a phenotypic integrator: from
tissues to individuals to species. Mol. Cell. Endocrinol.
496, 110531. (doi:10.1016/j.mce.2019.110531)
Ketterson ED, Atwell JW, McGlothlin JW. 2009
Phenotypic integration and independence:
hormones, performance, and response to
environmental change. Integr. Comp. Biol. 49,
365-379. (doi:10.1093/ich/icp057)

Mank JE. 2017 The transcriptional architecture of
phenotypic dimorphism. Nat. Ecol. Evol. 1, 0006.
(doi:10.1038/s41559-016-0006)

Blas J, Perez-Rodriguez L, Bortolotti GR, Vinuela J,
Marchant TA. 2006 Testosterone increases
bioavailability of carotenoids: insights into the
honesty of sexual signaling. Proc. Natl Acad. Sci. USA
103, 18 63318 637. (doi:10.1073/pnas.
0609189103)

Peters A, Roberts ML, Kurvers RHIM, Delhey K. 2012
Testosterone treatment can increase circulating
carotenoids but does not affect yellow carotenoid-
based plumage colour in blue tits Cyanistes
caeruleus. J. Avian Biol. 43, 362-368. (doi:10.1111/
j-1600-048X.2012.05713.%)

Peters A. 2007 Testosterone and carotenoids: an
integrated view of trade-offs between immunity
and sexual signalling. Bioessays 29, 427-430.
(doiz10.1002/bies.20563)

Rowe M, McGraw KJ. 2008 Carotenoids in the
seminal fluid of wild birds : interspecific variation in
fairy-wrens. Condor 110, 694-700. (doi:10.1525/
cond.2008.8604)

Rowley |, Russel E. 1997 Fairy-wrens and
grasswrens: Maluridae. Oxford, UK: Oxford University
Press.

Webster MS, Karubian J, Schwabl H. 2010 Dealing
with uncertainty: flexible reproductive strategies by
a tropical passerine bird in an unstable ecological
and social environment. Adv. Study Behav. 42,
123-153. (doi:10.1016/50065-3454(10)42004-5)
Webster MS, Varian (W, Karubian J. 2008 Plumage
color and reproduction in the red-backed fairy-wren:
why be a dull breeder? Behav. Ecol. 19, 517-524.
(doi:10.1093/beheco/am015)

Baldassarre DT, Webster MS. 2013 Experimental
evidence that extra-pair mating drives asymmetrical
introgression of a sexual trait. Proc. R. Soc. B 280,
20132175. (doi:10.1098/rspb.2013.2175)
Baldassarre DT, White TA, Karubian J, Webster MS.
2014 Genomic and morphological analysis of a
semipermeable avian hybrid zone suggests
asymmetrical introgression of a sexual signal.
Evolution 68, 2644-2657. (doi:10.1111/ev0.12457)
Lindsay WR, Webster MS, Varian CW, Schwabl H.
2009 Plumage colour acquisition and behaviour are
associated with androgens in a phenotypically
plastic tropical bird. Anim. Behav. 77, 1525-1532.
(doi:10.1016/j.anbehav.2009.02.027)

Lindsay WR, Webster MS, Schwabl H. 2011 Sexually
selected male plumage color is testosterone

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

dependent in a tropical passerine bird, the red-backed
fairy-wren (Malurus melanocephalus). PLoS ONE 6,
€0026067. (doi:10.1371/journal.pone.0026067)
Karubian J, Lindsay WR, Schwabl H, Webster MS.
2011 Bill coloration, a flexible signal in a tropical
passerine bird, is regulated by social environment
and androgens. Anim. Behav. 81, 795-800. (doi:10.
1016/j.anbehav.2011.01.012)

Lindsay WR, Barron DG, Webster MS, Schwabl H.
2016 Testosterone activates sexual dimorphism
including male-typical carotenoid but not

melanin plumage pigmentation in a female bird.
J. Exp. Biol. 219, 3091-3099. (doi:10.1242/jeb.
135384)

Del Val E, Senar JC, Garrido-Ferndndez J, Jarén M,
Borras A, Cabrera J, Negro JJ. 2009 The liver but not
the skin is the site for conversion of a red
carotenoid in a passerine bird. Naturwissenschaften
96, 797-801. (doi:10.1007/500114-009-0534-9)

Ge Z, Johnson JD, Cobine PA, McGraw KJ, Garcia R,
Hill GE. 2015 High concentrations of ketocarotenoids
in hepatic mitochondria of Haemorhous mexicanus.
Physiol. Biochem. Zool. 88, 444—450. (doi:10.1086/
681992)

Karubian J. 2002 Costs and benefits of variable
breeding plumage in the red-backed fairy-wren.
Evolution 56, 1673—1682. (doi:10.1111/j.0014-3820.
2002.th01479.x)

Mulder RA, Magrath MJL. 1994 Timing of prenuptial
molt as a sexually selected indicator of male quality
in superb fairy-wrens (Malurus cyaneus). Behav.
Ecol. 5, 393—400. (doi:10.1093/beheco/5.4.393)
Pyle P, Howell SNG, Yunick R, Desante D. 1987
Identification guide to North American passerines.
Bolinas, CA: Slate Creek Press.

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core
Team. 2018 nlme: Linear and nonlinear mixed
effects models. R package version 3.1-137. See
https://CRAN.R-project.org/package=nime.

R Core Team. 2019 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

Hothorn T, Bretz F, Westfall P. 2008 Simultaneous
inference in general parametric models. Biom. J. 50,
346-363. (doi:10.1002/him].200810425)

Barron DG, Webster MS, Schwabl H. 2015 Do
androgens link morphology and behaviour to
produce phenotype-specific behavioural strategies?
Anim. Behav. 100, 116—124. (doi:10.1016/].
anbehav.2014.11.016)

Livak KJ, Schmittgen TD. 2001 Analysis of relative
gene expression data using real-time quantitative
PR and the 2—AACT method. Methods 25,
402-408. (doi:10.1006/meth.2001.1262)

Fernald RD. 1976 The effect of testosterone on the
behavior and coloration of adult male cichlid fish
(Haplochromis burtoni, Giinther). Horm. Res.
Paediatr. 7, 172-178. (d0i:10.1159/000178726)
Mougeot F, Irvine JR, Seivwright L, Redpath SM,
Piertney S. 2004 Testosterone, immunocompetence,
and honest sexual signaling in male red grouse.
Behav. Ecol. 15, 930-937. (doi:10.1093/beheco/
arh087)


http://dx.doi.org/10.1016/S0003-3472(05)80537-8
http://dx.doi.org/10.1016/S0003-3472(05)80537-8
http://dx.doi.org/10.1111/j.1439-0310.1987.tb00679.x
http://dx.doi.org/10.1038/s41576-020-0234-z
http://dx.doi.org/10.1038/s41576-020-0234-z
http://dx.doi.org/10.1002/bies.20524
http://dx.doi.org/10.1086/285396
http://dx.doi.org/10.1093/icb/icw033
http://dx.doi.org/10.1073/pnas.0510038103
http://dx.doi.org/10.1073/pnas.0510038103
http://dx.doi.org/10.1007/s00265-015-2011-0
http://dx.doi.org/10.1007/s00265-015-2011-0
http://dx.doi.org/10.1016/j.yhbeh.2017.10.008
http://dx.doi.org/10.1007/BF00175456
http://dx.doi.org/10.1007/s002650100403
http://dx.doi.org/10.2307/1368951
http://dx.doi.org/10.1016/S1096-4959(01)00523-1
http://dx.doi.org/10.1086/706236
http://dx.doi.org/10.1111/j.1439-0310.2012.02049.x
http://dx.doi.org/10.1111/j.1439-0310.2012.02049.x
http://dx.doi.org/10.1016/j.mce.2019.110531
http://dx.doi.org/10.1093/icb/icp057
http://dx.doi.org/10.1038/s41559-016-0006
http://dx.doi.org/10.1073/pnas.0609189103
http://dx.doi.org/10.1073/pnas.0609189103
http://dx.doi.org/10.1111/j.1600-048X.2012.05713.x
http://dx.doi.org/10.1111/j.1600-048X.2012.05713.x
http://dx.doi.org/10.1002/bies.20563
http://dx.doi.org/10.1525/cond.2008.8604
http://dx.doi.org/10.1525/cond.2008.8604
http://dx.doi.org/doi:10.1016/S0065-3454(10)42004-5
http://dx.doi.org/10.1093/beheco/arn015
http://dx.doi.org/10.1098/rspb.2013.2175
http://dx.doi.org/10.1111/evo.12457
http://dx.doi.org/10.1016/j.anbehav.2009.02.027
http://dx.doi.org/10.1371/journal.pone.0026067
http://dx.doi.org/10.1016/j.anbehav.2011.01.012
http://dx.doi.org/10.1016/j.anbehav.2011.01.012
http://dx.doi.org/10.1242/jeb.135384
http://dx.doi.org/10.1242/jeb.135384
http://dx.doi.org/10.1007/s00114-009-0534-9
http://dx.doi.org/10.1086/681992
http://dx.doi.org/10.1086/681992
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01479.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01479.x
http://dx.doi.org/10.1093/beheco/5.4.393
https://CRAN.R-project.org/package=nlme
http://dx.doi.org/doi:10.1002/bimj.200810425
http://dx.doi.org/10.1016/j.anbehav.2014.11.016
http://dx.doi.org/10.1016/j.anbehav.2014.11.016
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1159/000178726
http://dx.doi.org/10.1093/beheco/arh087
http://dx.doi.org/10.1093/beheco/arh087

73.

74.

75.

76.

71.

78.

79.

McGraw KJ, Correa SM, Adkins-Regan E. 2006
Testosterone upregulates lipoprotein status to
control sexual attractiveness in a colorful songbird.
Behav. Ecol. Sociobiol. 60, 117-122. (doi:10.1007/
500265-005-0135-3)

Evans MR, Goldsmith AR, Norris SRA. 2000 The
effects of testosterone on antibody production and
plumage coloration in male house sparrows (Passer
domesticus). Behav. Ecol. Sociobiol. 47, 156—163.
(doi:10.1007/5002650050006)

Sin SYW, Lu L, Edwards SV. 2020 De novo assembly
of the northern cardinal (Cardinalis cardinalis)
genome reveals candidate regulatory regions for
sexually dichromatic red plumage coloration.
bioRxiv, 1-28. (doi:10.1101/2020.05.12.092080)
Kirschel A, Nwankwo E, Pierce D, Moysi M, Ogolowa
B, Monadjem A, Brelsford A. 2020 CYP2/19
mediates carotenoid colour introgression across a
natural avian hybrid zone. (doi:10.22541/au.
158880215.54508683/v2)

Bentz AB, Dossey EK, Rosvall KA. 2019 Tissue-
specific gene regulation corresponds with seasonal
plasticity in female testosterone. Gen. Comp.
Endocrinol. 270, 26-34. (doi:10.1016/j.ygcen.
2018.10.001)

Schuppe ER, Fuxjager MJ. 2019 Phenotypic variation
reveals sites of evolutionary constraint in the
androgenic signaling pathway. Horm. Behav. 115,
104538. (doi:10.1016/j.yhbeh.2019.06.002)

Rosvall KA, Bergeon Burns (M, Jayaratna SP,
Ketterson ED. 2016 Divergence along the gonadal
steroidogenic pathway: implications for hormone-

80.

81.

82.

83.

84.

85.

86.

mediated phenotypic evolution. Horm. Behav. 84,
1-8. (doi:10.1016/j.yhbeh.2016.05.015)

Dowling J, Webster MS. 2017 Working with what
you've got: unattractive males show greater mate-
guarding effort in a duetting songbird. Biol. Lett.
13, 20160682. (doi:10.1098/rshl.2016.0682)
Karubian J. 2008 Changes in breeding status are
associated with rapid bill darkening in male red-
backed fairy-wrens Malurus melanocephalus.

J. Avian Biol. 39, 81-86. (d0i:10.1111/j.0908-8857.
2008.04161.x)

Hooper DM, Griffith SC, Price TD. 2019 Sex
chromosome inversions enforce reproductive
isolation across an avian hybrid zone. Mol. Ecol. 28,
1246-1262. (doi:10.1111/mec.14874)

Hill GE et al. 2019 Plumage redness signals
mitochondrial function in the house finch. Proc. R. Soc. B
286, 20191354. (doi:10.1098/rspb.2019.1354)
Twyman H, Valenzuela N, Literman R, Andersson S,
Mundy NI. 2016 Seeing red to being red: conserved
genetic mechanism for red cone oil droplets and co-
option for red coloration in birds and turtles.
Proc. R. Soc. B 283, 20161208. (doi:10.1098/rspb.
2016.1208)

Weaver R, Gonzalez BK, Santos SR, Havird JC. 2020
Red coloration in an anchialine shrimp: carotenoids,
genetic variation, and candidate genes. Biol. Bull.
238, 119-130. (doi:10.1086/708625)

Eriksson J et al. 2008 Identification of the Yellow
skin gene reveals a hybrid origin of the domestic
chicken. PLoS Genet. 4, €1000010. (doi:10.1371/
journal.pgen.1000010)

87.

88.

89.

90.

9.

92.

93.

Gazda MA et al. 2020 Genetic basis of de novo
appearance of carotenoid ornamentation in bare
parts of canaries. Mol. Biol. Evol. 37, 1317-1328.
(doi:10.1093/molbev/msaa006)

Gazda MA, Toomey MB, Aradjo PM, Lopes RJ,
Afonso S, Myers CA. 2020 A genetic mechanism for
sexual dichromatism in birds. Science 12, 1-6.
(doi:10.1126/science.aba0803)

Wybouw N et al. 2019 Convergent evolution of
cytochrome P450s underlies independent origins of
keto-carotenoid pigmentation in animals. Proc. R. Soc.
B 286, 20191039. (doi:10.1098/rspb.2019.1039)
Twomey E, Johnson JD, Castroviejo-Fisher S, Van
Bocxlaer 1. 2020 A ketocarotenoid-based color
polymorphism in the Sira poison frog Ranitomeya
sirensis indicates novel gene interactions underlying
aposematic signal variation. Mol. Ecol. 29,
2004-2015. (doi:10.1111/mec.15466)

McLean CA, Lutz A, Rankin KJ, Elliott A, Moussalli A,
Stuart-Fox D. 2019 Red carotenoids and associated
gene expression explain colour variation in frillneck
lizards. Proc. R. Soc. B 286, 20191172. (doi:10.1098/
rspb.2019.1172)

McGraw KJ. 2004 Colorful songbirds metabolize
carotenoids at the integument. J. Avian Biol. 35,
471-476. (doi:10.1111/}.0908-8857.2004.03405.%)
Khalil S, Welklin JF, McGraw KJ, Boersma J, Schwabl H,
Webster MS, Karubian J. 2020 Data from: Testosterone
regulates CYP2J19-linked carotenoid signal
expression in male red-backed fairywrens (Malurus
melanocephalus). Dryad Digital Repository. (https://
doi.org/10.5061/dryad.pnvx0k6jp)


http://dx.doi.org/10.1007/s00265-005-0135-3
http://dx.doi.org/10.1007/s00265-005-0135-3
http://dx.doi.org/10.1007/s002650050006
http://dx.doi.org/10.22541/au.158880215.54508683/v2
http://dx.doi.org/10.22541/au.158880215.54508683/v2
http://dx.doi.org/10.1016/j.ygcen.2018.10.001
http://dx.doi.org/10.1016/j.ygcen.2018.10.001
http://dx.doi.org/10.1016/j.yhbeh.2019.06.002
http://dx.doi.org/10.1016/j.yhbeh.2016.05.015
http://dx.doi.org/10.1098/rsbl.2016.0682
http://dx.doi.org/10.1111/j.0908-8857.2008.04161.x
http://dx.doi.org/10.1111/j.0908-8857.2008.04161.x
http://dx.doi.org/10.1111/mec.14874
http://dx.doi.org/10.1098/rspb.2019.1354
http://dx.doi.org/10.1098/rspb.2016.1208
http://dx.doi.org/10.1098/rspb.2016.1208
http://dx.doi.org/10.1086/708625
http://dx.doi.org/10.1371/journal.pgen.1000010
http://dx.doi.org/10.1371/journal.pgen.1000010
http://dx.doi.org/10.1093/molbev/msaa006
http://dx.doi.org/10.1126/science.aba0803
http://dx.doi.org/10.1098/rspb.2019.1039
http://dx.doi.org/10.1111/mec.15466
http://dx.doi.org/10.1098/rspb.2019.1172
http://dx.doi.org/10.1098/rspb.2019.1172
http://dx.doi.org/10.1111/j.0908-8857.2004.03405.x
https://doi.org/10.5061/dryad.pnvx0k6jp
https://doi.org/10.5061/dryad.pnvx0k6jp

	Testosterone regulates CYP2J19-linked carotenoid signal expression in male red-backed fairywrens (Malurus melanocephalus)
	Introduction
	Material and methods
	Plasma sample collection and quantifying circulating carotenoids
	Testosterone implantation and liver sample collection
	Quantifying relative expression of CYP2J19

	Results
	Circulating carotenoid concentration was associated with sex and plumage phenotype
	CYP2J19 expression in the liver was associated with expression of red plumage
	Testosterone upregulated CYP2J19 expression

	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


